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Abstract 

This final report contains the detailed analysis and description of the project work done 
under the External Research Program (ERP) contract between Canada Mortgage and 
Housing Corporation (CMHC) and Dalhousie University. The project entitled 
“ANALYSIS OF RENEWABLE ENERGY POTENTIAL IN THE RESIDENTIAL 
SECTOR THROUGH HIGH RESOLUTION BUILDING ENERGY SIMULATION” 
was under CMHC’s ERP (CR File No.: 6585-F062). 
 
In this report, two subprojects were presented. The first subproject was on the modeling, 
simulation and feasibility analysis of the hybrid heating system with solar photovoltaics 
(PV) for new housing in different cities across Canada. The proposed hybrid heating 
system consisted of a ground source heat pump (GSHP) coupled with infloor heating 
system, domestic hot water preheat, and heat recovery ventilator. A simplified infloor 
heating model was developed in esp-r to assess the dynamic behavior of infloor heating 
system in a typical new energy efficient R-2000 house represented by the National 
Research Council (NRC) Canadian Centre for Housing Technology (CCHT) house 
located in Ottawa. The analyses showed that the energy and environmental benefits of the 
proposed hybrid heating system in typical R-2000 houses varied from region to region 
mainly due to the difference in climatic conditions and fuel type availabilities. 
 
The second subproject was on the modeling, simulation, and feasibility analysis of the 
hybrid building integrated renewable electricity system in the existing Canada residential 
stock. The hybrid renewable energy system consisted of roof mounted solar photovoltaics 
(PV) panels and micro-wind turbine system. Two different sizes, 600W and 1000W, of 
micro-wind turbine generators were considered for the analysis. The sizes of the roof 
mounted PV system were dictated by the regional representative house characteristics, 
i.e., the size and orientation of the roof. Hourly whole house electricity load profiles were 
also generated based on existing available data for the feasibility analysis of the proposed 
building integrated renewable electricity system to meet the electrical demand of the 
houses in an hour-by-hour manner. Both flat rate and time-of-use (TOU) electricity prices 
were considered in the analysis. It was found that the proposed building integrated 
renewable electricity system could only offset a portion of the existing household non-
HVAC related electricity demand.  
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Executive Summary 

The Canadian residential sector consumes 16 percent of the total secondary energy, 
resulting in approximately 70 Megatonnes (Mt) of greenhouse gases (GHG) emitted to 
the environment every year. Between years 1990 and 2004, an increase has been 
observed in the overall energy consumption by around 23 percent with the consequent 
total increase in the GHG emissions by 24 percent in all sectors.  
 
With the ratification of the Kyoto Protocol in 2002, Canada committed to reduce its GHG 
emissions by 6 percent between 2008 and 2012 on the basis of its 1990 emission levels. 
To meet this target, Canada has to evaluate and exploit every feasible meaning to reduce 
fossil fuel energy consumption and consequent GHG emission while maintaining its 
economic growth and standard of living. One of the strategies to reduce the fossil fuel 
consumption and associated GHG emissions is to increase the use of renewable energy.  
 
More than 80 per cent of the total residential energy consumption is allocated to space 
and domestic hot water heating. Technological advancements in low-grade residential 
heat sources and distribution systems coupled with distributed renewable energy 
generation create an opportunity for overall end-use energy savings in the residential 
sector. However, in order to take full advantage of such technologies to meet Canada’s 
emission reduction commitments, research on assessing the technical and environmental 
suitability of such systems is required. 
 
The current study focuses on two main areas of interest in the low rise housing sector. 
The first goal is to investigate the renewable energy potentials in the existing housing 
stock. The second goal is to conduct energy feasibility analysis of renewable energy 
based hybrid mechanical system for new housing. 
 
The first part of the project focuses on the feasibility of using the photovoltaic (PV) and 
roof-mounted wind turbines in the Canadian residential sector. Representative test-case 
Canadian houses were developed in ESP-r using the data from three of Canada’s most 
comprehensive housing stock and residential end-use energy databases. Annual 
simulations were run to estimate the space heating, domestic hot water heating and 
electricity demand of these test-case houses. The total GHG emissions due to thermal and 
electrical energy use were estimated along with the cost of electricity at flat and time-of-
use (TOU) rates. The houses were upgraded and integrated with PV and roof-mounted 
wind-turbine energy systems. The annual simulations were run again to estimate the 
renewable energy produced by using PV and wind-turbine energy systems. The 
reductions in GHG emissions due to electricity contribution of these systems to house 
electrical demand were estimated. The cost of annual electricity consumption was 
estimated at flat and TOU prices. The credit of selling the surplus electricity to the local 
grid was also estimated. The results were extrapolated at national level to assess the 
potential of GHG reductions using these systems in Canadian residential sector.    
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It was found that using these technologies in the selected test-case houses can result in 
the GHG reductions between 4.1 to 4.4 Mt at the average emission intensities and 
between 11.9 to 12.7 Mt at high emission intensities. The surplus energy produced by 
these systems can contribute to meet the demand of local power supplier to further reduce 
the GHG emissions.   
 
In the second part of the project, an energy-efficient, renewable energy based HVAC and 
DHW heating system for houses is proposed and modeled to assess its end-use energy 
savings potential. For this purpose, an integrated building model was developed using the 
open-source building simulation software ESP-r to simulate the proposed HVAC system. 
The system consists of a ground heat exchanger, ground source heat pump, in-floor 
radiant heating, and a heat recovery ventilation system. The proposed DHW system 
utilizes the excess thermal energy from the heat pump to preheat the domestic hot water. 
As well, a renewable energy source in the form of photovoltaic generation and net-
metered grid storage were modeled to compliment the building’s electrical network. 
 
The proposed HVAC system resulted in simulated end-use energy savings when 
compared with the reference cases in the order of 50 % for all four of the simulated 
Canadian climatic regions. The analysis also found that for regions with an electricity 
generation mix with a low GHG emission factor, the incorporation of advanced building 
HVAC systems plays an important role in further reducing harmful GHG emissions. For 
regions with an electricity generation mix that relies heavily on fossil-fuel combustion, 
although the proposed HVAC system still reduces end-use energy consumption by half, 
the emphasis should be placed on small scale, distributed renewable energy generation 
(such as photovoltaics) to reduce the GHG emissions contributed by the residential 
sector. 
 
In summary, it has been demonstrated that there are opportunities for the generation of 
renewable energy in the residential sector to meet part of our overall energy demand in 
the sector. However, the current study only focused on solar PV, micro wind turbine and 
ground source heat pump technologies without considering other measures such as 
energy efficiency upgrades and solar thermal systems. It is concluded that without the 
substantial reduction in the overall energy demand, in both electricity and thermal, in 
conjunction with the utilization of passive and active solar thermal system in existing and 
new housing, the technologies investigated could not meet the energy demand in the 
residential sector. It is recommended that all of these measures should be incorporated 
and investigated in a holistic way in future studies. 
 
 
 
 

 
 



fåíêçÇìÅíáçå=~åÇ=lÄàÉÅíáîÉ

The Canadian residential sector consumes 16 per cent of Canada’s
total secondary energy, resulting in about 70 megatonnes1 (Mt) of
greenhouse gases (GHG) being released a year. Between 1990 and
2004, overall energy consumption has increased by around 23 per cent,
creating an increase in GHG emissions of 24 per cent in all sectors. 

One of the strategies to reduce fossil fuel consumption and the
resulting GHG emissions is to increase the use of renewable energy. 

More than 80 per cent of total residential energy use is for space
heating and domestic hot water heating. Technological advances in
low-grade residential heat sources and distribution systems, coupled
with distributed renewable energy generation, are an opportunity for
overall end-use energy savings. However, research is needed on
assessing the technical and environmental suitability of such systems
to take advantage of these technologies. 

The overall objective of this study is to provide technical assessment
of the potential of renewable energy systems in low-rise housing. 

The first part of the project assesses the feasibility of adding a hybrid,
renewable-energy system of roof-mounted, solar photovoltaic (PV)
panels and a micro-wind turbine to existing housing. 

The second part proposes, models and analyzes an energy-efficient,
renewable energy-based heating, ventilating and air-conditioning (HVAC)
and domestic hot water (DHW) heating system for new houses.

jÉíÜçÇçäçÖó

Integration of PV and Micro-wind Turbine 
into Existing Housing 

This study investigated the economic and environmental impacts of a
roof-mounted PV and micro-wind turbine energy system. The study
considered 600W and 1000W micro-wind turbine generators. 

PV system sizes were dictated by the size and orientation of the roofs
of representative houses in different regions. Those sizes were determined
based on the statistics conducted on the available databases and only
roof surfaces facing east, south, and west were considered for PVs.

To choose representative test-case houses, the researchers analyzed data
from three of Canada’s most comprehensive housing stock and
residential end-use energy databases:

1. The Survey of Household Energy Use (SHEU) database (Statistics
Canada, 1993)2.

2. The EnerGuide for Houses database (EGH) (NRCan, 2005). 

3. The New Housing Survey database (NHS) (NRCan, 1997). 

Fifty-seven test-case houses were selected based on province, age and
space-heating fuel type. Construction and thermal characteristic and
attributes of the typical test-case houses were determined by analyzing
the data in the databases. To account for the effect of electrical appliance
usage on the house electrical and thermal loads, 15-minute, interval-
based electricity-load profiles were estimated for each test-case house.
The selected test-case houses represented 62 per cent of the total
housing stock according to the 1993 SHEU database. 

Technical Series   08-106November 2008
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Analysis of Renewable Energy Potential in the Residential
Sector Through High-Resolution Building-Energy Simulation 

1 A megatonne is one million tonnes. Greenhouse gas emissions are usually measured in megatonnes.

2 Three SHEU databases are available, 1993, 1997, and 2003. The 1993 one is by far the most comprehensive SHEU database. Moreover, a complete set of
raw data, including the fuel bills and appliance Make and Model information for a subset of houses, is available from the 1993 SHEU while only limited
data is available to the public from the 2003 SHEU.
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The test-case houses were then simulated in ESP-r (Environmental
Systems Performance; r for “research”), open-source building and
plant energy and environmental simulation software. Two sets of
simulations estimated the thermal and electrical energy needs of the
test-case houses. 

1. The base-case simulations used existing space heating and
DHW equipment with electricity from the grid. Annual
simulations estimated the space heating, domestic hot water
heating and electricity demand of the test-case houses. Total
GHG emissions due to thermal and electrical energy use were
estimated along with the cost of electricity at flat and the
proposed time-of-use (TOU) rates. 

2. The hybrid-case simulations used existing space heating and
DHW equipment, but with PV and wind turbine as alternate
energy sources. Annual simulations estimated the renewable
energy produced by the PV and wind turbine. The reduction in
GHG emissions from electricity contributed by this system to
the house electrical demand was estimated. The cost of annual
electricity consumption was estimated at flat and proposed
TOU prices. The credit for selling surplus electricity to the
local grid was also estimated. 

The two cases were compared and the results extrapolated at the
national level to assess the potential GHG reductions from integrating
the roof-mounted PV and micro wind turbine system. Figure 1 is a
flowchart displaying the methodology used to study existing housing
stock.

Renewable-energy-based HVAC and DHW for 
New Housing

An energy-efficient, renewable-energy-based HVAC and DHW
heating system for new construction housing was proposed and
modelled to assess its end-use energy savings potential and emission
performance. Since only a small percentage (approximately one per
cent [NRCan, 2003a]) of residential end-use energy consumption was
attributed to cooling in Canada, this work concentrated on space
heating, DHW and occupant-driven electricity consumption. 

The proposed residential heating system had two main components. 

1. A hybrid HVAC system that transported heat from the ground
in the heating season and distributed this thermal energy
throughout the residence. 

2. A hybrid renewable electricity system that provided the electricity
required to run the HVAC system from photovoltaic electricity
generation enhanced by storage and control schemes. The
hybrid HVAC system provided both heating and ventilation to
the residence.

The proposed system consisted of a ground heat exchanger (GHX),
ground source heat pump (GSHP), in-floor radiant heating and 
a heat recovery ventilation (HRV) system. In particular, the system
included a GHX that utilized the near-constant, year-round temperatures
of the earth (about 4 to 12∞C [39 to 53°F]), which was upgraded by
a heat pump. 

Figure 1 Flowchart of the methodology for the study of 
existing housing stock



The heat pump provided conditioned water (about 35 to 40∞C [95
to 104°F]) to two separate HVAC systems: 

1. A radiant in-floor loop to provide sensible heating to the
conditioned residential zones. 

2. A DHW loop preheated with excess thermal energy when
available from the GSHP system. 

An HRV system was incorporated to minimize the heating load
necessitated with conditioning outdoor air directly. A hybrid system
of renewable electricity generation met the electrical demands of the
residences and the separate systems. Photovoltaic modules in conjunction
with electricity storage provided by the grid in a net metering arrangement
balanced the variable nature of renewable electricity generation. Figure 2
is a schematic of the proposed hybrid system.

A base model was needed for the study that depicted a common,
single-family dwelling for use in determining energy performance in
four climatic regions across Canada. The researchers chose the Canadian
Center for Housing Technology (CCHT)3 test house in Ottawa, as it
accurately represents a typical new energy-efficient R-2000 house and
was already modelled within ESP-r (Purdy & Beausoleil-Morrison,
2001a). Since Ottawa is the actual location of the CCHT test house,
it served as the original location for all simulations during the model’s
development. 

Energy simulations were then conducted in ESP-r for this common
R-2000 Canadian home with different parameters. 

In the “base-case,” simulations were conducted for sample climatic
regions—Pacific, Prairies, Central and Atlantic, represented by
Vancouver, Calgary, Ottawa and Halifax, with each region’s heating
fuel and equipment type. 

In addition, a simplified, in-floor heating model was developed in
ESP-r to assess the dynamic behaviour of the in-floor radiant heating
system. A sensitivity analysis was conducted on the in-floor heating
model to assess the energy saving potentials and the associated
emissionreductions. 

In the hybrid-case, simulations analyzed the energy performance and
environmental impact of the proposed HVAC system by varying
system configurations as well as the size of the heat pumps, supply
system, thermal storage, electrical storage and photovoltaic
components. This analysis determined whether this hybrid system was
technically feasible for the Canadian residential market. 

The end-use energy consumption of the proposed hybrid energy
system and the commonly used conventional HVAC and DHW
systems in the four climatic regions were compared. 

The end-use energy consumption results determined the net GHG
emissions for each hybrid energy system scenario. They were
compared with the emissions produced by the conventional HVAC
and DHW systems in the four climatic regions.
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Figure 2 Schematic of the hybrid HVAC system

3 CCHT is jointly operated by the National Research Council, Natural Resources Canada, and Canada Mortgage and Housing Corporation. This research and
demonstration facility features two highly instrumented, identical R-2000 homes with simulated occupancy to evaluate the whole-house performance of new
technologies in side-by-side testing. For more information about the CCHT facilities please visit http://www.ccht-cctr.gc.ca
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Integration of PV and Micro-wind Turbine 
into Existing Housing 

Figure 3 shows the average electricity generation potentials in
kWh/year with the integration of the PV and micro-wind turbine
energy system in the test-case houses. Total electricity generation
potentials vary greatly from province to province, with the lowest in
Newfoundland and the highest in Alberta. However, in
Newfoundland the electricity generation potential from wind was the
highest and from PV the lowest. This can mainly be attributed to the
province’s windy and foggy climate. 

The stack graph shows the average annual electricity generated by each
of the renewable technologies for these houses in a given province.
The sum of the renewable electricity generated by the PV and the
wind turbine is presented on top of stack bar for each province. 

Figure 4 shows the range of the percentage of electricity demand met
on time by the PV and wind-turbine energy system (not including the
surplus electricity produced due to mismatch between the occurrence
of electricity demand and production of renewable electricity by this
system). In Alberta, up to 50 per cent and in Saskatchewan, up to 58
per cent of electricity demand could be met by the hybrid system.
However, in Quebec, this was only up to 16 per cent, as the amount
of electricity demand that could be met by the electricity generated by
the hybrid systems represents a smaller percentage of the total electricity
demand in Quebec in comparison with other provinces where more
space heating and DHW is provided by non electricity sources. 

For selected test-case houses in Ontario and Manitoba, up to 50 per
cent of electricity demand could be met on time using hybrid energy
systems, showing significant potential of these technologies in terms of
meeting electricity demand. In Prince Edward Island, up to 57 per
cent and in Nova Scotia, up to 52 per cent of electricity demand
could be met with such systems. In New Brunswick, Newfoundland
and British Columbia, a demand for electricity of up to 32, 33 and 33
per cent, respectively, could be met. 

Figure 3 Average annual electricity generation potential 
using the combination of PV and wind turbine 
energy system for test-case houses

Figure 4 Percentage of electricity demand met by the PV 
and wind-turbine energy system on time
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The percentage of electricity demands met by the PV and wind-turbine
energy system for the test-case houses was strongly dependent on a
few factors apart from the available potential of PV or wind energies
in a given location. For example, in houses with the space and DHW
heating systems run by electricity, there was considerable increase in
the annual electricity demand. Similarly, higher appliance and lighting
electric loads could lower the percentage of electricity demand met by
the use of PV and wind turbine. 

Figure 5 shows the range of GHG reduction potentials at the provincial
level using PV and micro-wind turbine. The ranges of GHG reduction
are presented between configuration 1 (PV and 600W wind turbine)
at average GHG emission intensities and configuration 2 (PV and
1kW wind-turbine) at high intensities for all provinces. 

The lower limit gave the minimum quantity of GHG emissions displaced
while the higher limit showed the maximum quantity of GHG displaced.
The actual reduction was between these two extremes. 

An important factor dictating the potential for GHG reduction of
employing these renewable technologies is the provincial electricity-
emission-intensity factor. The magnitudes of these factors varied
considerably. 

For example, the average intensity factors were low in Quebec 
(8 gCO2 eq/kWh), Newfoundland (21 gCO2 eq/kWh), Manitoba 
(31 gCO2 eq/kWh) and British Columbia (24 gCO2 eq/kWh). 

As a result, the use of such technologies did not result in significant
reductions in GHG because of their already lower contribution to GHG
emissions due to electricity generation. However, the provinces with
higher average electricity-related GHG emission factors showed higher
reduction in GHG emissions. It should be noted that both average
and high provincial electricity GHG-emission factors were used in the
analyses. Average emission factors were based on the overall provincial
electricity generation mix.  High emission factors were based on the
fossil fuel fired generation mix.

Moreover, it was found that the proposed, integrated, renewable-
electricity system could only offset a portion of the existing household
electricity demand. However, the use of PV and wind-turbine technologies
resulted in direct reduction of electricity bills. Excess electricity could
be sold to the local grid for which the house owner could earn credit.
It was found that for most of the test-case houses, the credit of selling
surplus electricity to the grid could significantly contribute to the
reduction of net electricity cost. 

The results were extrapolated to the national level to assess the potentials
of GHG reduction using this system. Table 1 gives the GHG emission
reduction potential at the national level. Using these technologies could
result in annual GHG reductions of 4.4 Mt, based on average GHG
intensities, and 12.7 Mt based on high GHG intensities of electricity
generation. These GHG emission reductions would correspond to 15 per cent
and 20 per cent of the base case emission levels without the proposed
integrated renewable electricity generation system.

Renewable-energy-based HVAC and DHW for 
New Housing

The findings concluded that the use of the proposed HVAC and DHW
system resulted in significant end-use energy savings for all four Canadian
climatic regions. The HVAC-related end-use energy savings varied
from 47 to 53 per cent when compared with the base case.

Adding PV electricity generation to the proposed system resulted in
an even greater annual end-use energy savings, in the range of 56 to
62 per cent. However, the analysis showed that the energy and
environmental benefits of the proposed hybrid heating system in a
typical R-2000 house varied from region to region, mainly as a result
of the difference in climatic conditions and fuel type availabilities. 

Sensitivity analysis found that, without including the primary heating
system, the in-floor heating system would use 10 per cent more energy
for space heating than a conventional forced air system with the same
dry-bulb temperature set point. The reason for the difference is the
high thermal mass and slow response. 

Figure 5 GHG reduction potential at average and high 
intensity emission factors for all provinces 
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However, there was considerable spacing heating energy savings
—11 per cent—for the in-floor heating system if operative temperatures
(termed “reduced” here) were maintained instead of dry-bulb
temperatures. 

Table 2 compares space-heating energy demands in a typical Ottawa
winter week for the forced air system and in-floor heating system.
Figure 6 shows the dry-bulb temperature profiles for an ideal
thermostat control, forced-air system and for an in-floor radiant
heating system.  

Tables 3 and 4 are some of the results showing the effectiveness of
implementing the proposed HVAC system when compared to the
base case of Ottawa. Table 3 shows the end-use energy savings and
Table 4 the GHG reduction potential that could be achieved. Table 5
compares the energy savings and Table 6 the GHG reduction
potentials of the proposed system for all four cities. 

The proposed HVAC system resulted in simulated end-use energy
savings when compared with the base case in the order of 50 per cent
for all four of the simulated Canadian climatic regions. 

The analysis also found that for regions with an electricity generation
mix with a low GHG-emission factor, incorporating an advanced
building HVAC system played an important role in further reducing
harmful GHG emissions. For regions with an electricity generation
mix that relied heavily on fossil-fuel combustion, although the
proposed HVAC system still reduced end-use energy consumption by
half, the emphasis should be placed on small-scale, distributed
renewable energy generation (such as photovoltaics) to reduce the
GHG emissions contributed by the residential sector.

Other findings showed that: 

n a night setback control strategy could be one way of saving energy
with in-floor radiant heating system;

n the proposed DHW preheating scenario resulted in significant end-
use energy savings, reducing the DHW load by 42 per cent when
compared with a common fuel-fired tank system;

n the use of a net metering scheme made using PV- generated
electricity practical as the grid was used as electrical storage.

The proposed in-floor heating system had a difficult time maintaining
the set-point temperature, particularly in the afternoon when solar
and internal gains were high, thus leading to overheating.

Figure 6 Forced air and radiant temperature profile 
comparison using a dry-bulb thermometer

Emission intensity
factors

GHG savings with PV
and 600 W wind-

turbine (Mt)

Per cent saving
compared to total

base-case GHG
emissions

GHG savings with PV
and 1 kW wind-turbine

(Mt)

Per cent saving
compared to total

base-case GHG
emissions

Average 4.1 14.1 4.4 15.3

High 11.9 19.5 12.7 20.1

Table 1 Total annual GHG emission reduction potential at national level

HVAC type Temperature setting Weekly heating load (MJ) Compare to base case (% diff)

Forced-air (base case) Regular 2,950 —

In-floor radiant Regular 3,230 +9.5

Reduced 2,620 -11.2

Table 2 Comparison of heating end-use energy demands for forced air and radiant systems
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Ottawa
Jan. 1–Dec. 31

Base case (GJ) Proposed (GJ)

Regular temperature setting Regular temperature setting Reduced temperature setting

Occupant driven–Electrical 32.18 32.18 32.18

HVAC and DHW–Electrical. 4.43 34.16 30.18

HVAC and DHW–Non-electrical 59.77 0 0

PV generation–Electrical — - 23.94 - 23.94

Net electrical 36.61 42.40 38.42

Net non-electrical 59.77 0 0

Net energy consumption 96.38 42.40 38.42

Net energy savings — 56% 60.1%

Table 3 End-use energy consumption comparison for the entire building; base case and proposed hybrid HVAC system (Ottawa)

Ottawa
Jan. 1–Dec. 31 

Base case (tonnes CO2) Proposed (tonnes CO2)

Regular temperature setting Regular temperature setting Reduced temperature setting

Net electrical emissions 2.81 3.25 2.95

Net non-electrical. emissions 3.38 0 0

Net GHG emissions   6.19 3.25 2.95

Net emission savings — 47.5% 52.3%

Table 4 GHG emission comparison for entire building; base case and proposed hybrid HVAC system 
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Jan. 1–Dec. 31 Base case (GJ) Proposed (GJ)

Regular temperature setting Regular temperature setting Reduced temperature setting

Halifax

Net energy consumption 88.14 39.21 36.40

Net energy savings — 55.5% 58.7%

Ottawa

Net energy consumption 96.38 42.40 38.42

Net energy savings — 56% 60.1%

Calgary

Net energy consumption 96.63 40.76 36.69

Net energy savings — 57.8% 62%

Vancouver

Net energy consumption 79.15 35.08 33.47

Net energy savings — 55.7% 57.7%

Table 5 End-use energy consumption comparison for the entire building; base case and proposed hybrid HVAC 
system for all four cities

Jan. 1–Dec. 31 Base case (tonnes CO2) Proposed (tonnes CO2)

Regular temperature setting Regular temperature setting Reduced temperature setting

Halifax

Net GHG emissions 11.72 8.27 7.67

Net emission savings — 29.4% 34.6%

Ottawa

Net GHG emissions 6.19 3.25 2.95

Net emission savings — 47.5% 52.3%

Calgary

Net GHG emissions 12.41 9.99 8.99

Net emission savings — 19.5% 27.6%

Vancouver

Net GHG emissions 2.78 0.35 0.33

Net emission savings — 87.4% 88.1%

Table 6 Greenhouse gas emission comparison for entire building; base case and proposed hybrid HVAC system for all four cities
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The project demonstrated that there were opportunities for the generation
of renewable energy in the residential sector to meet part of the overall
energy demand in the sector. 

However, the study focused only on solar PV, micro-wind turbine 
and ground-source heat pump technologies without considering other
measures, such as energy-efficiency upgrades and solar thermal systems. 

The study concluded that without substantial reduction in the overall
energy demand, in both electricity and thermal, in conjunction with
the utilization of passive and active solar thermal systems in existing
and new housing, the technologies investigated could not meet the
energy demand in the residential sector. It recommends that all of
these measures should be incorporated and investigated in a holistic
way in future studies. 
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On attribue au secteur canadien de l’habitation 16 % de la
consommation totale d’énergie secondaire au Canada, ce qui
représente chaque année environ 70 mégatonnes1 (Mt) de gaz à effet
de serre (GES). Entre 1990 et 2004, la consommation d’énergie
globale a augmenté d’environ 23 %, créant ainsi une hausse des
émissions des GES de 24 % dans tous les secteurs.

L’une des stratégies mises de l’avant pour réduire la consommation
d’énergie fossile et les GES qui en résultent consiste à augmenter
l’utilisation de l’énergie renouvelable.

Plus de 80 % de la consommation d’énergie résidentielle totale sert au
chauffage des locaux et à la production d’eau chaude domestique. Des
avancées technologiques en matière de sources de chaleur disponible à
bas niveau et de systèmes de distribution, jumelés à la production d’énergie
renouvelable distribuée, sont l’occasion pour réaliser des économies
d’énergie finales. Il faut toutefois mener des recherches afin d’évaluer
l’à propos technique et environnemental des telles installations pour
tirer parti de ces technologies.

L’étude avait pour objectif d’ensemble de fournir une évaluation
technique des possibilités en matière d’installations à énergie
renouvelable dans les habitations de faible hauteur.

Dans la première partie de la recherche, on évalue la faisabilité
d’ajouter à une maison existante une installation à énergie
renouvelable hybride montée sur le toit, composée de panneaux
photovoltaïques (PV) et d’une microéolienne.

Dans la deuxième partie, les auteurs proposent des modèles et analysent
une installation éconergétique à énergie renouvelable de chauffage, de
ventilation et de climatisation (CVC), et de production d’eau chaude
domestique (ECD) pour les maisons neuves.

j¨íÜçÇÉ

Intégration de PV et d’une microéolienne dans les
maisons existantes

Les chercheurs ont examiné les répercussions économiques et
environnementales d’une installation énergétique composée de PV 
et d’une microéolienne sur le toit. Dans l’étude, on a examiné les
microéoliennes de 600 W et de 1 000 W.

La puissance des installations de PV était dictée par la taille et
l’orientation de maisons représentatives de différentes régions. Ces
puissances ont été déterminées à l’aide d’une étude statistique des bases
de données disponibles et seules les surfaces de toit orientées à l’est, 
au sud et à l’ouest ont été envisagées pour les PV.

Pour arrêter le choix de maisons témoins représentatives, les chercheurs
ont analysé les données tirées de trois bases de données les plus exhaustives
sur le parc de logements au Canada et sur la consommation finale
d’énergie résidentielle :

1. La base de données de l'Enquête sur l'utilisation de l'énergie 
par les ménages (EUEM), Statistique Canada, 19932.

2. La base de données ÉnerGuide pour les maisons (EGM),
RNCan, 2005.

3. La base de données de la New Housing Survey (NHS) 
[Enquête sur les maisons neuves], RNCan, 1997.

Série technique   08-106Novembre 2008

Analyse des possibilités en matière d’énergie renouvelable
dans le secteur résidentiel au moyen d’une simulation
énergétique de bâtiment à haute résolution

1 Une mégatonne égale un million des tonnes. Les émissions de gaz à effet de serre sont habituellement mesurées en mégatonnes.

2 Trois bases de données de l’EUEM étaient disponibles, soit pour 1993, 1997 et 2003; la base de 1993 étant de loin la plus importante. Qui plus est, un
ensemble complet de données brutes, dont les factures énergétiques et les informations se rapportant à la marque et au modèle des appareils, est disponible
dans l’EUEM de 1993, alors qu’uniquement des donnes limitées sont accessibles par le public dans l’EUEM de 2003.

iÉ=éçáåí=Éå=êÉÅÜÉêÅÜÉ

AU CŒUR DE L’HABITATION



2 Société canadienne d’hypothèques et de logement

Le Point en recherche

Analyse des poss ib i l i tés  en mat ière d ’énerg ie renouvelab le dans le  secteur rés ident ie l  au moyen d’une s imulat ion 
énergét ique de bât iment à  haute résolut ion

Cinquante-sept maisons témoins ont été sélectionnées en fonction de
la province, de l’âge, et du type d’énergie utilisée pour le chauffage des
locaux. La construction, et les caractéristiques et attributs thermiques
des maisons témoins ont été précisés au moyen d’une analyse des données
tirées des bases de données. Pour tenir compte de l’incidence de l’utilisation
des appareils électroménagers sur les charges électriques et thermiques,
un profil de charges électriques à intervalles de 15 minutes a été élaboré
pour chaque maison témoin.

Les maisons témoins retenues représentent 62 % du parc de logement
total selon la base de données de l’ EUEM de 1993.

Les chercheurs ont ensuite procédé à une simulation des maisons
témoins sous ESP-r (Environmental Systems Performance; r pour 
« recherche »), un logiciel libre de simulation environnementale 
et énergétique de bâtiment et d’équipement. Deux ensembles de
simulations ont été menés pour évaluer les besoins thermiques et
électriques des maisons témoins.

1. Les simulations de référence ont été effectuées en utilisant
l’équipement existant pour le chauffage des locaux et la production
d’ECD, avec l’alimentation électrique provenant du réseau. Des
simulations ont produit une estimation annuelle de la demande
pour le chauffage des locaux, l’eau chaude domestique et l’électricité
pour les maisons témoins. Les émissions totales de GES résultant
de la consommation d’énergie thermique et d’électricité ont été
estimées, de même que le coût de l’électricité à tarif fixe et à des
tarifs horaires proposés.

2. Pour les simulations hybrides, on a modélisé les équipements de
chauffage et d’ECD existants, mais avec des PV et une éolienne
à titre de source d’énergie de rechange. Des simulations annuelles
ont évalué l’énergie renouvelable produite par les PV et l’éolienne.
On a ensuite évalué la réduction des émissions de GES contribuées
par l’électricité produite par ces installations pour satisfaire la
demande en électricité de la maison. Le coût annuel de la
consommation d’électricité a été estimé selon un tarif fixe et les
tarifs horaires proposés. On a également évalué le crédit pour la
vente de surplus d’électricité au réseau de distribution.

Les deux cas ont été comparés et les résultats ont été extrapolés à l’échelon
national afin d’évaluer les réductions possibles de GES découlant de
l’ajout sur le toit de PV et d’une microéolienne. La figure 1 montre
l’ordinogramme utilisé pour examiner le parc de logements existants.

Installations de CVC et d’ECD à énergie renouvelable
pour les nouvelles maisons

Une installation éconergétique de CVC et d’ECD à énergie renouvelable pour
les nouvelles maisons a été proposée et modélisée afin d’évaluer les
possibilités en matière d’économies d’énergie finales et de performance
en matière d’émissions. Puisque seulement un faible pourcentage
(environ 1 % [RNCan, 2003a]) de la consommation d’énergie finale
résidentielle est attribuable à la climatisation au Canada, les travaux
dont il est question ici se sont arrêtés sur le chauffage des locaux, la
production d’ECD et la consommation d’électricité qui dépend 
des occupants.

L’installation de chauffage résidentielle proposée est dotée de deux
composants principaux :  

1. Une installation de CVC hybride qui tire la chaleur du sol durant
la période de chauffage et qui diffuse cette énergie thermique
partout dans la maison. 

2. Une installation électrique hybride à énergie renouvelable qui
fournit l’électricité pour faire fonctionner l’installation de CVC
à partir de PV, en plus de schémas de stockage et de commandes.
L’installation hybride de CVC assurait tant le chauffage que la
ventilation dans la maison.

Figure 1 Ordinogramme de la méthode employée pour 
l’étude du parc de logements existants
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L’installation proposée comportait un échangeur de chaleur dans le
sol, une pompe géothermique, un chauffage par rayonnement à partir
du sol et un ventilateur récupérateur de chaleur (VRC). 

Plus particulièrement, l’installation a recours à un échangeur de chaleur
dans le sol qui tire parti de la température annuelle presque constante
du sol (entre 4 et 12°C [39 et 53 °F]), dont la performance est améliorée
par une pompe à chaleur.

La pompe à chaleur alimente en eau conditionnée (entre 35 et 40°C
[entre 95 et 104 °F]) deux installations de CVC distinctes.

1. Une boucle de chauffage par rayonnement à partir du sol qui sert
à fournir le chauffage sensible aux zones résidentielles conditionnées.

2. Une boucle qui sert à préchauffer l’ECD à l’aide de l’excédent
d’énergie thermique produit par la pompe géothermique.

Un VRC a été prévu afin de réduire au minimum la charge de chauffage
requise lorsqu’il faut conditionner l’air extérieur directement. L’installation
hybride de production d’électricité à partir d’énergie renouvelable répond
à la demande en électricité de la maison et des deux installations de CVC
distinctes. Les modules photovoltaïques, en conjugaison avec le stockage
de l’électricité fournie par le réseau au terme d’un système de mesures
de consommation nette, ont permis d’équilibrer la nature variable de
production d’électricité à partir de sources d’énergie renouvelable. La
figure 2 présente un schéma de l’installation hybride proposée. 

Pour réaliser l’étude, on a dû produire un modèle de référence qui
décrit une maison individuelle type pour permettre de déterminer la
performance énergétique dans chacune des quatre régions climatiques
du Canada. Les chercheurs ont choisi la maison d’essai du Centre
canadien des technologies résidentielles (CCTR)3 à Ottawa, puisqu’elle
représente avec précision une maison R-2000 type neuve et éconergétique
et qui avait déjà été modélisée à l’aide d’ESP -r (Purdy et Beausoleil-

Morrison, 2001a). Puisque qu’Ottawa est l’emplacement réel de la
maison d’essai du CCTR, il a servi d’emplacement d’origine pour
toutes les simulations durant le développement du modèle. 

Les simulations énergétiques ont ensuite été menées à l’aide d’ESP-r
pour cette maison canadienne R-2000 représentative selon différents
paramètres. 

Pour le scénario de référence, les simulations ont été menées selon des
régions climatiques témoins : la côte pacifique, les Prairies, le centre
du pays et le Canada atlantique, correspondant à Vancouver, Calgary,
Ottawa et Halifax, avec le type d’énergie et d’équipement de
chauffage courant de chaque région.

De plus, on a mis au point dans ESP-r un modèle simplifié de chauffage
par rayonnement à partir du sol pour en évaluer le comportement
dynamique. Une analyse de sensibilité a été effectuée sur le modèle de
chauffage par rayonnement à partir du sol afin d’évaluer les possibilités
d’économies d’énergie et les réductions d’émissions connexes.

Dans le cas du modèle hybride, les simulations ont permis d’analyser
la performance énergétique et l’impact environnemental de l’installation
de CVC proposée en faisant varier la configuration de l’installation, 
de même que la puissance des pompes à chaleur, du système d’alimentation,

Figure 2 Schéma de l’installation hybride de CVC

3 Le CCTR est exploité en partenariat par le Conseil national de recherches du Canada (CNRC), Ressources naturelles Canada (RNC) et la Société canadienne
d'hypothèques et de logement (SCHL). Ce centre de recherche et de démonstration se compose de deux maisons R2000 identiques dotées d'une batterie
d'instruments. On y simule l'occupation humaine pour évaluer le rendement des nouvelles technologies dans l'ensemble des maisons grâce à des essais
parallèles. Pour obtenir de plus amples informations au sujet du CCTR, veuillez consulter le site Web http://www.ccht-cctr.gc.ca



du stockage thermique, du stockage électrique et des composants
photovoltaïques. Cette analyse a permis de déterminer si l’installation
hybride était faisable techniquement pour le marché résidentiel
canadien.

La consommation d’énergie finale de l’installation hybride proposée et
celle des installations de CVC et d’ECD que l’on retrouve habituellement
dans chacune des quatre régions climatiques ont ensuite été comparées.

Les résultats de consommation d’énergie finale ont permis de déterminer
les émissions nettes de GES pour chaque scénario d’installation énergétique
hybride. Celles-ci ont été comparées avec les émissions produites par
les installations classiques de CVC et d’ECD dans les quatre régions
climatiques.
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Intégration de PV et d'une microéolienne dans les
maisons existantes

La figure 3 montre les possibilités de production d’électricité en
kWh/année à l’aide d’une installation de PV et d’une microéolienne
dans les maisons témoins. Les possibilités de production d’électricité
varient grandement d’une province à l’autre, alors qu’elles sont les plus
faibles à Terre-Neuve et les plus élevées en Alberta. À Terre-Neuve
toutefois, les possibilités de production d’électricité à partir du vent
étaient les plus élevées, et les plus faibles à partir de PV. Cette situation
est surtout attribuable aux conditions climatiques venteuses et
brumeuses de la province.

L’histogramme empilé montre la production moyenne d’électricité
pour chacune des technologies d’énergie renouvelable pour ces maisons
dans une province donnée. La quantité totale d’électricité renouvelable
produite par les PV et l’éolienne est présentée sur le dessus de chaque
histogramme par province.

La figure 4 indique l’étendue des proportions de demandes en électricité
satisfaites à temps par l’installation de PV et l’éolienne (les surplus
d’électricité produits en raison de l’inadéquation entre la demande
d’électricité et la production d’électricité renouvelable par ces installations).
En Alberta, jusqu’à 50 % de la demande en électricité a pu être satisfaite
par l’installation hybride, tandis qu’en Saskatchewan, c’est jusqu’à 58
%. Toutefois, au Québec, ce chiffre n’est que de 16 %, puisque la
quantité de demande en électricité pouvant être satisfaite par l’électricité
générée par l’installation hybride représente un plus faible pourcentage
de la demande totale en électricité au Québec, comparativement à d’autres
provinces, là où davantage d’installations de chauffage des locaux et de
production d’ECD sont assurées par des sources non électriques.

Dans certains cas de maisons témoins de l’Ontario et du Manitoba,
jusqu’à 50 % de la demande en électricité pouvait être satisfaite à temps
en ayant recours à des installations énergétiques hybrides, ce qui montre
d’importantes possibilités pour que ces technologies puissent répondre
à la demande en électricité. À l’Île-du-Prince-Édouard, jusqu’à 57 %
de la demande en électricité pouvait être satisfaite à l’aide de telles
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Figure 3 Possibilités annuelles moyennes de production 
d’électricité à l’aide d’une installation de PV 
et d’une éolienne dans les maisons témoins

Figure 4 Proportion de la demande en électricité satisfaite 
à temps au moyen d’installations énergétiques de 
PV et d’éolienne 
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installations, alors qu’en Nouvelle-Écosse, c’est 52 % de la demande.
Au Nouveau-Brunswick, à Terre-Neuve et en Colombie-Britannique,
l’installation a pu répondre à 32, à 33, et à 33 % de la demande en
électricité respectivement.

Les proportions de demande en électricité satisfaites par l’installation
de PV et l’éolienne pour les maisons témoins étaient fortement fonction
de certains facteurs autres que le potentiel disponible pour les PV ou
la force du vent pour un emplacement donné. Par exemple, dans les
maisons où le chauffage et le chauffe-eau étaient alimentés à l’électricité,
il s’est produit une hausse considérable de la demande annuelle en
électricité. De manière semblable, des charges électriques plus élevées
des appareils ménagers et d’éclairage pouvaient abaisser la proportion
de la demande en électricité pouvant être satisfaite par les PV et la
microéolienne. 

La figure 5 montre l’étendue des possibilités de réduction des émissions
des GES à l’échelon provincial en ayant recours à des PV et une
microéolienne. Les gammes de réduction des GES sont présentées
selon la configuration 1 (PV et éolienne de 600 W) à des intensités
d’émissions de GES moyennes et la configuration 2 (PV et éolienne 
de 1 kW) à des intensités élevées, pour toutes les provinces.

La limite inférieure donne la quantité minimale d’émissions de GES
déplacées, tandis que la limite supérieure indique la quantité maximale
d’émissions de GES déplacées. La réduction réelle se situe entre ces
deux extrêmes.

Le facteur d’intensité des émissions dû au mode de production de
l’électricité dans la province à l’étude constitue un élément important
qui influe sur les possibilités de réduction d’émissions de GES par l’emploi
de ces technologies. La magnitude de ces facteurs varie considérablement.

Par exemple, les facteurs d’intensité moyens étaient faibles au Québec
(8 g de CO2 équi./kWh), à Terre-Neuve (21 g de CO2 équi./kWh), au
Manitoba (31 g CO2 équi./kWh) et en Colombie-Britannique (24 g
de CO2 équi./kWh).

Ainsi, l’utilisation de telles technologies n’a pas engendré de réduction
significatives de GES en raison de leur contribution déjà faible aux
émissions de GES par la production d’électricité. Toutefois, dans 
les provinces qui présentent des facteurs élevés d’émissions de GES
provinciaux liés à la production de l’électricité, les réductions d’émissions
de GES étaient plus importantes. Il est à noter que des facteurs d’émissions
de GES provinciaux liés à l’électricité moyens et élevés ont été utilisés
dans l’analyse. Les facteurs d’émissions moyens sont fondés sur une
combinaison des facteurs provinciaux de production d’électricité. Les
facteurs d’émissions élevés sont fondés sur une combinaison d’énergies
fossiles utilisées pour produire l’électricité.

Qui plus est, l’étude révèle que l’installation proposée de production
intégrée d’électricité à partir de sources renouvelables ne pouvait que
compenser une partie de la demande en électricité du ménage dans 
la maison existante. Cependant, l’utilisation de technologies de PV 
et d’éoliennes a permis de réduire directement la facture d’électricité.
L’excédent d’électricité produite pouvait être vendu au fournisseur, ce
qui a permis d’engranger un crédit. On a trouvé que dans la plupart
des maisons témoins, le crédit résultant de la vente d’électricité
excédentaire au fournisseur pouvait réduire considérablement la
facture d’électricité.

Les résultats ont été extrapolés à l’échelon national afin d’évaluer 
les possibilités de réduction des émissions de GES à l’aide de ces
technologies. Le tableau 1 présente les possibilités de réduction
d’émissions de GES à l’échelon national. La mise en œuvre de ces
technologies pourrait contribuer à réduire les émissions annuelles 
de GES de 4,4 Mt, suivant des facteurs d’intensité moyens de GES, 
et de 12 7 Mt suivant des facteurs d’intensité élevés de GES, liés 
à la production de l’électricité. Ces réductions d’émissions de GES
correspondraient à 15 % et à 20 % respectivement des niveaux
d’émissions du cas de référence dépourvu de l’installation intégrée 
de production d’électricité à partir de sources renouvelables. 
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Figure 5 Possibilités de réduction des GES selon un facteur 
d’intensité moyen ou élevé pour toutes les provinces



Installations de CVC et d’ECD à énergie renouvelable
pour les nouvelles maisons

Les résultats révèlent que l’utilisation de l’installation intégrée de CVC
et d’ECD proposée engendre des économies d’énergie considérables
pour les quatre régions climatiques du Canada. Les économies d’énergie
finales de l’installation de CVC varient de 47 à 53 % comparativement
au cas de référence.

L’ajout de la production d’électricité à l’aide de PV à l’installation proposée
engendre des économies d’énergie finales encore plus importantes, soit
de l’ordre de 56 à 62 %. L’analyse montre cependant que les avantages
énergétiques et environnementaux de l'installation hybride proposée
dans une maison classique R-2000 varient d’une région à l’autre, surtout
en raison des conditions climatiques qui diffèrent, et de la disponibilité
de différentes sources d’énergie.

Une analyse de sensibilité révèle qu’en faisant abstraction de l’installation
de chauffage primaire, le système chauffage par rayonnement à partir du
sol consommerait 10 % de plus d’énergie pour le chauffage des locaux
qu’une installation classique à air pulsé ayant la même température de
consigne du thermomètre sec. Cette différence s’explique par la masse
thermique élevée et le long temps de réponse.

On réalise toutefois d’importantes économies d’énergie en chauffage des
locaux de l’ordre de 11 % dans le cas du chauffage par rayonnement à
partir du sol si les températures de fonctionnement (indiqué ici comme
réduite) sont maintenues au lieu des températures du thermomètre sec.

Le tableau 2 établit une comparaison de la demande énergétique pour le
chauffage des locaux lors d’une semaine d’hiver type à Ottawa entre le
système de chauffage à air pulsé et le chauffage par rayonnement à partir
du sol. La figure 6 montre les profils de températures du thermomètre
sec selon un contrôle thermostatique idéal, pour l’installation à air pulsé
et le chauffage par rayonnement à partir du sol.

Les tableaux 3 et 4 présentent certains des résultats obtenus qui illustrent
l’efficacité de la mise en œuvre de l’installation proposée de CVC par
rapport au cas de référence d’Ottawa. Le tableau 3 montre les économies
d'énergie finales et le tableau 4 les possibilités de réduction des GES
pouvant être réalisées. Le tableau 5 établit une comparaison des économies
d’énergie et le tableau 6, les possibilités de réduction des GES attribuables
à l’installation proposée pour les quatre villes.

Lors des travaux de simulation, l’installation de CVC proposée a engendré
des économies d’énergie finales de l’ordre de 50 % pour les quatre régions
climatiques comparativement au cas de référence. 

L’analyse a également permis de constater que, dans le cas des régions
affichant une combinaison de facteurs de production d’électricité ayant
un faible facteur d’émission, le fait d’incorporer une installation évoluée
de CVC a joué un rôle important dans la réduction d’émissions nocives.
Dans le cas des régions dont la production d’électricité s’appuie fortement
sur la combustion d’énergie fossile, bien que l’installation de CVC
proposée ait réduit la consommation d’énergie de moitié, l’accent doit
être mis sur des installations de production d’énergie à partir des sources
d’énergie renouvelable (comme les panneaux photovoltaïques) pour
réduire les émissions de GES produites par le secteur résidentiel.

Voici d’autres constatations :

� une stratégie d’abaissement de la température de consigne la nuit
pourrait s’avérer l’une des façons d’économiser l’énergie avec une
installation de chauffage par rayonnement à partir du sol;

� le scénario de préchauffage de l’ECD a produit des économies
d’énergie finales considérables, en réduisant la charge de production
d’ECD de 42 %, comparativement à un réservoir de chauffe-eau
classique au gaz ou au mazout;

� le recours au comptage net a rendu pratique l’utilisation de PV pour
produire de l’électricité, puisque le réseau agit comme élément de
stockage de l’électricité.

L’installation proposée de chauffage par rayonnement à partir du sol
arrivait difficilement à maintenir la température au point de consigne,
particulièrement en après-midi lorsque le rayonnement solaire et les
gains internes étaient élevés, ce qui a engendré la surchauffe. 
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une installation à air pulsé et un chauffage par 
rayonnement à partir du sol, au moyen du 
thermomètre sec
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Facteur d’intensité des
émissions

Réduction de GES avec
PV et éolienne de 

600 W (Mt)

% de réduction par
rapport aux émissions
de GES totales du cas

de référence 

Réduction de GES avec
PV et éolienne 
de 1 kW (Mt)

% de réduction par
rapport aux émissions
de GES totales du cas

de référence

Moyen 4,1 14,1 4,4 15,3

Élevé 11,9 19,5 12,7 20,1

Tableau 1 Possibilités de réductions des émissions annuelles de GES à l’échelon national 

Type d’installation de CVC Température de consigne Charge de chauffage
hebdomadaire (MJ)

Comparaison au cas de référence
(% de différence)

Air pulsé (cas de référence) Normale 2 950 —

Chauffage par rayonnement 
à partir du sol

Normale 3 230 +9,5

Réduite 2 620 -11,2

Tableau 2 Comparaison de consommation d’énergie finale pour le chauffage; chauffage à air pulsé par rapport 
à un chauffage par rayonnement à partir du sol

Ottawa
1er janv. au 31 déc.

Cas de référence (GJ) Installation propose (GJ)

Température de consigne
normale 

Température de consigne
normale

Température de consigne
réduite

Occupants – Électricité 32,18 32,18 32,18

CVC et ECD – Électricité 4,43 34,16 30,18

CVC et ECD – non électriques 59,77 0 0

Production des PV – Électricité — - 23,94 - 23,94

Électricité nette 36,61 42,40 38,42

Résultat net – sans l’électricité 59,77 0 0

Consommation d’énergie nette 96,38 42,40 38,42

Économies d’énergie nettes — 56 % 60,1 %

Tableau 3 Comparaison de la consommation d’énergie finale pour l’ensemble du bâtiment; cas de référence par rapport 
à l’installation de CVC hybride proposée (Ottawa)

Ottawa
1er janv. au 31 déc.

Cas de référence (tonnes de CO2) Installation proposée (tonnes de CO2)

Température de consigne normale Température 
de consigne normale

Température 
de consigne réduite

Émissions dues à l’électricité 2,81 3,25 2,95

Émissions autres que celles
engendrées par l’électricité

3,38 0 0

Émissions de GES nettes 6,19 3,25 2,95

Réduction nette des émissions — 47,5 % 52,3 %

Tableau 4 Comparaison des émissions de GES pour l’ensemble du bâtiment; cas de référence par rapport 
à l’installation de CVC hybride proposée
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1er janv. au 31 déc. Cas de référence case (GJ) Installation proposée (GJ)

Température 
de consigne normale

Température 
de consigne normale

Température 
de consigne réduite

Halifax

Consommation nette d’énergie 88,14 39,21 36,40

Économies d’énergie nettes — 55,5 % 58,7 %

Ottawa

Consommation nette d’énergie 96,38 42,40 38,42

Économies d’énergie nettes — 56 % 60,1 %

Calgary

Consommation nette d’énergie 96,63 40,76 36,69

Économies d’énergie nettes — 57,8% 62 %

Vancouver

Consommation nette d’énergie 79,15 35,08 33,47

Économies d’énergie nettes — 55,7 % 57,7 %

Tableau 5 Comparaison de la consommation d’énergie finale pour l’ensemble du bâtiment; cas de référence par rapport 
à l’installation de CVC hybride proposée pour chacune des quatre villes

1er janv. – 31 déc. Cas de référence (tonnes CO2) Installation proposée (tonnes CO2)

Température 
de consigne normale

Température 
de consigne normale

Température 
de consigne réduite

Halifax

Émissions nettes de GES 11.72 8.27 7.67

Réduction nette d’émissions — 29.4% 34.6%

Ottawa

Émissions nettes de GES 6.19 3.25 2.95

Réduction nette d’émissions — 47.5% 52.3%

Calgary

Émissions nettes de GES 12.41 9.99 8.99

Réduction nette d’émissions  — 19.5% 27.6%

Vancouver

Émissions nettes de GES 2.78 0.35 0.33

Réduction nette d’émissions — 87.4% 88.1%

Tableau 6 Comparaison des émissions de GES pour l’ensemble du bâtiment; cas de référence par rapport à l’installation 
de CVC hybride proposée pour chacune des quatre villes
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Les travaux dont il est question ici révèlent qu’il y a des possibilités 
en matière de production d’énergie à partir de sources d’énergie
renouvelables dans le secteur résidentiel pouvant satisfaire une partie
de la demande du secteur.

L’étude a toutefois mis l’accent sur les PV, les microéoliennes et les
pompes géothermiques sans égard à d’autres mesures, comme les travaux
d’améliorations de l’efficacité énergétique et les installations solaires
thermiques.

Les auteurs concluent que sans une réduction substantielle de la demande
globale d’énergie, tant électrique que thermique, en conjugaison avec
l’emploi à la fois d’installations thermiques solaires actives et passives
dans les maisons neuves et existantes, les technologies étudiées ne
pourront répondre à la demande d'énergie du secteur résidentiel. Ils
recommandent que toutes ces mesures soient incorporées et examinées
de manière holistique lors d’études futures.
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Chapter 1 

Introduction 

1.1 Canadian End-use Energy Consumption and Greenhouse Gas 

Emissions 

 

Canada has one of the coldest climates in the world. Owing to Canada’s northerly 

location, most parts of the country go through a long winter season. In addition, there is a 

prevalence of single family housing across Canada. As a consequence, total end-use 

energy consumption of Canada is high. The residential sector in Canada consumes energy 

primarily for space heating (59%), domestic hot water (DHW) heating (22%), appliances 

and lighting (18%), and finally cooling (0.8%) (NRCan, 2001). 

 

In 1999, the total end-use energy consumption was 7860 Petajoules (PJ) with the 

residential sector consuming 1335 PJ of energy (NRCan, 2001). Greenhouse gas (GHG) 

emissions are the direct consequence of the consumption of fossil fuels associated with 

this energy demand. The GHG emissions estimation in the 1999 was 450 Megatonnes 

(Mt), out of which 70 Mt were generated in residential sector (NRCan, 2001). In year 

2004, a total of 8540 PJ of energy was consumed with 1420 PJ used in residential sector, 

showing an increase of 23% compared to 1999 energy consumption. The associated GHG 

emissions for the residential sector were 77 Mt (NRCan, 2006-i).  

 

Between 1990 and 2004 an increase of approximately 35% in the overall energy usage in 

both residential and commercial sectors was observed (NRCan, 2006-i). This increase in 

energy consumption can be attributed to the fact that between 1990 and 2004 there has 

been an increase in floor area (as a by-product of economic growth) both in commercial 

(by 24 %) and residential (by 29 %) sectors, number of households (by 25 %), passenger 

and tonne-kilometer (by 31%), industrial production (by 40%) (NRCan, 2006-i) and 

increase in population (by 15 %) (Environment Canada, 2006). Similarly, in year 2004 
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the winters were 3 % colder than that of 1990, with a net result of 36.5 PJ of increase in 

secondary energy demand. The increased use of computers both in commercial and 

residential sectors has influenced the energy usage and related GHG emissions as well 

(NRCan, 2006-i).   

 

The end-use energy and GHG emission in different Canadian sectors between 2000 and 

2004 are summarized in Tables 1.1 and 1.2. 

 

Table 1.1 Energy use by sector in PJ (NRCan, 2005-i; NRCan, 2006-i) 

Year 2000 2001 2002 2003 2004 
Residential 1391 1338 1390 1457 1421 
Commercial 1072 1060 1131 1180 1171 
Industrial 3120 2998 3160 3245 3277 
Passenger Transportation 1302 1283 1307 1322 2465 
Freight Transportation 899 904 907 945 - 

Off-Road 80 89 91 93 - 

Agriculture 231 218 206 211 209 
Total Energy Use (PJ) 8098 7892 8196 8457 8543 

 

Table 1.2 GHG Emissions by Sector in Mt (NRCan, 2005-i; NRCan, 2006-i) 

Year 2000 2001 2002 2003 2004 
Residential 75 74 74 79 77 
Commercial 61 62 64 69 69 
Industrial 161 159 162 168 170 
Transportation 163 162 164 168 176 
Agriculture 16 15 14 14 15 
Total GHG Emissions (Mt) 478 473 480 501 507 
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1.2 Kyoto Protocol 

 

Due to the increase in GHG emissions in recent decades, a concern has risen over the 

potential undesirable climatic changes across the globe. In order to address such 

concerns, an international treaty has been set forth, known as Kyoto Protocol (IPCC, 

1997). The mission of this treaty is the stabilization of GHG concentrations in the 

atmosphere at a level that would prevent dangerous anthropogenic interference with the 

climatic system.   

 

This agreement requires all participating members to develop and execute policies and 

measures to reduce GHG emissions. This protocol also sets limits on the GHG emissions 

for developed countries that are contributing most to the current GHG emissions. This 

protocol commits the developed countries to reduce emissions of six GHGs (CO2, CH4, 

N2O, HFCs, PFCs and SF6) by at least 5 % between 2008 and 2012, on the basis of their 

1990 emissions. 

  

Canada’s GHG reduction commitment is already 6 % below 1990 levels by the period 

2008-2012 (NRCan, 2005-ii). Therefore, to meet this target Canada has to evaluate and 

exploit all feasible measures to reduce the energy consumption and the associated GHGs, 

while maintaining the standard of living and economic growth.  

 

1.3 Renewable Energy Options in the Residential Sector 

 

Renewable energy (RE) technologies are used to generate electricity and/or heat from 

renewable energy resources such as solar radiation, the earth’s core temperature, the 

energy from rivers, streams and oceans, wind, or biomass. These technologies and 

resources are referred to as “renewables”. Renewables can be defined as energy sources 

with long-term supply characteristics with little chance of resource exhaustion over a 

human timeframe (e.g., several hundred years). Fossil fuel and nuclear technologies are 

not considered to be renewables due to their diminishing supply characteristics. 
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Renewable energies have been utilized for residential space conditioning ever since the 

first homes were built. Traditional passive sources are still important for residential space 

conditioning although they lack the ability of precise environmental control that is 

demanded and attainable with modern HVAC systems.  

 

One of the strategies to reduce energy consumption and associated GHG emissions is to 

increase the use of renewable energies. Due to seasonal and diurnal fluctuations of 

renewable energy sources, an efficient use of such resources is required to maximize their 

utilization. Hybrid renewable systems such as using a combination of wind and solar 

energy can provide a balanced output to address the problems associated with variable 

availability of individual energy sources (Markvart, 1996).  

 

Currently, four semiconductor technologies have emerged to produce photovoltaic (PV) 

power generation arrays, namely monocrystalline, polycrystalline, thin-film 

polycrystalline and amorphous. Although monocrystalline modules produce the highest 

efficiencies (up to 22.7%) their high cost of production makes lower efficiency modules 

more feasible economically (Green et al., 2003).  

 

The wind generation research has been focused on meeting large-scale energy demands. 

However, advances made with small-scale wind turbines (up to 100kW) that are ideal for 

off-grid or sub-urban power production have decreased the cost to as low as $0.08/kWh 

(Milborrow, 2002), thus opening the market for small-scale wind-turbine energy systems 

for residential use.  
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1.4 Review of Photovoltaic and Micro Wind-turbine Technologies 

 

1.4.1     Photovoltaic Technology 
 

Photovoltaic (PV) materials produce electrical power from sunlight. PV technology 

is a part of a new family of small scale, zero carbon emitting micro power 

generation plants. PV systems provide clean, sustainable and environmentally 

friendly source of energy. Its wide use and acceptance could directly affect the 

ongoing GHG issues.  

 

The abundantly available solar energy all around the world and the cost-

effectiveness for residential applications makes PV technology very promising 

energy resource (Ahmad et al., 2003). PV systems are reliable source of electricity 

for buildings at the places with or without grid (Bakos, 2003). PV systems can be 

easily integrated to existing or planned buildings. No additional land area is needed 

and cheap support structure is required to fix it. The on-site production of 

electricity can also avoid the transmission and distribution losses. It can also help 

offset the peak electricity generation from the coal and oil power plants (Bakos, 

2003). 

 

PV systems deliver a surplus of electricity in the summer and have a deficit in the 

winter. This seasonal and day-evening variation problem can be effectively 

resolved if the electrical utility allows net metering or if the system has on-site 

battery storage facility. In net metering, a system owner receives retail credit for at 

least a portion of electricity he generates. Hence a combination of electrically 

efficient lights and appliances, and well designed photovoltaic system has the 

potential to meet all the electricity demands in residential housing, assuming it has 

non-electric heating (Ayoub et al., 2000).  

 

PV technology is becoming increasingly popular in many parts of the world. PV 

technology avoids expensive investments in large central power stations and in 
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transmission and distribution systems. Looking at the advantage of the building 

integration of renewable technologies, more countries have set targets for using PV 

systems in building sector. Rooftop installations in Japan (more than 70,000), USA 

(1,000,000) and Europe (1,000,000) indicate the worldwide increase in attention in 

building integrated PV systems. European Commission (EC) has a target of 

increasing the PV electricity production up to 2000 Megawatts (MW) by 2010 in 

comparison to 52 and 200 MW in 1995 and 1999, respectively (Ayoub et al., 2000 

and Bakos, 2003).  

 

It has been estimated that if a 30m2 PV array were to be installed on the roof of an 

average Canadian house, it would supply approximately 4,000 kWh annually, 

summing up to approximately 45% of its electrical load (Ayoub et al., 2000). It has 

also been estimated that each kilowatt of photovoltaic micro power installed has the 

potential to offset 1.58 tonnes of CO2/year when replacing coal use, 1.30 tonnes of 

CO2/year when replacing oil use, and 0.73 tonnes of CO2/year when replacing 

natural gas (Ayoub et al., 2000).  

  

There are two options to employ the PV technology for the residential sector. One 

is to have a ground mounted central PV power plant, and the second is the 

distributed systems for the buildings. The difficulties in the former system, like site 

acquisition, preparation, maintenance, problems in power distribution etc. make 

distributed systems more attractive for residential use. Hence, the building 

integrated PV systems have gained huge popularity (Ayoub et al., 2000).  

 

PV systems can be installed on the surfaces of buildings, like sloped roofs, flat 

roofs, facades and as shading elements, thus allowing the possibility to combine 

electrical energy production with other functions on the building structures 

(Gxasheka, 2005 and Li et al., 2003).  Electricity is generated at the point of use, 

thus avoiding losses due to transmission and distributions (Tony, 2001).  
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The efficiency of the initial modules was limited to around 6%. With decades of 

research and improvement, the efficiency and reliability of PV systems has 

increased significantly. The amount of electrical energy produced is dependent on 

the intrinsic properties of the solar cell and the availability and intensity of solar 

radiation (Kelly, 1998).  

 

Individual cells are interconnected and encapsulated to produce panels that produce 

a specific amount of peak power. Then through inverters, direct current (DC) is 

converted to alternating current (AC) and is distributed as required. The 

composition of a PV system may vary according to application and its location, e.g. 

for off-grid applications, a charge controller may be used etc.    

 

There are many different types of solar modules available in the market. The range 

of solar cells spans different materials and structures in the quest to extract 

maximum power from the device while keeping the cost to minimum. Commonly 

they are fabricated from Silicon. Some commercially available solar cells are 

(Thevenard, 2005): 

 

 Crystalline Silicon (c-Si) 

 Mono-crystalline Silicon (mono-Si) 

 Mono-crystalline cells are manufactured from a single crystal cell 

ingot that is then sliced into wafers. 37 % of international PV 

manufacturing is mono-crystalline. 

 Polycrystalline Silicon (poly-Si) 

 It uses casting process, in which the molten poly-crystalline silicon 

is poured in rectangular blocks. These blocks are then sliced into 

wafers that are used to make square solar modules.  

 The conversion efficiencies for crystalline Silicon commercial modules 

range between 12 to 15% (Ayoub et al., 2000). There have been some 

cases of efficiencies as high as 18.2 % in large-grained poly-Si ingots.   
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 Amorphous Silicon (a-Si) 

 Amorphous or thin film silicon modules are constructed by depositing thin 

layers of PV material on a backing material like glass, plastic or stainless 

steel. Scribing the layers using laser forms individual cells. The efficiency 

range of a-Si modules varies from 3.5 to 7 % (Ayoub et al., 2000), with 

the record high of 13.5 %.  

 

Other types of solar cells, using materials like Cadmium and Gallium (Kelly, 1998 

and Thevenard, 2005) include: 

 Cadmium Indium Selenide (CIS) 

 Gallium Arsenide (GaAs) 

 

1.4.2     Micro-Wind Turbines  
 

Among the other renewable energy resources, wind has a potentially important role 

and wind farms are becoming common all over the world. Under the current 

significant environmental problems, the clean and renewable nature of wind energy 

has earned this technology a great importance.  

 

Large-scale wind turbines are now a common concept in many western countries. 

The worldwide wind- power generating capacity at the end of 2005 was 59,000 

MW (NRCan, 2007). In 2001, Denmark alone had 2000 MW of electricity 

generating capacity from more than 7,500 wind turbines (Sahin, 2004). Germany 

produced 3300 MW in 2002 while UK is planning to increase its wind energy 

capacity up to 6000 MW by 2010 (CanWEA, 2003). 

 

Canada had the installed capacity of 311 MW, contributing to around 0.5 % of 

electricity production by the end of 2003. Installed capacity in Canada in 2006 

reached over 1,000 MW and the Canadian provinces are targeting over 9,000 MW 

by the end of 2015 (NRCan, 2007).  According to one study, Canada has a wind 

energy potential of 28,000 MW that could account for 20-25 % of Canada’s 
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electricity demand (CanWEA, 2003). An estimated 2,500 small capacity wind 

turbines (up to 300 kW) are currently providing on-site power to homes and 

businesses in Canada.     

 

1.5 Hybrid Systems for Residential Applications 

 

Technologies for incorporating renewable energy into the residential market include 

photovoltaics, micro-wind turbines, ground source heat pumps, and advanced solar 

thermal technologies. Vast amounts of research have been done to advance these 

technologies and have consequently contributed to current trends in renewable energy 

hybrids for residential applications. By marrying renewable energy sources with 

complementing residential technologies, such as advanced HVAC, storage, cogeneration, 

radiant, and control systems, further end-use energy savings and emission reductions can 

be attained. 

 

Recent studies have investigated the merits of combining: flat plate thermal collectors 

with air source heat pumps (Kaygusuz, 1999), solar assisted heat pumps with seasonal 

energy storage (Yumrutas et al., 2003), and ground coupled heat exchangers with hybrid 

cooling systems (Phetteplace and Sullivan, 1998). Combinations of electricity-producing 

renewable hybrids have also received attention, including PV-wind (Kolhe et al., 2003) 

and propane-PV (Peterson et al., 1999). More complex, total energy systems have also 

been investigated. Gunes (2001) investigated a total residential energy system based on a 

fuel cell system while Santarelli and Macagno (2004) explored a similar hydrogen based 

system supplied by PV modules and an electrolyzer. Kilkis (1999) performed a study 

similar to the hybrid system proposed in this work by combining a GSHP with a 6 kW 

wind turbine and radiant paneling for Turkish residences. His findings suggest that the 

system has great end-use energy saving potential when coupled with the right climatic 

conditions; northern climates, such as Canada’s, were found to be the best suited.  
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1.6 Objective 

 

The objective of the study is to look at potentials of renewable technologies in existing 

housing stock and new house construction across Canada.  The renewable energy 

technologies that will be integrated into the existing housing stock will include 

photovoltaics and micro-wind turbines.  In the new house construction a hybrid system, 

which includes photovoltaics, a ground source heat pump, and in-floor heating system, 

will be integrated.  Both possibilities will be modeled using the building energy 

simulation program ESP-r.  The impact, energy reduction potential and feasibility of 

these renewable energy technogies will be reviewed and summarized. 
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Chapter 2 

Review of analysis tools  

2.1     Building Energy Simulation and ESP-r 

 

Building energy simulation is the use of computer methods for the analysis of energy 

efficiency and building loads (Sam et al., 1998).  

 

Energy calculations are done to analyze the energy requirements of the building to meet 

the required loads throughout the year. Building energy simulation is performed to 

analyze the dynamic energy performance of a building and to understand the relationship 

between the design parameters and energy use characteristics of the building. For the 

energy simulation, apart from the energy consumption of the air-conditioning system, 

energy consumption of other building systems like lighting, electrical system, lifts etc. is 

also estimated. 

 

For building energy simulation, detailed information about the local climatic conditions, 

building design, air-conditioning system and control method is required. Local outdoor 

climatic conditions over a year, with preferably hourly variation pattern (though daily 

patterns can also be used) are also required.  

 

Some programs are able to model a building in detail, but require a lot of effort and heavy 

input from the user, while some commercial packages give better graphic user interface 

(GUI) and easy design but there may be a compromise on the reliability of results. The 

selection of a simulation program for a given task depends on the project requirements, 

time and cost analysis, experience of user and availability of suitable simulation tools and 

data (Sam et. al., 1998). The most important consideration is the capability of the 

program to deal with the application required.  
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ESP-r is a research-oriented environment with strong links to future models.  In Canada, 

the CANMET Energy Technology Centre has selected ESP-r as their building simulation 

environment for future endeavors as they develop their next generation building 

simulation software, HOT3000 (Haltrecht et al., 1999).  ESP-r takes fully into account all 

building and embedded generation and mass flows and their interconnections.  The 

modular format of ESP-r allows for a growing set of descriptive elements that is 

encouraged by the open source code (fully available to the research community).  ESP-r 

and its support community offer thorough documentation, validation (Strachan, 2000) 

and availability of expertise. 

 

ESP-r (Environmental Systems Performance; r for “research”) is a building and plant 

energy and environmental simulation program developed and maintained by the Energy 

Simulation Research Unit (ESRU) at the University of Strathclyde, Glasgow. With 

contributions being made by many sources (ESRU, 2005, CANMET, 2005), the program 

continues to mature and expand upon the initial parametric studies performed in the 

earliest versions of ESP-r (Clarke, 1977).  

 

The ESP-r system is comprised of three principal modules: a Project Manager, which 

outlines and organizes the nature of the problem; a Simulator, to model the problem; and 

a Results Analyzer, which allows the display and manipulation of simulation predictions 

and scenarios. As shown in Figure 1, these modules exist in a domain manipulated by the 

user but rely on a subsection of technical modules.     
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Figure 1: The ESP-r System Structure 

(ESRU, 2000) 
 

The Project Manager defines the building and plant configuration. The building is 

modelled as a set of user-defined domains that consist of multiple individual regions of 

space, or control volumes, represented within ESP-r as nodes. The basic principles of 

conservation of mass, energy and momentum can then be applied to these nodes resulting 

in a mathematical representation bounded by real climate data and user defined control 

actions. A complete description of the derivation of these energy equations is provided 

elsewhere (Clarke, 2001).   

 

The Simulator calculates each of the nodal equation sets for each time step creating a 

transient model that consists of five separate but interdependent domains. This multi-

domain approach (Kelly & Strachan, 2001) allows for flexibility in both the types of 

systems that can be modelled as well as the level of detail to which they are defined. The 

thermal domain includes all thermal masses within a building as well as the interaction of 

these masses through conduction, convection, and radiation. The plant domain includes 

all mechanical equipment involved in the production of electricity and maintaining the 

comfort conditions in the building. The flow domain considers the movement of air and 
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moisture in the building envelope; a computational fluid dynamics (CFD) package is 

available for detailed zone characteristics. The power domain simulates electrical systems 

including lighting and equipment usage as well as on-site generation devices. Finally, the 

control domain allows for a number of control schemes. Working in a transient and 

interconnected nature within the project manager, these five domains can closely simulate 

the behavior of the building energy system. 

 

The Results Analyzer operates on the simulation results located in a database by the 

Simulator. A variety of output options are available: perspective visualizations, results 

interrogation, statistical analysis, graphical display, tabulations, frequency binning and 

3D plotting. 
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Chapter 3 

Methodology 

3.1 For Existing Housing Stock 

 

For the study on the existing housing stock in Canada, an investigation of the economical 

and environmental impacts of using PV and roof-mounted wind-turbine energy systems 

was conducted. A group of typical Canadian test-case house models were developed in 

ESP-r. Information from three Canadian housing stock and energy use databases was 

used to identify these test-case houses. The Survey of Household Energy Use (SHEU) 

database (Statistics Canada, 1993) was used to find the required information while some 

information was supplemented from the EnerGuide for Houses database (EGH) (NRCan, 

2005) and the New Housing Survey database (NHS) (NRCan, 1997). The data in SHEU 

contains associated weights of all houses it represents that quantify the number of houses 

each entry in the SHEU database represents in Canada. 

 

All single detached houses in SHEU database were firstly categorized based on the 

provinces they belonged to. Then the database of each province was classified based on 

the vintage groups its houses fell under. Four vintage groups were defined as per the 

SHEU nomenclature, which were the houses built ‘before 1941’, ‘between 1941-1960’, 

‘between 1961-1977’ and ‘after 1977’, respectively. Houses falling in each vintage group 

were further classified based on the principal fuel used for their space heating. The 

principal space heating fuels considered in this study are oil, natural gas and electricity. 

This resulted in twelve category groups per province.  

  

Once the SHEU database was classified in the categories stated above, three of the most 

representative test-case houses were chosen from each province. The sole criterion of 

selection was the weighing factors the test-case houses carried, and the houses carrying 

highest weight compared to the others in a province were chosen. In this way thirty 
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houses were chosen for this study. Different construction and thermal characteristic and 

attributes of the typical test-case houses, like floor areas, wall insulations, heating set-

points, space heating equipment efficiencies, domestic hot water (DHW) systems, 

window types etc. were determined by conducting simple statistical analysis of the data 

provided in SHEU, EGH and NHS databases. To account for the effect of electrical 

appliance usage on the house electrical and thermal loads, the suitable fifteen-minute 

interval based electricity load profiles developed by Good et al. (2004) were identified 

for each test-case house used in the current study. 

  

The test-case houses were simulated in ESP-r. Two sets of simulations were conducted to 

estimate the thermal and electrical energy needs of the test-case houses. The first set of 

simulations, termed as base-case simulations, was conducted with the houses using 

existing space heating and DHW equipment with electricity imported from the grid. The 

second set of simulations, termed as hybrid-case simulations, was conducted using 

existing space heating and DHW equipments but having PV and roof-mounted wind-

turbine energy systems as sources of alternate energy for the houses. The net-grid import 

in such cases was also estimated.  

 

A sensitivity analysis was performed to study the effect of varying capacities of PV and 

roof-mounted wind-turbine hybrid systems on cost and GHG emissions of the test-case 

houses. The energy consumption and GHG emission differences were determined based 

on the results of the simulations conducted for each test-case house. In addition, the 

electricity costs for all houses with both conventional and proposed electrical systems 

were estimated with the flat and time-of-use electricity price plans. 

 

The results were analyzed to draw conclusions about the economic and environmental 

impacts of using PV and roof-mounted wind-turbine energy systems as a source of 

energy for Canadian residential sector at regional and national levels. Below is a 

flowchart displaying the methodology used to study the existing housing stock. 
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Figure 2: Flowchart of the overall methodology used in the study of existing building stock 
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3.2 For New Construction or R2000 standard homes 

 

The energetic and emissions performance of a hybrid residential energy system in a new 

construction or a R2000 standard home are examined. The proposed system is a hybrid of 

low-exergetic and renewable technologies. Due to the small percentage of residential 

end-use energy consumption that is attributed to cooling in Canada, approximately one 

percent (NRCan, 2003a), and this work concentrates on the more intensive energy 

consumers: space heating, DHW, and occupant-driven electricity consumption.   

 

The proposed system includes a ground source heat exchanger that utilizes the near 

constant year round temperatures of the earth (approximately 4 to 12C) which is 

upgraded by a heat pump. The heat pump provides conditioned water (approximately 35 

to 40C) to two separate HVAC systems: 1) a radiant in-floor loop to provide sensible 

heating to the conditioned residential zones, and 2) a domestic hot water (DHW) loop 

preheated with excess thermal energy when available from the ground source heat pump 

system. Heat recovery ventilation (HRV) system is incorporated to minimize the heating 

load necessitated with conditioning outdoor air directly. The electrical demands 

necessary of the residence as well as these separate systems are met by a hybrid system of 

renewable electricity generation. Photovoltaic modules in conjunction with electricity 

storage provided by the grid in a net metering arrangement balanced the variable nature 

of renewable electricity generation. A schematic of the proposed hybrid system is shown 

in Figure 3. 
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Figure 3: Proposed Hybrid Residential Energy System 
 

The proposed system is modelled using ESP-r (Clarke, 2001 and ESRU, 2003), the 

research oriented, open source building energy simulation software chosen by NRCan’s 

CANMET Energy Technology Centre (CETC) for their future modelling and 

development of HOT3000 (Haltrecht et al., 1999). The overall system model is 

comprised of sub-models representing each system component, and these models are 

integrated by control logic. The energy simulations are conducted for a common R-2000, 

Canadian home as represented by existing Canadian Centre for Housing Technology 

(CCHT) test houses, already modelled within ESP-r (Purdy & Beausoleil-Morrison, 

2001a). The energy simulation is conducted for four sample climate regions across 

Canada represented by the cities of Vancouver, Calgary, Ottawa, and Halifax.   

 
The scope of this thesis entails the modelling and analysis of the proposed residential 

energy system. Existing ESP-r modules were incorporated into the model, but for 

situations where ESP-r modules were not available for a specific system, suitable 

modules were developed. These modules are based on existing literature for HVAC 

equipment and hybrid system modelling. Interconnection of each system module takes 

place within the ESP-r project manager. As well as varying climatic conditions 

(representing four typical Canadian regions), the study analyzes the energetic 
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performance and environmental impact of the proposed residential HVAC system by 

varying system configurations as well as the size of the heat pumps, supply system, 

thermal storage, electrical storage and photovoltaic components. This analysis is 

conducted to determine whether the proposed hybrid system is technically feasible for the 

Canadian residential market. 

 

A comparison was done between the end-use energy consumption of the proposed 

residential energy system with the end-use energy consumption of commonly used 

conventional HVAC and DHW systems in four climatic regions of Canada (Maritimes, 

Central, Prairies, and Pacific). The end-use energy consumption results were used to 

determine the net greenhouse gas emissions associated with each building energy system 

scenario and compared with the emissions produced by commonly used conventional 

HVAC and DHW systems in four climatic regions of Canada (Maritimes, Central, 

Prairies, and Pacific). 
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Chapter 4 

Database Classification and Test-case House 

Selection  

4.1 Database Description  

 

The background of three Canadian housing stock databases and how they were used to 

identify the representative test-case houses using simple statistical techniques are 

described in the following sections. The information obtained was used to model these 

houses in ESP-r.  

 

4.1.1 Survey of Household Energy Use Database 
 

The Survey of Household Energy Use (SHEU) 1993 database (Statistics Canada, 

1993) contains detailed information on 8,767 houses representing more than seven 

million low-rise single-family dwellings in Canada. It is the most comprehensive 

and statistically representative survey on household energy use in Canada. The 

database contains weighing factors for each house which quantify the number of 

houses each entry in the SHEU database represents in Canada. Most of the 

information required to model the test-case houses in ESP-r was available in SHEU 

database, however, to supplement the remaining information the EnerGuide for 

Houses database and the New Housing Survey database were used. The brief 

description of these two databases will be presented in the next sections. Appendix 

A gives the complete list of data available in each database, while Tables 4.2 to 4.4 

in this chapter list the parameters used from these databases.  
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4.1.2 EnerGuide for Houses Database 
 

EnerGuide for Houses (EGH) was a Government of Canada program, established to 

provide homeowners with independent expert advice concerning the energy 

efficiency level of their houses (Blais et al., 2005). The Office of Energy Efficiency 

at Natural Resources Canada (NRCan) developed the program in cooperation with 

the Canada Mortgage and Housing Corporation (CMHC) to expand the energy 

evaluation industry and to improve the energy efficiency level of Canadian housing. 

EGH program provides a measure of energy efficiency level called EnerGuide 

rating to each of the houses audited. The objective of this rating is to compare the 

energy performance of the audited houses with the other ones across Canada. EGH 

has 165,000 houses rated across Canada. 

 

4.1.3 New Housing Survey Database 
 

The New housing survey (NHS) was conducted for NRCan, surveying a sample of 

2,300 participants, representing the new homes built in Canada in 1994 (NRCan, 

1997). This database was used to get the information on the orientation and window 

distribution of test-case houses. This information was not provided by either SHEU 

or EGH databases. NHS database does not contain information on Prince Edward 

Island; hence the representative characteristics of house orientation and window 

distribution of Nova Scotia were used for that province.  

 

4.2 Housing Classification 

 
Only single-detached houses were considered since there is not sufficient information to 

conduct a similar analysis to include apartments (less than five storey), high-rises (more 

than five storey) and mobile homes, as there is not enough information available to 

develop building energy simulation model input files for them (Fung, 2003). Also the 

single-detached house sample size in SHEU database is 7,695 accounting 70.1 % of 

houses sample size in all-dwelling types (Fung, 2003). In addition, only the houses heated 
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by natural gas, oil and electricity were considered in this study. Houses heated by wood 

and propane were excluded from this study, as the use of these fuels is not widespread 

enough to constitute a representative test-case house. According to SHEU, natural gas is 

the predominant fuel choice for space heating in Canada, which presents close to half of 

the total residential space heating fuel market share. Electricity is the next preferred fuel, 

accounting for close to 30 %. Oil and wood have 15 and 7 % share of the total space 

heating fuel market, respectively (Fung, 2003). Also the houses from the Yukon 

Territories, the Northwest Territories and Nunavut were not considered in this study as 

SHEU does not contain any information on these regions of Canada.  

 

The SHEU and EGH databases were categorized by the provinces listed below:  

1) Alberta 

2) British Columbia 

3) Manitoba 

4) New Brunswick 

5) Newfoundland 

6) Nova Scotia 

7) Ontario 

8) Prince Edward Island 

9) Quebec 

10) Saskatchewan 

 

Then the data of each province were classified based on the vintage groups the houses in 

it fell under. Four vintage groups, as per SHEU nomenclature, were defined namely, the 

houses built ‘before 1941’, ‘between 1941-1960’, ‘between 1961-1977’ and ‘after 1977’. 

Houses falling in each vintage group were further classified based on the principal fuels 

used for their space heating. This classification scheme is illustrated in Figure 5.1. The 

NHS database was classified on the basis of province only as there were not enough 

entries to allow for further classification. 
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Figure 4: Classification Scheme 

 

4.3 Test-case House Selection from Existing Housing Stock 

 

Once the SHEU and EGH databases were classified in the way shown in Figure 4, twelve 

categories of different combinations of vintage groups and space heating fuels were 

identified per province. The sums of weighing factors of each category were calculated 

from SHEU database and are presented in Appendix B. As already stated, these weighing 

factors are indicators of the number of houses each entry in the SHEU database 

represents in Canada. It can be seen in Appendix B that many vintage group and space 

heating fuel combinations for different provinces have very small or even zero weighing 

factors. Such cases indicate scarce or no usage of certain space heating fuels in houses 

belonging to certain vintage groups in different provinces. There are certain categories 

that, however, carry considerably higher weighing factors compared to the rest of them in 

a given province.  

 

To assess the potential of GHG reduction and electricity savings using PV and wind-

turbine systems, three houses per province were selected. It resulted in the selection of 

thirty representative test-case houses for whole of Canada. It was further decided to 
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simulate each test-case house with the weather files of two cities from each province1 

taking into account the local climatic variations in Canada as well. The selected test-case 

house categories from each province are presented in Table 4.1. 

 

Table 4.1 Test-case houses categories selected for this study 
Test-case 

House Number 
Province Vintage 

Primary Space 
Heating Fuel 

1 BC 1961-1977 Natural Gas 
2 BC After 1977 Natural Gas 
3 BC 1941-1960 Natural Gas 
4 AB 1961-1977 Natural Gas 
5 AB After 1977 Natural Gas 
6 AB 1941-1960 Natural Gas 
7 SK 1961-1977 Natural Gas 
8 SK After 1977 Natural Gas 
9 SK 1941-1960 Natural Gas 
10 MB 1961-1977 Natural Gas 
11 MB 1941-1960 Natural Gas 
12 MB Before 1941 Natural Gas 
13 ON After 1977 Natural Gas 
14 ON Before 1941 Natural Gas 
15 ON 1941-1960 Natural Gas 
16 PQ 1941-1960 Electricity 
17 PQ 1961-1977 Electricity 
18 PQ After 1977 Electricity 
19 NB Before 1941 Oil 
20 NB 1961-1977 Electricity 
21 NB After 1977 Electricity 
22 NS 1961-1977 Oil 
23 NS Before 1941 Oil 
24 NS After 1977 Electricity 
25 PEI After 1977 Oil 
26 PEI 1961-1977 Oil 
27 PEI Before 1941 Oil 
28 NF 1961-1977 Oil 
29 NF 1961-1977 Electricity  
30 NF After 1977 Electricity 

 

 

                                                 
1 The detail of the selection of cities for simulation will be presented in Chapter 6.  
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4.4 Test-case House Characteristics 

 

Once three vintage groups and space heating fuel categories were selected for each 

province, the data of each category was averaged. This was done to get the values of 

different parameters and characteristics required to develop a representative test-case 

house model in ESP-r. All the three databases were handled separately as the methods 

required to determine the statistical averages of required parameters varied. They are 

discussed below.      

 

4.4.1 Getting data from SHEU 
 

The SHEU database contains weights corresponding to each entry in the database 

and hence the weighted averages of the required parameters were taken to get their 

representative values, as shown in Equation 4.1. 

 

i

ii
Wi W

WX
X




                                                        [4.1] 

Where:  

XWi= weighted average  

Xi  = data 

Wi = weighing factor corresponding to each data entry 

 

In cases where data was invalid or missing, the weight corresponding to the missing 

or invalid data was removed and a new sum of weights was calculated. Appendix C 

presents an example demonstrating the calculation of the weighted averages of 

SHEU data values when any data was missing or was invalid.  

 

In a few cases in SHEU database, parameters were represented not by their 

numerical values but as an indicator variable. For example, the DHW fuel types in 

SHEU are represented by numbers 1, 2, 3 indicating Electricity, Oil and Natural 

Gas, respectively. In such case neither the simple nor the weighted average of the 
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indicator variables can give meaningful results. For such situations, the data was 

sorted based on its indicator variable value. Once the data was sorted in different 

categories, the sum of weights of all fields falling under one category was sought. 

The indicator variable (representing DHW fuel type for instance) carrying highest 

weight compared to others was then selected to be the representative of that specific 

parameter for a given test-case house. Appendix C explains this technique with a 

demonstration example.  

 

Table 4.2 indicates the attributes of houses taken from SHEU and the techniques 

employed to extract their representative values.  

 

Table 4.2 Attributes and characteristics of test-case houses taken form SHEU and the techniques 
used to extract them  

Parameter 
Number 

Parameter name 
SHEU 

Inquiry 
Field 

Statistical 
Technique 

1 Serial Number 1 - 
2 Weight 5 - 
3 Occupancy 8 Weighted Average 
4 Space Heating Fuel Type 140 Indicator Variable 

5 
Set-point temperatures 
(6AM-6PM) 

178 Weighted Average 

6 
Set-point temperatures 
(6PM-10PM) 

179 Weighted Average 

7 
Set-point temperatures 
(10PM-6AM) 

180 Weighted Average 

8 Number of Storeys 181 Indicator Variable 
9 Exterior Wall Material 182 Indicator Variable 
10 House Size (ft2) 189 Weighted Average 
11 Basement Type 191 Indicator Variable 
12 Basement Size 192 Weighted Average 
13 Basement Heating 201 Weighted Average 

14 
How much of the basement 
is area is heated 

202 Indicator Variable 

15 Attic type 207 Indicator Variable 

16 
Number of wood doors 
with storm door 

210 Weighted Average 

 



 

 

28

 

 
Table 4.2 Continued Attributes and characteristics of test-case houses taken form SHEU and the 

techniques used to extract them  

Parameter 
Number 

Parameter name 
SHEU 

Inquiry 
Field 

Statistical 
Technique 

17 Number of wood doors 211 Weighted Average 

18 
Number of metal doors with 
storm door 

213 Weighted Average 

19 Number of metal doors 214 Weighted Average 
20 Number of other doors 218 Weighted Average 

21 
Number of three pane 
oversized window 

231 Weighted Average 

22 
Number of three pane other 
sized windows 

232 Weighted Average 

23 
Number of double pane 
oversized window 

234 Weighted Average 

24 
Number of double pane other 
sized windows 

235 Weighted Average 

25 
Number of single pane 
oversized window with 
storm windows 

237 Weighted Average 

26 
Number of single pane other 
sized windows with storm 
window 

238 Weighted Average 

27 
Any single pane window 
without storm windows 

239 Indicator Variable 

28 
Number of single pane over 
sized windows without storm 
window 

240 Weighted Average 

29 
Number of single pane other 
sized windows without storm 
window 

241 Weighted Average 

30 Air conditioning usage 296 Indicator Variable 
31 DHW Fuel 317 Indicator Variable 
32 DHW Tank Size 323 Weighted Average 

33 
DHW add-on insulation 
blanket 

324 Indicator Variable 
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4.4.2 Getting data from EGH  
 

EGH database does not have weighing factors, thus the simple average of the data 

of the selected test-case house category was taken to get the required parameters. 

However, for space heating equipment fields in EGH database, the furnace types 

were given. Hence, the furnace type that occurred most frequently was selected to 

be a representation of that province. Table 4.3 indicates the characteristics of test-

case houses taken from EGH database.    

 

Table 4.3 Attributes and characteristics of test-case houses taken form EGH 

Parameter 
Number 

Parameter name 
EGH 

Inquiry 
Field 

Statistical 
Technique 

1 
Space Heating Equipment 
Type 

7 Indicator Variable 

2 
Space Heating Equipment 
Efficiency 

8 Simple Average 

3 DHW Equipment Type 12 Indicator Variable 
4 DHW Efficiency 13 Simple Average 
5 Ceiling RSI 19 Simple Average 
6 Foundation RSI 20 Simple Average 
7 Main Wall RSI 21 Simple Average 
8 ACH @ 50 PA 28 Simple Average 

 

4.4.3 Getting data from NHS 
 

The NHS database does not have the weighing factors thus the simple averages of 

the required parameters of a selected test-case house category were taken. The 

house orientation was defined by indicator variables and the same techniques used 

with SHEU database were adopted to get the house orientation from NHS. Table 

4.4 shows the parameters taken from NHS. 
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Table 4.4 Attributes and characteristics of test-case houses taken form NHS 

Parameter 
Number 

Parameter name 
NHS 

Inquiry 
Field 

Statistical 
Technique 

1 House orientation 58 Indicator Variable 

2 
Number of Front besetment 
windows 

61a Simple Average 

3 
Number of Front main 
windows 

61b Simple Average 

4 
Number of back basement 
windows 

64a Simple Average 

5 
Number of back main 
windows 

64b Simple Average 

6 
Number of left basement 
windows 

67a Simple Average 

7 
Number of left main 
windows 

67b Simple Average 

8 
Number of right basement 
windows 

70a Simple Average 

9 
Number of right main 
windows 

70b Simple Average 

 

 

Once all the necessary information to completely model the houses in ESP-r was 

extracted from these three sources, it was arranged in form of test-case house 

attribute sheets. The attribute sheets of all thirty test-case houses are presented in 

Appendix D.   
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Chapter 5 

Developing Load Profiles  

5.1 Load Profile Identification 

 

A load profile is a variation in the electrical load with time. They vary with socio-

economic characteristics of the households like the household income, dwelling type and 

ownership, size of area of residence and number of children and adults (Aydinalp et al., 

2002). For example, Aydinalp et al. (2002) showed that the electricity consumption of 

household increases as the income of the household increases. Similarly, for single 

detached houses the electricity consumption is more than other house types. Also as the 

number of adult and child occupants of house increase, the electricity consumption 

increases (Aydinalp et al., 2002 and Capasso et al., 1994). The shape and magnitude of 

daily load profiles also varies with time of day, time of year, geographical location, and 

climatic conditions of the area (Paatero and Lund, 2006-i).   

 

Currently, there is no load profile data available in the Canadian public domain, hence 

rather than using arbitrary load profiles, the load profiles based on data from B.C. Hydro, 

developed by Good et al. (2004) were used in this study. The B.C. Hydro electricity load 

profiles are categorized according to geographical regions within British Columbia. Since 

there is no load profile data available for the remaining provinces, the B.C. load profiles 

were assigned to the remaining provinces based on heating degree-days.  

While it is recognized that there are many other factors that affect the shape of the load 

profile other than the severity of the heating season, the approach detailed below was 

used in the absence of a more accurate approach due to lack of available data. The 

methodology adopted to identify these load profiles is presented below.  
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 5.2 Developing the Load Profile for the Test Homes 

 

Good et al. (2004) developed the load profiles from the statistically derived data of 107 

individual yearly accounts of households located in four different regions in the province 

of British Columbia. The database contained yearly information between the years 1995-

96 to 2000-01. Their work aimed at selecting the best-match load profile from the 

database, determined by each group. Group being defined under the categories of: 

 

 Regions of British Columbia 

a. Lower Mainland (LM) 

b. Northern (N) 

c. Southern Interior (SI) 

d. Vancouver Island (VI) 

 Annual Electricity Consumption 

a. 0 to 9,999 kWh 

b. 10,000 to 19,999 kWh 

c. 20,000 to 30,000 kWh 

 House Size 

a. 0 to 1,499 ft2 

b. 1,500 to 2,499 ft2 

c. 2,500-4,500 ft2 
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 Number of Occupants 

a. One 

b. Two 

c. Three 

d. Four 

 Primary Space Heating Fuel 

a. Natural Gas 

b. Electricity 

c. Oil 

For the categories described above, the corresponding best-match accounts found by 

Good et al. (2004) are summarized in the Table 5.1. 

 

The details of each test-case house, namely the region, annual electricity                         

consumption, house size, number of occupants and the primary space heating fuel were 

used to determine which of the best match files were to be used in generating the specific 

load profile. For example, test-case house 1 is located in British Columbia has an annual 

electricity consumption falling between 10,000 and 19,999 kWh and its floor area is 

between 0 to 1,499 ft2. It has three occupants and uses natural gas as the space heating 

fuel. The best-match accounts, as listed in Table 5.1, corresponding to the above 

categories were used to generate the load profile for test-case house 1. The data for each 

of the five categories was normalized and all five normalized profiles were then 

averaged. This resulted in a normalized average load profile for test-case house 1. The 

reason for generating the normalized load profile for each house was to get the shape of 

the load curve. 
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Table 5.1 Best-Match Accounts by Grouping 

Category Grouping Best-Match Account

Lower Mainland 2002529 (1997-98)

Northern 3898678 (1999-00)

Southern Interior 2004741 (2000-01)

Vancouver Island 2005521 (1996-97)

0 to 9,999 kWh 3091971 (1996-97)

10,000 to 19,999 kWh 2005201 (1997-98)

20,000 to 30,000 kWh 2005521 (2000-01)

0 to 1,499 ft2 3091971 (1996-97)

1,500 to 2,499 ft2 2005521 (2000-01)

2,500 to 4,500 ft2 2006040 (2000-01)

One 2005521 (2000-01)

Two 2983460 (1996-97)

Three 2004741 (1996-97)

Four 2006040 (2000-01)

Natural Gas 2004741 (2000-01)

Electricity 2005521 (2000-01)

Oil 3091971 (1996-97)

Primary Space 
Heating Fuel Type

Region

Annual Energy 
Consumption

House Size

Number of 
Occupants

 

 

The normalization of each data column representing location, occupancy, house size, 

energy consumption group and primary heating fuel, was done individually by dividing 

each data value by the average of all the data for that account, using the approach given 

in Equation 5.1. 







max

1

max.
ii

i
i

i
i

x

ix
Norm                   [5.1] 

Where: 

xi = each 15-minute datum  

imax = total 15-minute intervals for a non-leap year, i.e. 35,040 values 
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To generate the load profiles, the whole-year data (35040 = 365 x 24 x 4) was used in 

contrast to average-daily data (24 x 4 = 96), in order to avoid the errors induced due to 

averaging out the noises that realistically represent the load variation pattern. 

 

Once the normalized load profiles for all the test-case houses were identified, they were 

used to generate the absolute load profiles specific to each house. For the selected test-

case house categories the neural network (NN) based annual electricity consumption 

estimates by Aydinalp (2002) were averaged to obtain a mean value of kWh consumed 

by those houses. Table 5.2 presents the annual electricity consumption of all test-case 

houses in kWh.  

 

These average kWh values were then applied to the respective normalized profiles of 

each test-case house to get the absolute load profile for that house using the formula 

presented in Equation 5.2. 

 

Norm

NN
NormX ii 


)(

               [5.2] 

Where: 

 Xi = absolute values at point i 

 Normi = normalized values at point i 

 NN = neural network estimate of annual energy consumption in kWh 

 ΣNorm = sum of normalized data points 
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Table 5.2 Test-case house average annual appliance and lighting electricity consumption 

Test Case 
House 

Number 

Average Annual 
Electricity 

Consumption 
(kWh) 

1 17301 
2 17355 
3 15149 
4 10510 
5 10654 
6 9534 
7 8517 
8 9569 
9 7903 
10 9697 
11 8276 
12 7344 
13 9613 
14 7433 
15 8429 
16 6907 
17 7957 
18 8411 
19 7439 
20 8598 
21 8891 
22 9818 
23 7418 
24 9658 
25 7143 
26 7527 
27 6774 
28 9390 
29 9120 
30 10518 

 

Aydinalp (2002) estimated the cooling loads for the SHEU houses where applicable. 

Statistics were done to see if the test-case houses used in this study would have cooling 

and it was found that none of them has summer air-conditioning and hence the NN 

estimates for the test-case houses did not include the cooling loads.  

Similarly, Good et al. (2004) reviewed each profile to find if any house in the BC dataset 

had summer air-conditioning. There were three houses that used summer air-conditioning 
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and those accounts were 2004357, 2004699 and 2767818. For the best match categories 

used in this study, none of these three accounts were determined to be the best matches. 

Hence, the load profiles do not include the electricity consumption due to cooling.  

 

 5.3 Regional Mapping 

 

The load profiles developed by Good et al. (2004) were for the four regions of British 

Columbia, hence a correlation of these four regions with the rest of Canadian regions 

needed to be sought. The average heating degree day (HDD) was found for four 

Canadian regions namely, Atlantic, Central, West and Prairies and then compared with 

the four region of British Columbia. To find the HDD of a region the average of the 

annual HDD of the one most densely populated city from each province of the region was 

calculated. The results are presented in Tables 5.3 to 5.7. All the heating degree-day 

values were obtained from Environment Canada.   

 

Table 5.3 HDD for Atlantic Region  

Month St. John's Charlottetown Halifax Saint John 

January 706 805 743 811 
February 661 730 668 750 
March 636 655 604 636 
April 492 460 421 434 
May 367 277 256 267 
June 215 114 102 125 
July 94 30 25 44 
August 91 35 29 50 
September 187 138 124 160 
October 344 315 301 332 
November 462 471 449 481 
December 624 684 645 705 
Total 4879 4714 4367 4795 

Regional 
Average 

4688.8 HDD 
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Table 5.4 HDD for Central Region 

Month Montreal Toronto
January 875 753 
February 747 662 
March 628 572 
April 369 353 
May 157 172 
June 43 49 
July 8 9 
August 21 18 
September 117 102 
October 308 283 
November 492 445 
December 753 647 
Total 4518 4065 

Regional Average 4291.5 HDD 

 
 

Table 5.5 HDD for Prairie Region 

Month Winnipeg Saskatoon Calgary 
January 1109 1086 835 
February 894 876 680 
March 746 738 618 
April 422 409 401 
May 200 208 252 
June 68 82 131 
July 21 36 74 
August 41 61 90 
September 179 207 218 
October 395 420 392 
November 698 726 631 
December 1004 1002 787 
Total 5777 5851 5109 

Regional 
Average 

5579 HDD 
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Table 5.6 HDD for Western Region 
Month Vancouver Victoria 

January 455 440 
February 374 372 
March 353 358 
April 264 277 
May 171 192 
June 27 112 
July 34 59 
August 31 59 
September 104 123 
October 246 255 
November 358 359 
December 449 435 
Total 2866 3041 

Regional 
Average 

2953.5 HDD 

 

Table 5.7 HDD for regions of British Columbia 

Month 
Lower 

Mainland
Vancouver 

Island 
Southern 
Interior 

Northern 

January 455 440 676 853 
February 374 372 540 662 
March 353 358 445 566 
April 264 277 295 385 
May 171 192 172 253 
June 27 112 70 143 
July 34 59 24 89 
August 31 59 30 107 
September 104 123 135 237 
October 246 255 335 414 
November 358 359 498 621 
December 449 435 649 801 

Total 2866 HDD 3041 HDD  3869 HDD 5131 HDD 
 

The Atlantic region can best be represented by the Northern region of British Columbia, 

the Central region by the Southern region of British Columbia, the Prairies by the 

Northern region of British Columbia, and the West by the Lower Mainland region of 

British Columbia.  This is shown in Table 5.8. 
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Table 5.8 Comparison of HDD of Canadian regions with the four regions of British Columbia 

Canadian 
Region 

Regional 
Average 

HDD 
B.C. Region

Regional Average 
HDD 

Atlantic 4688.8 Northern 5131 
Central 4291.5 Southern 3869 
Prairies 5579.0 Northern 5131 

West 2953.5 Lower 2866 
 

5.4 Load Profile Results 

 
The typical daily load profile for test-case house 1 is presented in Figure 5. The load 

profiles for the four seasons, namely winter (December to February), spring (March to 

May), summer (June to August) and fall (September to November) are given. Each curve 

represents an averaged typical day of the season.  

 

 
Figure 5: Average Daily Electricity Load Profile 

(W
h

) 
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There were certain test-case houses whose space and DHW heating demands were met by 

electricity. For such houses, the total electricity demand pattern as well as magnitude is 

expected to be different from the houses that consume oil or natural gas as the primary 

heating fuel. This holds true specifically in the winter months, when the electricity 

demand is increased significantly due to the consumption of electricity for space and 

DHW heating in addition to the regular appliance and lighting usage. However, for the 

lighting and appliances electricity usage (excluding space and DHW heating electricity 

usage) for such houses, it was assumed that the same load profiles for lighting and 

appliances can be used as the ones for the oil or natural gas heated houses for whole year. 

To justify this assumption, the summer months were compared for the houses with 

different primary heating fuels. 

 

The reason for comparison of summer months was that in these months there is no 

consumption of electricity for space heating and the load is due to the appliance and 

lighting. If the correlation of the electricity load profiles of the houses heated by oil or 

natural gas in summer months is high with that of electrically heated houses for the same 

months, then it can be safely assumed that the general pattern of lighting and appliance 

electricity demand for electrically heated houses will closely follow the winter months 

pattern for either oil or natural gas heated house as well. 

  

To verify this assumption the data values for three summer months (June, July & August) 

were taken out from the averaged “whole-year data”. There were 8832 data values, 

corresponding to 92(days)*24(hours in a day)*4(time-step per hour) entries. These 

entries were normalized in the same way as described in section 6.2, but setting the 

imax=8832 in Equation 6.1. 

 

A program was written to strip out daily data of all the 92 summer days from the total 

8832 data values. An average of each 15-minute data for all ninety-two days was taken. 

Each averaged value then indicated mean electricity draw over a representative summer 
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day.  In this way an average representative typical summer day electricity consumption 

curve was generated. 

  

For all the four regions, the normalized typical summer day plots were developed for 

different test-case houses using oil, natural gas and electricity as space heating fuel. 

These plots were compared to find the correlation in terms of coefficient of determination 

(R2) between the demand patterns for the electrically heated houses with the houses using 

either oil or natural gas as space heating fuel. R2 value is a statistical measure of the 

degree to which two data sets are related. Nearer to 1.0 the R2 is, closer the demand 

patterns for the electrically heated houses match with the houses using either oil or 

natural gas as space heating fuel for a given region. Figure 6 shows a typical summer day 

load profiles for Atlantic region and Prairies. 

 

 
Figure 6: Normalized typical summer day load profiles for Atlantic and Prairies 
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R2 expressing the amount of common variation between the normalized curves for the 

summer months in houses with primary fuel as oil and natural gas, with those of 

electricity in Atlantic and Prairies were found out to be: 

 Electricity and natural gas: 0.959 

 Electricity and oil: 0.985 

Hence for all electrically heated houses falling in Atlantic or Prairies the load profiles for 

oil heated houses were used to predict the profile of electricity consumption due to 

appliance and lighting.   

 

Similarly, for West region, the typical summer day electricity consumption profile for oil, 

natural gas and electrically heated houses, respectively are presented in the Figure 7.     

 

 
Figure 7: Normalized typical summer day load profiles for West 
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R2 correlation between the normalized curves for the summer months in houses with 

primary fuel as oil and natural gas, with those of electricity in the West was found out to 

be: 

 Electricity and natural gas: 0.948 

 Electricity and oil: 0.964 

 

Hence for all electrically heated houses falling in the West region, the load profiles for 

oil-heated houses were used to predict the profile of electricity consumption due to 

appliance and lighting.   

 

Similarly, the typical summer day for central Canada is presented in Figure 8.  

 

 
Figure 8:  Normalized typical summer day load profiles for Central Canada 
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R2 correlation between the normalized curves for the summer months in houses with 

primary fuel as oil and natural gas, with those of electricity in Central was found out to 

be: 

 Electricity and natural gas: 0.971 

 Electricity and oil: 0.911 

 

Hence for all electrically heated houses falling in Central Canada, the load profiles for 

natural gas heated houses were used to predict the profile of electricity consumption due 

to appliance and lighting. A PERL script, obtained from NRCan was modified and used 

to generate the ‘.fcl’ files to input the load profiles in the test-case house models.  

 

 

 

Chapter 6 

Test-case House Modeling of the Existing Housing 

Stock in ESP-r 

6.1 Sites of Test-case Houses 

 
Each test-case house that was chosen from the existing housing stock was simulated in 

two cities per province. The cities that were chosen to be the locations for the existing 

housing simulations were selected using the following criteria: 

 

 Weather Data Availability 

 The availability of the weather file in ESP-r governed the selection of 

simulation cities.  

 Selection of Representative city 

 In order for the test-case houses to be representative, the two largest cities for 

which weather files were available were chosen as the simulation cities. There 



 

 

46

 

are several large cities for which weather files were not available and in such 

cases, the next largest city with an available weather file was chosen. 

Population data taken from 2001 census (Statistics Canada, 2001).  

 Location of the Representative city 

 In the case of British Columbia, it was decided to choose Prince George over 

Abbotsford as the second simulation city after Vancouver. While Abbotsford 

does have a larger population than Prince George, it is very near to Vancouver 

thus is likely to have similar weather. Choosing Prince George allows for a 

better representation of the entire province of British Columbia as opposed to 

Abbotsford.   

 

 

 

 Exceptions 

 In case of Prince Edward Island, the only weather file available is for the city 

of Charlottetown, thus this is the only simulation city to be used to represent 

Prince Edward Island. 

 

Table 6.1 Population of different cities and their availability in ESP-r 

Region Cities Population ESP-r Availability

Vancouver 545,671 Y 

Surrey 347,825 N 

Burnaby 193,954 N 

Richmond 164,345 N 

Abbotsford 115,469 Y 

BC 

Prince George 72,406 Y 

Calgary 878,866 Y 
AB 

Edmonton 666,104 Y 

Saskatoon 196,811 N SK 

Regina 178,225 Y 
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Swift Current 14,821 Y 

North Battleford 13,692 Y 

Estevan 10,242 Y 

Winnipeg 619,544 Y 

Brandon 39,716 N 

Le Pas 6,030 Y 
MB 

Churchill 963 Y 

Toronto 2,481,494 Y 
ON 

Ottawa 774,610 Y 

 

 

 

 

 
Table 6.1 Continued Population of different cities and their availability in ESP-r 

Region Cities Population ESP-r Availability

Montreal 1,039,534 Y 

Laval 343,005 N PQ 

Quebec City 169,076 Y 

Saint John 69,661 Y 

Moncton 61,046 N NB 

Fredrection 47,560 Y 

Halifax 359,111 Y 
NS 

Sydney 26,000 Y 

PEI Charlottetown 32,245 Y 

St. John's 99,192 Y 

Goose Bay 7,969 Y NF 

Stephenville 7,109 Y 
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Table 6.2 details the simulation cities for each province for the existing housing stock 

analysis. The site latitude and longitude difference from reference values for all test-case 

houses were defined in ESP-r. These values were taken from the weather files for the 

cities the models were intended to be simulated. Similarly the years of assessment for all 

test-case houses were matched with the weather files data of the cities of their simulation. 

The year of assessment has very important effect on the occupancy schedule assigned to 

the test-case houses and will be discussed in detail later in this chapter.  All this operation 

was done using the interactive ‘Project Manager’ facility of ESP-r. 

 

 

 

 

 

 

Table 6.2 Simulation Cities 

Province 
Simulation 
Cities Latitude Longitude 

Vancouver 49º13' 123º06' 
British Columbia 

Prince George 53º55' 122º47' 
Calgary 51º05' 114º05' 

Alberta 
Edmonton 53º34' 113º25' 

Regina 50º30' 104º38' 
Saskatchewan 

North Battleford 52º46' 108º15' 
Winnipeg 49º53' 97º10' 

Manitoba 
Le Pas 53º48' 101º15' 

Toronto 43º40' 79º22' 
Ontario 

Ottawa 45º25' 75º43' 
Montreal 45º30' 73º35' 

Quebec 
Quebec 46º50' 71º15' 

Saint John 45º16' 66º03' 
New Brunswick 

Fredericton 45º57' 66º40' 
Halifax 44º38' 65º35' 

Nova Scotia 
Sydney 46º10' 60º03' 

Prince Edward Island Charlottetown 46º14' 63º09' 
St. John's 47º34' 52º41' 

Newfoundland 
Goose Bay 53º19' 60º25' 
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6.2 Test-case House Database Description 

 

Databases used in all test-case houses of the current study can be classified in two 

categories:  

 

 ESP-r Default Database 

 Test-case House Specific Database 

 
 

 

 

 
6.2.1 ESP-r Default Database 

 
ESP-r ‘default database’ refers to the database files default to ESP-r and they 

contain all the relevant information required to define the model completely. The 

ESP-r default database was used for:  

 Annual climate Defining diffuse horizontal radiation, dry bulb 

temperature, direct normal solar irradiance, wind speed, wind direction, 

and relative humidity (Haugaard, 2003). The climate files were obtained 

from NRCan and converted from ASCII to binary using ESP-r project 

manager facility.  

 Pressure distributions database Defining the connection between free 

stream wind velocities and the pressure generated on the outside face of 

surfaces of the building. The default pressure distributions database can 

be used for buildings of up to three storeys (Haugaard, 2003). 

 Power-only components database Defining PV, wind-turbine, power 

conditioning unit (PCU) etc. 

 Materials database Defining the description of the different classes of 

materials like brick, concrete, wood, etc., and the materials thermal 
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conductivity, density, specific heat, absorption coefficient, emission value 

and diffusion resistance factor (Haugaard, 2003). 

 

6.2.2 Test-case House Specific Database  
 

Certain databases were test-case house specific. Such databases were defined to suit 

the test-case house attributes. Such databases were: 

 Construction database  

 Event profiles  

 Optical properties 

 

 

 

For construction database, following ESP-r default components were used: 

 External-Wall 

 Ceiling (and Ceiling-Inverse) 

 Floor (and Floor-Inverse) 

 Steel Door 

 Wooden Door 

 Slab 

 Foundation  

 Roof 

 

‘Inverse’ refers to the same asymmetric construction element but in reverse order 

for the proper attribution of the zones.  

 

 The multilayer constructions (MLC) of all the construction components 

were the same for each test-case house. However, the RSI values were 

adjusted for every single case to match the estimated insulation values of 

different construction elements given in Appendix D. This was done by 
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varying the thickness of individual layers in different construction 

components where needed.  

 

 In case of external wall multi-layer construction, however, care was taken 

that for every test-case house the outermost wall layer was the same as 

given in SHEU. Hence, the external-wall construction was different for 

each test-case house, depending on its attributes obtained from SHEU. 

Appendix E lists the MLC of all construction components used for test-

case houses in this study.     

 

 Event profiles were specific to each test-case house depending on its 

occupancy. These profiles were generated using ‘PRO’ facility of ESP-r 

and will be described in section 7.8 of this chapter. 

 

 The optical properties were though default of ESP-r but in certain test-case 

houses triple glazing windows were used. In such cases, LBLN Windows 

4® was used to generate the optical properties of triple pane windows. 

The details are discussed in section 7.5 of this chapter.  

6.3 Zone Construction and Attribution  

 

6.3.1 Zones above Grade 
 

All houses were made in square shape owing to the assumption in CREEEM (Fung, 

2003). All zones were modeled separately except for one and a half storey houses. 

There is a current limitation of BASESIMP model in ESP-r that width of the 

foundation cannot be greater than 12 meters. The assumption that houses are square 

make the length and width of most of the test-case houses fall well below the given 

constraint. However, in test-case houses 5 and 8 the sides were 12.75 meters each 

(floor area of 162.56 m2). In that case the width of the models was increased to 

13.55 meters and depth kept as 12 meters. This slight change in dimensions kept the 

square footage of the house the same while addressing the issue of the limitation of 
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the depth of 12 meters without greatly disturbing the width-to-depth aspect ratio of 

the models. 

 

Dividing the house area by total number of storeys derived the zone square footage. 

It should be made clear here that the basement area was not included in the house 

square footage. The house heated area was calculated based on the field 189 in 

SHEU database, which does not include the basement area. The basement was 

added only later, depending on its type, i.e. full, partial, crawl space etc. All wall 

heights are 2.5 meters except for one and a half storey test-case houses where the 

basement was modeled with a 2.5 meter wall height, and the main floor with a wall 

height of 3.75 meter. Once the geometry of all the zone was defined, they were 

attributed their respective construction types.   

 
 

6.3.2 Basement 
 

SHEU database was used to determine what type of basements the test-case houses 

had. Statistics were done and it was concluded that all the test-case houses had full 

basements. Basement modeling is a very important part of house modeling. ESP-r 

has a very thorough regression based basement heat loss estimation model called 

BASESIMP (Beausoleil-Morrison, 1997). This model calculates the basement heat 

losses as a function of foundation’s thermal and geometrical properties and site 

location. The factors that this model takes into account are insulation resistance, 

basement wall height above ground, its depth below grade, its width, length, 

surrounding soil conductivity, water-table depth and of course the climate 

(Beausoleil-Morrison and Mitalas, 1997). Table 7.3 details the annual averaged soil 

temperature and the amplitude of the ground-temperature’s annual sine wave for 

each simulation city as required by BASESIMP and these values were taken from 

BASECALC™ (BASECALC, 2006). The values for soil conductivity of 0.85 

W/m2 K and normal water-table depth of 8 meters was taken from BASECALC™, 

while phase lag of the ground-temperature’s annual sine wave of 0.3825 were taken 

from CCHT house model (Purdy and Morrison, 2001) for all simulation cities. 
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The BASESIMP model used for the test-case houses in the current study was 

BBIN-1. The below grade portion is assumed to be 1.9 meters while the above 

grade portion is 0.6 meters (Beausoleil-Morrison, 1996). The required information 

for basement model like soil conductivity, water table depth, annual average soil 

temperature and amplitude of ground-temperature’s annual sine wave was taken 

from BASECALC™, which is a very sophisticated package developed by Natural 

Resources of Canada for residential basement and slab-on-grade heat loss analysis 

(BASECALC, 2006).  

 

All surfaces of basement facing ground were attributed as BASESIMP surfaces. 

While assigning the BASESIMP configuration to any surface, it is important to give 

the percentage of heat lost through that surface out of total heat loss. This heat loss 

fraction for each surface was calculated by taking the ratio of its area to the total 

basement surface area. It is important to note here that in cases where the surfaces 

had windows in them, the glazing areas were subtracted and the ratios of only the 

construction surface areas were taken.   

 

Table 6.3 Annual average soil temperature and amplitude of annual temperatures sine wave 

City 

Annually 
averaged soil 
temperature 

(ºC) 

Amplitude of 
ground-

temperature's 
annual sine wave 

(ºC) 
Vancouver 11.3 9.02 
Prince George 6.2 9.56 
Calgary 6.4 10.56 
Edmonton 5.2 12.56 
Regina 4.8 14.04 
North Battleford 5.9 14.05 
Winnipeg 6.1 15.15 
Le Pas 2.7 12.41 
Toronto 11.1 13.37 
Ottawa 8.9 14.2 
Montreal 6.4 14.42 
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Quebec 7.4 13.07 
Saint John 7.7 10.5 
Fredericton 7.7 12.52 
Halifax 8.5 11.71 
Sydney 8.4 10.42 
Charlottetown 7.5 11.46 
St. John's 6.7 8.01 
Goose Bay 4.9 10.38 

 

6.4 Attic Modeling  

 

The attic was modeled as a separate zone. The attic height was calculated using the 

relation given in Equation 6.1 (Fung, 2003).  

 

 

LH Attic *125.0                                                          [6.1] 

where: 

 HAttic = attic height (m) 

 L = length of house (m) 

The roof RSI values were not given in SHEU and hence they were taken from CCHT 

model houses in ESP-r (Purdy and Morrison, 2001).  

 

6.5 Modeling of Windows 

 

As explained earlier, the window information was taken from SHEU and NHS databases. 

There were few conventions that were followed while modeling test-case houses, which 

were: 

 Single pane windows were assigned to basement walls above grade 
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 Double and triple panes were assigned to floors above grade  

 Higher pane windows were assigned to front and back sides of main and 

higher floors 

 In case of multi-storey houses the windows were evenly distributed 

among the above grade zones 

 

The window data initially extracted from SHEU and NHS was classified as regular 

(0.79m2) and large (1.188m2) sizes. ESP-r, however, has an inherent limitation that no 

more than three surfaces (windows or doors) can be defined on a wall. If the windows 

were put to the surfaces as large or regular separately, that could have resulted in more 

than three surfaces defined per wall. Hence, to overcome this limitation the windows of 

the same glazing type but different sizes were combined to reduce the number of surfaces 

on a wall.  

 
 
 

6.5.1 Multi Layer Construction of Triple Pane Windows 
 

ESP-r has multi-layer construction for double pane windows but has no triple pane 

windows in its construction database. Hence, a triple pane window construction was 

defined and used in the test-case houses where needed. Table 6.4 shows the 

construction details of a triple pane window. 

 

Table 6.4 Multilayer construction of triple pane window 
Layer 

number 

ESP-r reference 

number 
Thickness

Material 

name 

1 242 3mm Plate Glass 
2 0 13mm Air 
3 242 3mm Plate Glass 
4 0 13mm Air 
5 242 3mm Plate Glass 

 

6.5.2 Optical Properties of Triple Pane Windows 
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To run the simulation is ESP-r it is a requirement that each distinct glazing type has 

distinct optical properties. It means that if a zone has double and triple pane 

windows, both of these types of glazing should have different optical properties. If 

distinct optical properties are not assigned to different glazing types, the ESP-r 

simulation crashes.   

 

Since triple pane windows are not defined in ESP-r by default, their optical 

properties do not exist in ESP-r optical database. To address this issue, LBNL 

Windows 4 (http://windows.lbl.gov/software/window/window.html) was used to 

define the optical properties of triple pane windows. The triple pane glazing 

systems of the same specification as defined in Table 7.4 was defined in Windows 

4. The window optical properties were extracted. The properties file was imported 

to ESP-r. The imported file was checked for the interpreted number of layers and 

their arrangements. The U-values calculated by Windows 4 are for documentation 

purpose only and the actual RSI calculated by ESP-r are used to estimate the heat 

losses. The new optical properties file was assigned to the triple pane windows and 

thus the window construction and modeling phase was completed.  

 

6.6 Modeling of Doors 

 

Owing to lack of information in SHEU on the orientation of doors, it was decided that 

they should be put on the front and backside of main floor. Wooden doors were placed in 

front of houses and steel doors were put on the backside of main floors. All wood doors 

were put on the front of the main storey. All metal doors were put on the back of the main 

storey. In case of an odd number of doors, the majority were put on the back of the main 

storey. As SHEU and NHS databases do not give U values of doors, so the door U values 

were adopted from CREEEM (Fung, 2003).  
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6.7 Air Infiltration Model 

 

Air infiltration model was defined in ESP-r using its AIM-2 facility. For defining AIM-2 

models for all test-case houses, following assumptions were taken: 

 Blower Door Input model was used 

 Air change @ 50 Pa values for all test-case houses were used, taken from 

SHEU 

 Terrain for buildings was assumed to be ‘City Centre’ 

 Wall shielding was assumed to be ‘Heavy’ for all test-case houses 

 Anemometer height was assumed to be 10 meters 

 Building eave height was calculated using following formula given in 

Equation 7.2 (NRCan, 1996) 

5.0)(5.2  storeysHeightEAVE                 [6.2] 

 Diameters of furnace and DHW system flues were taken from CREEEM 

(Fung, 2003) and are given in Table 6.5. 

 

Table 6.5 Flue Diameters 

System Fuel Type 
Diameter 

(mm) 
Natural Gas 152 

Furnace
Oil 160 

Natural Gas 100 
DHW 

Oil 150 
 

6.8 Casual Gains 

 

Casual gains play a very important role in the thermal loads of the building. The 

information on the magnitude as well as the temporal occurrence of casual gains is 

needed to correctly estimate the thermal loads. There are some occupancy profiles in 

ESP-r ‘pro’ manager of generic nature. For the purpose of this project, a more detailed 

approach was used to make the profile closely representing the Canadian family dwelling 
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occupancy pattern. The occupancy patterns were deduced from the CCHT Simulated 

Occupancy Schedule (CCHT, 2002). This document outlines the schedule of activity and 

its duration during the four portions of the day, i.e. overnight, morning, afternoon and 

evening. The schedules contain data for every fifteen minutes. The schedules have been 

categorized as for weekdays and weekends, owing to the difference of pattern of 

occupancy and activities in these two different day types.  

 

During the weekdays, apart from the normal activities, i.e. sleeping, light activity, 

moderate activity and resting of all occupants, one principal occupant was assigned the 

additional activities of cooking and housecleaning. The reason to assign these two 

activities to only one individual was that the metabolic rate of energy discharged with 

these activities was higher than the regular activities, and it seemed unrealistic to involve 

all the occupants in cooking and house cleaning at a single time. 

  

To avoid any bias in the representative rates of heat gains from the occupants, the 

weighted average of the heat gain rates off the principal and the remaining occupants was 

used, as shown in Equation 6.3: 

  
n1

n*METMET
Rate Metabolic Average Weighted OP




                 [6.3] 

 

Where: 

 

METP = Metabolic rate of principal occupant (W/m2) 

 

METo = Metabolic rate of other occupant (W/m2) 

 

       n = Number of other occupants 

 

The human metabolic rates associated with activities were taken from ASHRAE (1997).  

The metabolic rates were multiplied by the average adult human body area of 1.8 m2 

(ASHRAE, 1997) to get the thermal gain in watts.   
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To impose these loads in ESP-r, a further elaboration of the sensible and latent portions 

of the occupant thermal gains was needed. From ASHRAE (1992) the ratio of sensible to 

latent heat for different activities was calculated as shown in Table 6.6.  

 

Table 6.6 Sensible and Latent heat gains by Activity 
Degree of Activity Sensible (W) Latent (W) Ratio 

Seated at theatre - matinee 66 31 2.13 
Seated at theatre - evening 72 31 2.32 
Seated, very light work 72 45 1.60 
Moderately active office work 73 59 1.24 
Standing, light work; walking 73 59 1.24 
Walking; standing 73 73 1.00 
Sedentary work 81 81 1.00 

 

The average sensible to latent ratio for all occupants was calculated using a weighted 

average between the first and remaining occupants using Equation 6.4: 

 

 

n1

n*L):(SL):(S
RatioLatent   toSensible Average Weighted P




 o       [6.4] 

 

Where: 

 

(S:L)P = Sensible to latent heat ratio of principal occupant 

 

(S:L)o = Sensible to latent heat ratio of principal occupant 

 

       n = Number of other occupants 

 

The sensible and latent gains for different occupants for weekdays and weekends have 

been presented from tables 6.7 to 6.14.   

 

Table 6.7 Weekday Activity Schedule of the First Principal Occupant 
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Time Location Activity 
Metabolic 

Rate 
(W/m2) 

Sensible to 
Latent 
Ratio 

0:00 Home Sleeping 40.00 2.32 
7:00 Home Cooking 105.00 1.00 
8:00 Away N/A 0.00 N/A 
17:00 Home House Cleaning 157.50 1.00 
18:00 Home Cooking 105.00 1.00 
19:00 Home Moderate Activity 77.00 1.24 
22:00 Home Resting 45.00 2.13 
23:00 Home Sleeping 40.00 2.32 

  

Table 6.8 Weekday Activity Schedule of the First Principal Occupant 

Time Location Activity 
Metabolic 

Rate 
(W/m2) 

Sensible to 
Latent 
Ratio 

0:00 Home Sleeping 40.00 2.32 
7:00 Home Light Activity 60.00 1.60 
8:00 Away N/A 0.00 N/A 
17:00 Home Moderate Activity 77.00 1.24 
22:00 Home Resting 45.00 2.13 
23:00 Home Sleeping 40.00 2.32 

 
 
 
 

Table 6.9 Sensible and Latent Heat Gains from 2 Occupants over Weekdays 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average of 

S toL 
Ratio 

Total 
Watts 

Sensible 
(W) 

Latent 
(W) 

0:00 7h 80.00 2.32 144.00 100.66 43.34 
7:00 1h 165.00 1.40 297.00 173.25 123.75 
8:00 9h 0.00 N/A 0.00 0.00 0.00 
17:00 1h 234.50 1.16 422.10 226.52 195.58 
18:00 1h 182.00 1.16 327.60 175.81 151.79 
19:00 3h 154.00 1.24 277.20 153.30 123.90 
22:00 1h 90.00 2.13 162.00 110.23 51.77 
23:00 1h 80.00 2.32 144.00 100.66 43.34 

 

Table 6.10 Sensible and Latent Heat Gains from 2 Occupants over Weekends 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average 
of S to L 

Ratio 

Total 
Watts 

Sensible 
(W) 

Latent
(W) 
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0:00 7h 80.00 2.32 144.00 100.66 43.34 
7:00 16h 120.00 1.60 216.00 132.92 83.08 
23:00 1h 80.00 2.32 144.00 100.66 43.34 

 

Table 6.11 Sensible and Latent Heat Gains from 3 Occupants over Weekdays 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average 
of S to L 

Ratio 

Total 
Watts 

Sensible 
(W) 

Latent 
(W) 

0:00 7h 120.00 2.32 216.00 150.99 65.01 
7:00 1h 225.00 1.45 405.00 239.69 165.31 
8:00 9h 0.00 N/A 0.00 0.00 0.00 
17:00 1h 311.50 1.18 560.70 303.26 257.44 
18:00 1h 259.00 1.18 466.20 252.15 214.05 
19:00 3h 231.00 1.24 415.80 229.95 185.85 
22:00 1h 135.00 2.13 243.00 165.34 77.66 
23:00 1h 120.00 2.32 216.00 150.99 65.01 

 

 

 

Table 6.12 Sensible and Latent Heat Gains from 3 Occupants over Weekends 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average of 

S to L 
Ratio 

Total 
Watts 

Sensible 
(W) 

Latent
(W) 

0:00 7h 120.00 2.32 216.00 150.99 65.01 
7:00 16h 180.00 1.60 324.00 199.38 124.62
23:00 1h 120.00 2.32 216.00 150.99 65.01 

 

Table 6.13 Sensible and Latent Heat Gains from 4 Occupants over Weekdays 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average 
of S to L 

Ratio 

Total 
Watts 

Sensible 
(W) 

Latent 
(W) 

0:00 7h 160.00 2.32 288.00 201.32 86.68 
7:00 1h 285.00 1.48 513.00 306.15 206.85 
8:00 9h 0.00 N/A 0.00 0.00 0.00 
17:00 1h 388.50 1.19 699.30 379.96 319.34 
18:00 1h 336.00 1.19 604.80 328.61 276.19 
19:00 3h 308.00 1.24 554.40 306.60 247.80 
22:00 1h 180.00 2.13 324.00 220.45 103.55 
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23:00 1h 160.00 2.32 288.00 201.32 86.68 
 

Table 6.14 Sensible and Latent Heat Gains from 4 Occupants over Weekends 

Time Duration 
Total 

Metabolic 
Rate (W/m2) 

Weighted 
Average of 

S to L 
Ratio 

Total 
Watts 

Sensible 
(W) 

Latent
(W) 

0:00 7h 160.00 2.32 288.00 201.32 86.68 
7:00 16h 240.00 1.60 432.00 265.85 166.15
23:00 1h 160.00 2.32 288.00 201.32 86.68 

 

Casual gains due to the consumption of electricity were included by manually adding 

‘type 5’ casual gains to each test-case house operation file (.opr) in ESP-r models for all 

test-case houses.   
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Chapter 7 

Test-case House Modeling of the New 

Construction Housing in ESP-r 

7.1 Selection of the Test Case House 

 

In order to perform this study a base model must be created to depict a common single-

family dwelling for use in determining the energetic performance in four climatic regions 

across Canada. 

 

The Canadian Center for Housing Technology (CCHT) has built a pair of test houses 

(Swinton et al., 2001) that adheres to R-2000 standards (NRCan 2003b) and simulates 

common occupancy schedules. The test houses were chosen for this study as they 

accurately represent a commonly encountered, modern, energy efficient Canadian home 

and have been successfully represented with ESP-r code by Purdy and Beausoleil-

Morrison (2001a 2001b). The skeletal model of this house is shown in Figure 9. 

 

 
Figure 9:  ESP-r Model of CCHT Test House 
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The CCHT wood-frame house consists of two above-grade storeys providing 

approximately 210 m2 of livable area as well as featuring a full basement and a two-car 

garage. Selected characteristics for the building are shown in Table 7.1 and represent the 

input parameters used when developing the ESP-r model; the only variations for this 

work involves manipulation of the HVAC system to adequately represent the proposed 

hybrid system.     

 

Table 7.1 Selected Characteristics of the CCHT Test Houses 

 

 

The house is equipped with a set of major appliances commonly found in North 

American homes, and are simulated to represent common occupancy and utility usage 

schedules. 

 

The performance of the proposed hybrid building energy system is evaluated in four 

climatic regions of Canada represented by four cities: Halifax, Ottawa, Calgary, and 

Vancouver.  Ottawa, Ontario (4519’N 7540’W) was chosen as the location to represent 
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the densely populated, central Canadian region of southern Ontario and Quebec. Ottawa 

was chosen, in particular, because it is the actual location of the CCHT test house 

modelled for this study. As a result, Ottawa has served as the original location for all 

simulations during the model’s development. Halifax, Nova Scotia (4437’N 6530’W) 

was chosen as the location to represent the eastern maritime climate of Canada. Calgary, 

Alberta (5106’N 11401’W) was chosen as the location to represent the central prairie 

climate and Vancouver, British Columbia (4912’N 12310’W) was chosen as the 

location to represent the moderate conditions of the lower mainland of British Columbia 

and Vancouver Island. The heating system for each of the base case scenarios is based on 

the most widely used heating fuel in the home province of each sample region (Figure 

10); i.e. natural gas fired condensing furnace rated at 91% (Table 7.1) for Ontario, 

Alberta and British Columbia, and a high efficiency oil fired furnace, rated at 87% (Guler 

et al. 1997), for Nova Scotia.  
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Figure 10:  Space Heating Fuel Distribution for Canadian Houses  

(Aydinalp et al. 2000) 
 

As well, the heating system for each location is sized independently, based on a site-

specific design-heating load. The design heating load is determined by adding the 

transmission heat losses (transferred through walls, ceiling, roof, window glass, floors 

and doors), infiltration heat losses (due to air leakage), and ventilation heat losses for the 

building. Although the building construction does not vary from location to location, the 

design temperature does, and therefore the design-heating load is unique for each 

representative Canadian region. For Ottawa, the furnace capacity was determined by 

calculating a design heating load based on a design heating temperature of 25C below 

zero (McQuiston et al. 2000), resulting in a capacity of 17.1 kW. For Halifax, the design 

heating temperature is 19C below zero (McQuiston et al. 2000), which results in a space 

heating capacity of 16.0 kW. For Calgary, the design heating temperature is 33C below 
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zero (McQuiston et al. 2000), resulting in a required space heating capacity of 18.6 kW 

and finally, the design heating temperature for Vancouver is 8C below zero (McQuiston 

et al. 2000), resulting in a capacity of 14.0 kW.    

 

The proposed model can be applied to the varying climates of Canada through the 

implementation of relevant weather files. Canadian Weather for Energy Calculation 

(CWEC) files are available within ESP-r to represent the weather conditions for various 

Canadian locations. The CWEC files follow the ASHRAE WYEC2 (Weather Year for 

Energy Calculation (2) format and were derived from the Canadian Energy and 

Engineering Data Sets (CWEEDS) of hourly weather information for Canada from the 

1953-1995 period of record. Accuracy is ensured as the files are derived from long-term 

weather records to account for annual variations. All four locations described above have 

CWEC files available within ESP-r.   

 

As mentioned previously, due to the original location of the CCHT test house used as the 

base case for this work, Ottawa has served as the location for all simulations during the 

model’s development. Once the model was complete, the weather files and other regional 

characteristics (i.e. heating fuel type) were then modified to represent each region as 

represented by the four sample cities. Simulations to evaluate the performance of the 

entire system were performed for an entire year, January 1st to December 31st, for the 

representative year described within the climate files. During development of the models, 

simulations specific to the heating season were performed where a sample day (January 

9th) or week (January 9th to January 15th) was used. For simulations specific to the 

summer months, the sample day used was July 11th and the week from July 11th to July 

17th. These periods are defined within ESP-r for use with partial year simulations.   
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Chapter 8 

Modeling of Systems for Existing Housing Stock 

8.1 DHW Modeling 

 

The DHW tank size and equipment efficiencies for all test-case houses have been 

presented in Appendix D. Assumptions that were used in making the DHW models were: 

 

 Hot water supply temperature was set to be 55oC (Fung, 2003) 

 The temperature band in ESP-r DHW model was assumed to be 3 oC, 

allowing the tank to stay near the desired set point temperature of 55oC, 

while avoiding the burner from cycling on and off repeatedly.      

 

The methodology adopted to calculate the DHW heat injector rates has been presented in 

Appendix F.  

 

8.1.1 DHW fuel energy  
 

To estimate the DHW module’s fuel energy requirement and output the results in 

XML/CSV output, few changes were made in ESP-r source code. The changes in 

ESP-r made by the author are shown in revision 701 at the Ryerson branch of ESP-r 

central repository on 27th November 2006 at 14:27:16 EST.  

 

 8.1.2 DHW Draw Profile 
 

ESP-r default DHW draw profile was used for the simulations. Currently, ESP-r 

doesn’t allow the definition of a more detailed DHW draw profile based on the 

number of occupants.  
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ESP-r calculates the daily water draw in liters, based on the Equation 8.1: 

 

)Occupants ofNumber *35(0.85 DailyW          [8.1] 

 

The adjustment in this formula to accommodate changes in the cold main water 

supply temperatures is given in Lopez (2001). Since the demand for any real model 

is not constant, ESP-r uses the Canadian Standards Association’s ‘CSA f379.1-88 

Solar Domestic Hot Water Systems’ to calculate water draw curve (Phylroy, 2001). 

Percentage demand for each hour is multiplied by the total water draw to get the 

hourly demand pattern. The standard percentage draw has been summarized in the 

Table 8.1.  

 

Table 8.1 Hourly Water Demand Draw Percentages 

Hour
Percentage 

of Daily 
Draw 

Hour
Percentage 

of Daily 
Draw 

1 3.76 13 5.86 
2 2.92 14 5.44 
3 0 15 5.02 
4 0 16 4.18 
5 0 17 3.76 
6 0 18 4.18 
7 0 19 5.02 
8 3.35 20 6.69 
9 7.53 21 7.11 
10 6.28 22 5.86 
11 6.69 23 5.02 
12 6.69 24 4.6 
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8.2 HVAC Modeling 

 

The HVAC systems for all test-case houses were modeled based on the test-case house 

information given in Appendix D. The type of HVAC systems and their efficiencies were 

defined in the ESP-r model. The furnace fans were run on auto mode. 

 

8.3 Zone Controls 

 

A day was divided into four periods based on three set point temperatures over twenty 

fours hours, obtained from SHEU. Table 8.2 shows the four time periods in a day. With 

the given set point temperatures, ‘Basic control law’ was used for all test-case houses.  

 

Table 8.2 Zone control periods 

Temperature Set 1 0AM-6AM 

Temperature Set 1 6AM-6PM 

Temperature Set 2 6PM-10PM 

Temperature Set 3 10PM-0AM 

 

8.4 ESP-r PV Model Description 

 

Kelly (1998) developed the original models of PV systems within ESP-r. The model was 

designed as a special material in the ESP-r, whereby the incident direct and diffused solar 

irradiance is computed on the basis of an anisotropic sky model. The PV algorithm 

determines the layer energy absorption as a function of the prevailing solar incident 

angle. The PV algorithm then calculates the electric energy generated. The PV model was 

defined at two levels: 

 

 The efficiency based model 

 One-diode equivalent model 
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8.4.1 The Constant Efficiency Models  
 

The efficiency-based model is very simple. It is a PV material that converts a 

fraction of the solar radiation falling on a surface to the power output. The fraction 

is the efficiency defined by the user. 

 

8.4.2 One-diode Equivalent Model 
 

The one-diode equivalent models use the PV module’s short circuit current and 

open-circuit voltage at standard testing conditions to calculate the solar cell’s power 

output and do not consider the temperature dependence of these two variables 

(Clarke et al., 1997). Figure 11 shows a one-diode equivalent circuit of ESP-r PV 

model. 

 

 
Figure 11: A one-diode equivalent circuit 

 

Where:  

II=light-generated current 

Id=diode current 

I=output current 

 

A cell’s short-circuit current is defined as the current that passes through an external 

load when the voltage is equal to zero, while the cell’s open circuit voltage is 
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defined as the voltage across an unloaded photovoltaic generator as a particular 

temperature and irradiance (Mottilo et al., 2006).    

 

Currently the inputs to the following modules can be defined in ESP-r one-diode 

equivalent PV model2: 

 

 Crystalline    

 BP_saturn_36cell 

 Solarex_MS550 

 RMS 100 

 Eurosolare polycrystalline module 

 WATSUN-PV_multic 

 

 Amorphous  

 TNO_amorphous_pv 

 WATSUN-PV_amorp 

 

8.5 Selection of PV Systems for this Project 

 

As Appendix G shows, different PV systems have different power output. The main 

decisive factor in such case remains the area of the module. Hence, the power-to-area 

ratios for all the available models were calculated and the best choice was the one that 

gave maximum power output per unit area. In the available modules in ESP-r one-diode 

equivalent model, the BP_saturn_36cell, which uses BP Saturn (BP 585) modules, has 

the highest power to area ratio. Hence, BP_saturn_36cell module was selected for the 

simulations.  

 

                                                 
2 As per February 2007 
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The electrical characteristics of BP 585 modules in terms if I-V curves obtained from 

manufacturer (BP Solar, 2006) are presented in Figure 12.   

 

 

 

 
Figure 12: BP 585 I-V Curves  

 

The specific coefficients and inputs to the module were taken from the manufacturer (BP 

Solar, 2006) and defined in .spm (special material) file for all test-case houses. The input 

parameters for one-diode equivalent model calibrated from test on BP 585 modules are as 

follows:  
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Table 8.3 Input Parameters for a one-diode equipvalent model 

Open circuit voltage. (V) 22.03 

Short circuit current. (I) 5 

Voltage at maximum power point (V) 18 

Current at maximum power point (A) 4.72 

Reference insolation. (W) 1000 

Reference temperature. (K) 298 

Number of series connected cells (not panels)  36 

Number of parallel connected branches.  1 

Number of panels in surface. 1 

Empirical value used in calculation of Io 10 

Load type (0-maximum power,1-fixed R,2-fixed V) 0 

Load value - resistance or voltage 0 

Shading treatment (0-defaulr,1-proportional.,2-total,3-diff) 1 

 

 

Based on the available test data, the power output of entire PV layer in multi-layered 

construction is calculated by taking the product of the individual cell output by the 

number of cells in the layer (Kelly, 1998), as presented in Equation 8.2 (Kelly, 1998). 

The detailed derivations of all parameters are explained in Kelly (1998). 

 

       

Where: 

n is the number of cells in the array 

e charge on an electron 1.6x10-19 (C) 

k Boltzmann constant 1.38x10-23 

T nodal temperature (K) 

Vi
 voltage of node i (V) 

[8.2] 
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Ig current flowing through the node (A), calculated in terms of open circuit voltage, 

short circuit current and reference temperature (Kelly, 1998) 

λ factor to account for losses caused by imperfections in the PV material, termed as 

ideality factor (Kelly, 1998) 

qi sw light generated electricity, since a part of the incident light is converted to 

electricity in the PV ‘special material’ in ESP-r (Kelly, 1998) 

a is the ratio of absorbed solar radiation at test conditions to the solar radiation 

absorbed in the PV material layer at the current time step   

 

ESP-r calculates the total radiation incident on an exposed surface as a sum of three 

components: direct beam, ground reflected and sky diffused (Clarke J A, 2001). The 

direct component is the function of the cosine of the angle of incidence. To determine the 

ground reflected component, the ground is considered a diffuse solar reflector with 

representative view factors used to associate the reflected radiation with each building 

surface (Clarke, 2001). For the estimation of sky-diffused component, there are few sky 

models in ESP-r. For this study, ESP-r default anisotropic diffuse sky model (Perez et al., 

1990) was used for all simulations.  

 

For all simulations, the shading option 1 i.e. proportional loss was assumed. Proportional 

shading loss option assumes that the power generated by PV system is derated by the 

percent of the surface of the PV array that is shaded by any obstruction (Clarke, 2001 and 

Kelly, 1998). During the simulation ESP-r reduces the incident direct solar radiation on 

the PV surface in proportion to the percent of the area that is shaded.  

 

 8.6 Power Conditioning Unit in ESP-r 

 

 
The TRNSYS TYPE 75 is employed in ESP-r for treating the DC-AC inverter power 

conditioning units (PCU) (Beausoleil-Morrison et al., 2006). The PCU uses the empirical 

relationship between the input and output powers given in Equation 8.3:  
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                [8.3] 

 

Where: 

Pin     =              power flowing into the PCU 

Pout  =              power flowing out of the PCU 

Pidle =         power loss when the PCU is idling with a voltage over it 

Vs     =       set-point voltage  

Vout =       output voltage 

Ri     =      internal resistance in ohms.  

 

Pidle, Vs and Ri are empirical constants that are input to the model. ESP-r default values of 

these parameters were assumed. Pin is calculated by the PV model for the DC-AC 

converter connecting the PV module to the DC bus while the remaining variable is solved 

using Equation 7.6 (Beausoleil-Morrison et al., 2006). 

 

8.7 Micro-Wind Turbine Model in ESP-r   

 

 
Currently, there are two wind-turbine models that exist in ESP-r. One is the ducted wind-

turbine model developed by Kelly (1998). The other, recently developed, model is based 

on Twidell and Weir (1986). This model uses power curves from the manufacturers to 

use as a function for power output. This model allows the user to enter the power curve of 

the turbine as an ASCII file and the simulator determines the power output at a given 

wind speed.  

 

The amount of power in the wind transferred to the turbine is directly proportional to the 

air density, area swept out by the turbine rotor and cube of wind speed (Twidell and 

Weir, 1986). The power avaialeble in the wind is given as (Twidell and Weir, 1986): 
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                    P= 0.5 ρ π R2 V3                 [8.4] 

 

Where, P is the power available in the wind, ρ is the air density, π R2 is the area swept out 

by turbine rotor and V is the wind speed. However, a wind turbine can extract maximum 

of 59% of the theoretical wind energy that would otherwise flow through the turbine's 

cross section, due to practical limitations explained by Betz’ law (Twidell and Weir, 

1986).   

 

The power output of the wind turbines is influenced by the local wind speed and 

direction. The use of time-averaged, hourly data in ESP-r weather files filters out the 

effects such as wind gusting, which impact the power output calculation of the model. To 

overcome the filtering out of short-duration changes in the wind speed and direction a 

probability approach, based on the turbidity of the site is used in this model for the wind 

statistics (Grant and Kelly, 2003). This approach takes the averages free stream wind 

speed and direction in ESP-r weather file and an assumed value of local turbulence 

intensity to calculate a distribution of wind speed and direction about their mean values 

(Grant and Kelly, 2003). The average power output of the turbine over the simulation 

time step is the sum of the energy calculations for each pair of wind speed components 

divided by the simulation time step length.     

 

Figure 13 shows a typical power curve of an 80 kW Lagerwey wind-turbine, showing the 

power output of the turbine at different wind speeds.  
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A typical power curve of 80 kW Lagerwey wind-turbine
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Figure 13: Power curve of an 80 kW Lagerwey wind-turbine 

 

The standard power curves obtained from the manufacturers are converted into the profile 

files (in .PFL format) for micro wind turbines. One sample profile has been presented in 

Figure 14. 
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#Number Of Data Points 
18 
#Manufacturer Lagerwey 
#Model  18/80 
#Rated power 80 
#Rotor diameter 18 
#Swept Area 254 
#m/s KW 
0. 0.  
1. 0. 
2. 0. 
3. 0.  
4. 4.  
5. 8.  
6. 13.  
7. 20.  
8. 29.  
9. 40.  
10. 52.  
12. 73.  
14. 79.  
16. 81.  
18. 80.  
20. 80.  
22. 80.  
24. 80.  

Figure 14: A sample PFL file for the wind-turbine model in ESP-r 

 

8.8 The Electrical Network  

 

All test-case houses were modeled with their electrical networks connected to the grid 

that supplied electric power in AC. The appliance and lighting loads were AC loads and 

linked to AC bus. In case when the PV and wind-turbine models were connected to the 

models, the networks were still grid-connected. The wind-turbine output was linked to 

AC bus while the DC output of PV array was firstly directed to PCU where it was 

converted to AC. The output of PCU was then linked to the AC bus. The electrical 

network topology has been presented in Figure 15.  
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Figure 15: The electrical network topology for all test-case houses  
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Chapter 9 

Modeling of Systems for New Construction 

Housing 

9.1 Modeling of the Hybrid Energy System 

 

The proposed residential heating system is comprised of two main components. The first 

of these is the hybrid HVAC system that transports heat from the ground in the heating 

season and distributes this thermal energy throughout the residence. The second 

component is the hybrid renewable electricity system that provides the electricity 

required to run the HVAC system from photovoltaic electricity generation enhanced by 

storage and control schemes. 

 

The hybrid HVAC system provides both heating and ventilation to the residence. This 

system consists of a ground source heat exchanger, a heat pump to upgrade the ground-

source heat to space heating temperatures, an in-floor radiant heating system with an 

electrical baseboard backup3, a domestic hot water system including a preheat loop and 

an electric instantaneous heater, and a heat-recovery ventilation system. The 

configuration of these systems is shown in Figure 16. 

                                                 
3 It is recognized that installing an entire electric baseboard heating system as a means for providing backup 
heating for an in-floor system is not practical for a realistic scenario. A more realistic scenario would have 
the water supply from the heat pump to the in-floor system heated with an electrical resistance heater to 
provide the necessary backup heating required. An electric baseboard heating system was used as the 
backup system in place of a supplementary electrical heater because the two systems are 
thermodynamically equivalent, and it is substantially simpler to model the baseboard system as backup 
within the ESP-r framework.  
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Figure 16: Schematic of Hybrid HVAC System 

 
 

9.2 Ground Source Heat Pump System 

 

A ground source heat pump (GSHP) system consists of a ground-loop heat exchanger 

(GHX) coupled with a heat pump. In this system, the low-grade energy supplied by the 

earth is up-graded by a heat pump to a temperature that is suitable for residential heating.  

The GHX provides a thermal link between the heat pump and the near constant year 

round temperature of the earth, via a system of buried pipes and a circulating heat transfer 
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fluid. The ground acts as a heat source (during the heating season) or a sink (during the 

cooling season) to maintain the desired temperature of the conditioned space.      

 

9.2.1 GSHP System Description 
 

There are many possible configurations for the layout of a GHX system. The GHX 

consists of loops of plastic piping that can be either open or closed to the 

environment and can be configured horizontally or vertically in a number of 

different ways. Healy (1995) provided a detailed description of these ground heat 

exchanger configurations.  The GHX loop is then coupled with a heat pump, which 

in turn is coupled with the residential HVAC system as shown in Figure 17. 

 

 
Figure 17: Schematic of a GSHP system in (a) cooling mode and (b) heating mode  

(Chiasson, 1999) 
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The heat pump can be operated to provide both cooling and heating by altering the 

vapour-compression cycle so that the flow of refrigerant is re-routed, reversing the 

operation of the condenser and evaporator. In order to achieve the highest possible 

heat pump efficiencies, the temperature difference between the heat source and sink 

should be kept to a minimum. Setting the space temperature as low as possible 

during the winter and as high as possible during the summer plays a part in this 

minimization, but ultimately the temperature of the heat source/sink will be of the 

largest significance. It is for this reason that the GSHP system is favorable when 

compared with air-coupled heat pump systems in cold climates such as Canada’s. It 

can be seen in Figure 18 that, for the case of the city of Ottawa, the ground 

temperature during the heating season is far greater than that of the ambient air, and 

vice versa during the cooling season. 
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Figure 18:  Mean Monthly Air & Ground Temp for Ottawa, Ont. 

(EC 2003) 
    

The moderate temperatures provided by a geothermal source/sink allows for a high 

coefficient of performance (COP) for GSHP systems in cold climates. In Canada, a 

typical ground source heat pump has a COP of between 2.9 and 3.2 at 2C (EMR 

1989).  This exceeds the performance of all conventional heating systems. As well 

as the end-use energy savings made possible by more favorable expander and 

compressor temperatures, GSHP systems offer further end-use energy savings over 
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air-source heat pumps as they do not require defrosting, an energy expenditure 

common with air units.    

 
An inherent problem with the operation of heating equipment is the issue of part 

load performance. If a heat pump is sized to satisfy the design heating-load of a 

building it will operate at part load conditions during the majority of the heating 

season as a result of the excess capacity. To meet part load requirements, a heat 

pump typically runs in an on-off mode resulting in cyclical operation of the heat 

pump. The outcome of this is a degradation of system efficiency, also known as a 

part load factor (PLF). Henderson, et al. (1999) determined the range of part load 

performance that might be expected for a residential heat pump system. They 

differentiated three system types (good, typical, and poor) based upon thermostat 

cycling rate, time constant, and off-cycle power use.  The result was a set of part-

load approximation curves (Figure 19) that they found suitable for heat pumps in 

either heating or cooling mode. 

 

 
Figure 19:  Part Load Parameters for a Heat Pump System 

(Henderson, et al. 1999) 
 

Katipamula and O’Neal (1992) found that seasonal coefficient of performance 

affected by PLFs decreased by 6 to 20 percent depending on the climatic ranges. A 
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number of strategies have been examined to minimize the problem of part load 

performance (Kaye 1997) although most success has been made through the use of 

compressors with variable speed drives (Jeter et al. 1987, Jones 1995). 

 

9.2.2 Models Available for Simulating Ground Source Heat Pumps  
 

ESP-r has a ground source heat pump model included within the implicit domain of 

HVAC components. The model consists of a ground heat exchanger component and 

a water source heat pump component. The ground heat exchange model was 

incorporated from the ground heat exchanger sizing program GS2000, developed 

and validated by Caneta Research Inc. (Morrison 1997). The GSHP model performs 

ground heat transfer calculations on a daily basis performing analysis on a single 

pipe and then superimposing the results for a multi-pipe heat exchanger 

configuration. A description of the model including the modifications that were 

necessary to incorporate it with existing ESP-r source code has been documented by 

Purdy (2002). In addition to the GSHP model, an alternative ground heat exchange 

model has been incorporated into the ESP-r code by Pinel (2002). This GCEP 

(Ground Coupling Ecole Polytechnique) model has increased the simulation 

frequency from daily to hourly, and considers the heat transfer between boreholes. 

In this work though, the GSHP model by Purdy (2002) is used because of its basis 

on GS2000 and its extensive validation (Shonder et al. 1999, Purdy & Morrison 

2003). 

 

The ESP-r ground source heat pump model consists of two loops: a ground loop 

and a heat pump loop. The ground loop calculates the entering water temperature 

(EWT) of the heat pump based on ground loop configuration, the daily load on the 

ground loop, the ground properties, piping properties, and the exterior conditions. 

The daily load is calculated by ESP-r’s building simulation, but the user defines all 

other parameters with prompts to access configuration, material, weather, and 

ground property databases. In order to precondition the ground properties, it is 

recommended that the ideal start-up period for simulation of GSHP systems in ESP-
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r is ten days (Purdy & Morrison 2003). The result is a daily output of the EWT, 

independent of the simulation time step. The second loop, the heat pump model, is 

closely based on the existing air source heat pump model within ESP-r. 

Calculations of COP, circulation pump power, and part load performance are made 

based upon the EWT calculated from the ground loop as well as a degradation 

coefficient reflecting part load performance factors. 

 
9.2.3 Ground Source Heat Pump Model 

 

When creating the GSHP input file in which the parameters of the GHX system are 

described, there is a selection of four configurations for the modeller to choose 

from.  The possible configurations include vertical single borehole, horizontal 

slinky, horizontal 2-pipe side-by-side, and horizontal 4-pipe 2x2 arrangement. For 

the case of single unit, residential energy systems the latter configuration is seldom 

required and therefore only the initial three configurations are considered for this 

work.  

 

9.2.3.1 GHX Model 

 

All GHX configurations share a common set of parameters defining the 

piping and ground properties, as well as a set of parameters specific to 

each piping configuration. The piping material for all configurations was 

chosen to be crossed link polyethylene (PEX) tubing, a common industry 

standard, and the ground properties were based on values for Ottawa 

established in the original GHX models by Purdy (2002).  A listing of the 

complete input parameters is shown in Table 9.1 for a horizontal slinky 

configuration. 

 

The method employed for the sizing of each piping system requires a 

balance between cost and performance.  As the pipe length is increased, 

the better the heat exchange with the earth, lessening the fluctuation of 
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EWT and reducing the risk of freezing. Conversely, as the pipe length 

increases so does the cost, particularly for vertical systems in which the 

drilling of bore holes is costly. For example, some estimates reveal that the 

installed costs of residential vertical heat exchange systems are 1.5 times 

that of horizontal (ECW 1996), a factor that can only increase when 

difficult ground properties (e.g. rocky) are encountered. In their guideline 

for heating with a heat pump (OEE 2000), NRCan’s Office of Energy 

Efficiency recommends that for vertical configurations, between 80 and 

110 metres of piping are required per tonne (3.5 kW) of heating; for 

horizontal configurations the recommendation is between 120 and 180 

metres per tonne 
 

Table 9.1 Horizontal Slinky Configuration Parameters for  
Implicit Ground Heat Exchange Model 

Heat Exchanger Parameter Value 

GSHP System Type: 4 (Horizontal Slinky) 

Pipe Inner Diameter (mm): 21.9  (1) 

Pipe Outer Diameter (mm): 26.9  (1) 

Pipe Thermal Conductivity (W/mK): 0.38  (1) 

Pipe Length (m): 200  (2)  

Fluid Density (kg/m3): 1160  (3)  

Fluid Heat Capacity (kJ/kgK): 2.805  (3)  

Fluid Flow Rate (L/s): 0.7  (4)  

Earth Mean Temperature (C): 10  (5) 

Surface Temperature Amplitude (C): 12.5  (5) 

Time of Minimum Surface Temp: 41st day of year  (5) 

Soil Conductivity - Summer (W/mK): 0.87  (5) 

Soil Conductivity - Winter (W/mK): 1.3  (5) 

Soil Diffusivity - Summer (m2/s): 0.52 x 10-6  (5) 

Soil Diffusivity - Winter (m2/s): 0.64 x 10-6  (5) 

Depth of Heat Exchanger Pipes (m): 1.8  (4) 

Diameter of Slinky Spirals (m): 0.9  (4) 

Number of Pipes per Trench: 1  

                                 (1) Properties of ¾” PEX Tubing 
                                 (2) Value based on sizing recommendations of amount of piping per ton of capacity (OEE 2000). 
                                 (3) Values based on CPTherm-G fluid @ 35% concentration (Rajewski et al. 2004). 
                         (4) Values based on recommendations for horizontal, closed loop system (OEE 2000).  
                (5) Values based on original GHX model for Ottawa (Purdy 2002).            
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For this work, a sensitivity analysis was performed varying the length of 

pipe for each configuration as well as the number and depth of bore holes 

for the vertical configurations. The results of these analyses indicate that a 

pipe length of approximately 400m is suitable for vertical and slinky 

configurations, while slightly longer heat exchanger lengths (500-600m) 

are required for straight horizontal configurations. Detailed results of this 

analysis are provided in Appendix L.  

 

For this work, the horizontal slinky configuration was selected because of 

the balance between performance and cost that it affords. The slinky 

configuration is substantially less expensive to install than the vertical U-

tube configuration and provides superior performance as well as requiring 

less installed area than the horizontal straight pipe configuration. This 

conclusion is justified in the results presented in Figure 20 where the EWT 

for the three types of GHX are plotted. Using the EWT as the measure of 

merit4, it can be seen in Figure 20 that the horizontal slinky is the most 

advantageous of the three configurations, as the slinky has significantly 

higher EWT values when compared to the horizontal 2-pipe configuration 

as well as performing comparably with the far more expensive vertical U-

tube alternative.5  

                                                 
4  A higher EWT results in a higher heat pump COP, resulting in lower energy consumption. 
5 Simulations were conducted for vertical single U-tube, horizontal slinky and horizontal 2-pipe 
configurations using the same pipe length, 400m, a sufficient length for the proposed 12.8 kW (3.6 tonne) 
GSHP as determined by the OEE’s sizing ranges (OEE 2000). 
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  Figure 20: Performance Comparison of GHX Configurations  

@ L=400m (Ottawa, Jan 9th-15th) 
 

9.2.3.2 Heat Pump Model 

 

The implicit models in ESP-r allow for the description of many HVAC 

configurations. The HVAC system proposed in this work is described 

within the HVAC input file to simulate a GSHP as the primary heating 

system with an electric baseboard system as backup. The parameters 

required to describe this system include the priority status and zone 

operation of each system, descriptions of equipment sizing and efficiency, 

as well as ventilation and rating condition information. The full listing of 

parameters used to model the proposed HVAC system is provided in 

Table 9.2. 
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Table 9.2 Parameters for Implicit HVAC Module 
HVAC Parameter Value 

HVAC system type: 8 (ground source heat pump) 

System priority: 1 (primary) 

# of zones served: 2 

Unit function: 1 (heating mode) 

Heat pump type: 4 (ground source) 

# of 1st zone: 6 (main floor injection zone) 

Fraction of equipment capacity to 1st zone: 0.45  (1) 

# of 2nd zone: 7 (second floor injection zone) 

Fraction of equipment capacity to 2nd zone: 0.55  (1) 

Heat pump heating capacity (kW): 12.8  (2) 

Heat pump heating mode COP: 2.9  (4) 

Flow rate (L/s): 0.75  (5) 

Flow rate at rating condition (L/s): 1.5 

Circulation fan mode: 1 (auto) 

Circulation fan position: 1 (blow through/not used in sim) 

Total circulation fan power (W): 200 

Outdoor fan power (W): 400 

Fan power assoc. with auto mode (W): 200 

Position of circ. fan for rating test: 1 (blow through)      (cont) 

Power of circ. fan for rating test: -1 (estimated internally) 

Temperature control: 3 (unrestricted) 

Cutoff temperature (C): N/A 

# of HVAC systems: 2 

Site altitude (m): 0  

HVAC system type: 3 (baseboard) 

System priority: 2 (backup) 

# of zones served by HVAC system: 2 

# of 1st zone: 3 (main floor zone) 

Fraction of equipment capacity to 1st zone: 0.45  (1)  

# of 2nd zone: 4 (second floor zone) 

Fraction of equipment capacity to 2nd zone: 0.55  (1) 

Equipment capacity (kW): 4.5  (2) 

                                                 
(cont) Table continued on following page 
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Steady state efficiency: 1.0 

Circulation fan mode: 1 (auto) 

Circulation fan power (W): 200  (3) 

                           (1) Value based on each zones zone’s contribution to the total DHL. 
                           (2) Value based on method recommended for sizing GSHP systems by OEE (2000) and EESC (2004), in          

               which the primary system provides 75% of the DHL and the secondary system provides remaining 25%. 
         (3) Power requirement of liquid to water GSHP circulation pump (to replace air fan). Value based on  

                                manufacturer’s data for residential in-floor heating systems (Maritime Geothermal 2000)   
                           (4) Value based on manufacturer’s data for COP values of water-to-water heat pump (Waterfurnce model EW042). 

         (5) Value based on recommendations by OEE (2000). 

 

 

The GSHP is the primary heating system and is therefore sized to meet 

75% of the design heating load, a ratio derived from industry and 

association recommendations. The Earth Energy Society of Canada 

(EESC 2004) recommends that a GSHP system sized to meet at least 70% 

of the design heating load will meet 90% of a home’s seasonal heating 

load. The governing CSA standard for installations (C448) recommends 

70% as a minimum, and the industry tends to accept 75% to 80% of 

design heating load as an optimal design size (EESC 2004). The backup 

electrical baseboard system is sized to meet the remaining portion of the 

heat load. The steady state COP of the GSHP was chosen to be 2.9 as this 

value matches the water-to-water heat pump performance for common 

residential units of comparable flow rates, source/load side temperatures 

and capacities (Waterfurnace 2004). The operational COP values vary 

slightly from the steady state, typically from 2.5 to 2.9, as a result of the 

variance in entering water temperatures (EWTs).     

 

  Operation of the Heat Pump Model 
 

To verify that the model of the proposed HVAC system performs as 

intended, the operation of the GSHP and electric baseboard models must 

be verified. To accomplish this, it must be ensured that the electric 

baseboard system is only engaging when the GSHP has reached its 

maximum capacity, and that the primary and secondary systems are 
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meeting the total zone heat loads with minimal hours of over or under 

heating. As well, it must also be confirmed that the ratio of primary to 

secondary energy consumption is as expected, approximately 80-90% 

(EESC 2004).  

 

In order to verify the operation of the primary and backup systems, the 

heating loads of the two systems are plotted for a day in the heating 

season. Figure 21 verifies that the HVAC systems are operating correctly; 

the backup system is only initiated when the primary system has reached 

its operating capacity of approximately 680 kJ.    
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Figure 21: Primary & Secondary HVAC Consumption (Ottawa, Jan 9th) 

 

 

To determine whether the combination of heating systems is providing 

adequate heating, the total amount of end-use energy delivered by the two 

systems (the consumed end-use energy multiplied by the respective 

efficiencies) is compared with the total heating demand in Figure 14.    
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Figure 22: Primary & Secondary HVAC Consumption (Ottawa, Jan 9th) 

 

It can be seen in Figure 22 that there are periods where the heat injection 

exceeds, or fails to meet, the total heating load. This is due to the 

operational characteristics of the PID control of the in-floor heating 

system. As the control is not ideal, the PID’s throttling range, or error 

band, results in slight variations between the heating energy required and 

that delivered. Based on a sensitivity analysis comparing the overall 

heating consumption for bands ranging from 0 to 2C, the throttling range 

for this work is set to 1C.   

 

To ensure that the primary and backup systems are sized properly, it 

should be verified that the ratio of heating load met by each system is 

within the targeted range of 80 to 90% (EESC 2004). Therefore, a building 

simulation was run for an entire year and the total heating load of each of 

the systems was recorded. It can be seen in Figure 23 that the GSHP meets 

86% of the total annual heating load, leaving the backup baseboard system 

to make up the remaining portion.  
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Figure 23: Portion of Heating Load met by Primary & Secondary  

Heating Systems (Ottawa, Jan 1st-Dec 31st) 
 

Thus, the primary GSHP and secondary electric baseboard heating 

systems are both operating and sized appropriately for the building in 

question. 

 

9.3 Hydronic, In-floor, Radiant Heating System 

 

Hydronic systems are water systems that convey heat to or from a conditioned space or 

process with hot or chilled water (ASHRAE 2000). In the case of the proposed hybrid 

HVAC system, the boiler of typical residential, hydronic systems is replaced with a 

ground source heat pump system (as described in Section 9.2.1). During the heating 

season the temperature of the ground water supplied by the GHX is upgraded by the heat 

pump to a point where the fluid (distributed through an in-floor piping network) can 

satisfy the residence’s sensible heating loads.  
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9.3.1 In-floor Radiant Heating System Description 
 

Unlike other HVAC systems, in-floor radiant heating and cooling places the 

conditioned surface in direct contact with the occupant (floor to foot). If an 

occupant feels thermal discomfort in their feet a common reaction is to 

increase/decrease the entire room temperature, resulting in additional energy 

expenditure. ASHRAE (2001) offers a floor temperature range for various floor 

coverings that will avoid this phenomenon. In outlying design considerations for 

radiant in-floor heating, ASHRAE (2000) also recommends that floor panels be 

limited to surface temperatures of less than 29C in occupied spaces.    

 

When compared with other HVAC systems, radiant systems can offer a number of 

benefits, primarily, improved thermal comfort with lower end-use energy 

requirements (Carpenter & Kokko 1998). Dale and Ackerman (1993) compared in-

floor radiant systems to forced air systems in Western Canada and found that 

radiant systems produce a more uniform floor-to-ceiling temperature profile. 

Typical variations were found to be as little as 0.5 to 1C from floor to ceiling. This 

consistency was not found with forced air systems even when the circulation was 

performed continuously. As forced air systems run in on-off mode, they are prone 

to causing drafts, hot and cold spots, resulting in occupant discomfort. In-floor 

radiant systems are also attractive for health reasons as the reduction of forced-air 

circulation reduces the amount of air-borne contaminants (dust, pollen, etc), 

making these systems ideal for hypoallergenic homes. It has also been documented 

that radiant in-floor systems may allow for end-use energy savings due to a 

reduction in heating load. Elevated mean radiant temperatures, when compared 

with forced air heating systems, allow for a reduction in interior air temperature 

while maintaining equivalent comfort conditions (Dale and Ackerman 1993, 

Elovitz 2001, Olesen 2002).  This is a result of radiant heat increasing comfort by 

raising the mean radiant temperature of the surrounding surfaces, eliminating the 

existence of cold or hot spots that would require operation of the entire heating 

system to alleviate. A separate line of research has shown that energy reduction is 
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made possible by the thermal mass inherent with in-floor radiant heating, which 

provides an improved means of storing and utilizing the thermal gains provided 

daily by the sun. Athienitis and Chen (2000) concluded that the solar absorption by 

the thermal mass of a floor heating system contributes to a significant reduction in 

end-use energy consumption. 

 

With this being said, the research comparing radiant heating with forced air 

systems is by no means decisive in its conclusions that in-floor heating offers 

reduced end-use energy consumption. The Canadian Mortgage and Housing 

Corporation authored a report comparing the thermostat settings in 50 houses 

utilizing in-floor and other heating systems (CMHC 2001). The authors found that 

homeowners with radiant in-floor heating systems do not set their thermostats 

significantly lower than homeowners with other types of heating systems. Due to 

this differing of opinions found in the radiant heating literature it is clear that 

further analysis is needed in this area. 

 

9.3.2 Models Available for Simulating the In-floor Radiant Heating System 
 

Many models have been developed that successfully simulate radiant heating, 

ranging from detailed descriptions of piping networks and flow characteristics to 

generalized approximations. Elaborate models have been developed for the design 

and analysis of radiant heating system construction and control (see Athienitis & 

Chen 1993, Kilkis et al. 1995, Simmonds 1996).  Although powerful for design, 

these autonomous models do not allow the modeller to monitor the performance of 

a radiant system when coupled with other HVAC systems, construction or control 

scenarios.  For this type of analysis, coupling radiant models with whole building 

simulation software models is necessary (see Stetiu et al. 1995, Strand & Pederson 

2002). Within the ESP-r modelling environment, a two-dimensional analytical 

model developed by Laouadi (2004) has recently been incorporated into ESP-r’s 

plant modelling environment. This model, because of its inclusion in the explicit 

plant network, is incompatible with other models essential to the design of the 
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proposed energy system (i.e. ground source heat pump) available only within ESP-

r’s implicit building thermal domain. As a result, it is required to develop a new 

technique to simulate in-floor radiant heating that is compatible with the building 

thermal domain.  

    

The method used here to model the in-floor radiant heating system approximates 

the area occupied by the imbedded piping, the conduit for heated circulating water, 

with a thin, empty zone as shown in Figure 24. This approximation permits heat to 

be injected into the air-point of the “fictitious” zone while being actuated by the 

heating requirements of the zone above. This allows for heat to be injected in a 

similar manner to typical in-floor heating systems, as well as maintaining accurate 

floor construction and thermal mass characteristics to simulate appropriate time lag. 
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Figure 24: In-floor Heating Injection Control 

 

Chun et al. (1999) employed a similar technique for simulating radiant in-floor 

systems for a large, multi-unit apartment building. It was recommended by ESP-r 

modellers (Hand 2004) that similar success could be achieved for a residential 

building using ESP-r’s existing heat transfer modules. The ability to simulate 

radiant heating within ESP-r was exemplified by Haddad (2003) upon successful 

completion of a series of radiant heating and cooling test cases (RADTEST) 
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outlined by the International Energy Agency (Achermann & Zweifel 2001). The 

tests maintained imbedded zones at a constant temperature with ideal control and 

monitored the radiant heat transfer characteristics. 

 

9.3.3 In-floor Radiant Heating Model 
 

The radiant in-floor heating system is modelled by incorporating heat “injection 

zone” in the floor structure, as well as a control strategy that allows for heat to be 

injected into this fictitious zone when required by the thermal comfort demands of 

the adjacent controlled zones. 

 

9.3.3.1 Injection Zone Construction 

 

Two fictitious zones are used to modify the simple floor model in ESP-r in 

order to incorporate the effect of in-floor radiant heating as shown in 

Figure 24. The zones are inserted into the floor constructions below the 

main and second floors. A separate thin zone of air is used to represent the 

layer that typically consists of the heating coils. As the tubing for radiant 

heating is commonly encased in gypcrete (a gypsum-based, cement 

underlay), the fictitious heat injection zone is thus embedded between two 

layers of gypcrete, each representing half of the recommended thickness. 

Increasing or decreasing the thickness of the gypcrete layer above the 

injection zone allows the modeller to vary the thermal mass of the floor. In 

this work, the injection zone is set to a thickness of 10mm with the upper 

surface attribute representing half of the flooring construction and the 

bottom the other half as shown in Figure 25.  
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Figure 25:  Injection Zone and Flooring Diagram 
 

The edges of the zone were set to be adiabatic to eliminate heat loss to the 

exterior environment. Increased insulation values in the sub-floor ensured 

that heat was transferred to the upper temperature controlled zone. 

 

9.3.3.2 Control Strategy 

 

A suitable control strategy that can control the rate of heat injection into 

the heat injection zone to satisfy the room thermostat is required for the 

successful implementation of the in-floor radiant heating system model. 

 

The proportional-integral-derivative (PID) controller6 is employed to 

provide faster response to the occupant thermal demands while reducing 

the amount of over and under heating. By manipulating or “tuning” the 

proportional band (PB), integral time (IT) and derivative time (DT) gains, 

the error can be reduced to better match the desired temperature profile in 

the controlled zones. The tuning of the PID controller was accomplished 

by following starting points and degrees of stability recommendations 

made by MacQueen (1997) for tuning ESP-r controllers. 

                                                 
6 PID control is a type of feedback controller whose output is based upon the error between a user-defined 
set point and a measured process variable. 
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In addition to manipulating the gain values, the PID control is also 

sensitive to the length of the simulation time step and width of throttling 

range. To operate the PID controller effectively, the simulation must 

operate on a short time step; otherwise, overheating can occur. For this 

reason a time step of one simulation per minute was chosen for this work, 

the highest resolution possible within ESP-r. The degree of precision 

offered by the shortness of the simulation time step allowed the 

performance of the controlled zones to be closely monitored. Both over 

and under heating are also possible if the throttling range is too wide or 

narrow. A sensitivity analysis revealed an acceptable width of 1C. A 

complete list of the “tuned” PID control values is shown in Table 9.3. 

 

Table 9.3 PID Controller Values 

PID Gains 
Proportional 0.5 

Integral  200 sec. 

Derivative  500 sec. 

PID Control Values 
Time Step 1 sim./min 

Throttle Range 1 C 

 
 

To control the temperature in the rooms by modulating the rate of heat 

injection into the heat injection zone, the temperature sensor was placed in 

the room and the control action modulated the amount of heat injection. 

While heat is injected into the in-floor zone the surface temperature of the 

flooring is monitored to ensure that the temperature never exceeds the 

ASHRAE limits of 29C (ASHRAE 2001).  

 

Achieving accurate zone temperature control of in-floor radiant controlled 

heating systems is often difficult due to the inherent time lag between 
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when heat is actuated and when it is sensed. Initial simulation results for a 

typical heating day (Figure 26) show that nearly four hours elapse from 

the time the heating system has been initiated in the morning until the 

daytime setpoint temperature has been achieved. This large time lag is a 

result of the thermal mass of the radiant heating system. This can be seen 

in Figure 18 for the LTM (low thermal mass) scenario in which the 

gypcrete layer is reduced to a thickness of 1 mm from 16 mm, improving 

the response time to less than 20 minutes. 
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Figure 26:  In-floor Heating for Mainfloor: Regular and  
Low Thermal Mass (LTM) Scenarios (Ottawa, Jan 9th) 

 

The LTM scenario although quick to react, exhibits a much higher 

propensity for temperature oscillations. This displays the dampened, 

uniform temperature afforded by heating with large thermal masses, a 

large part of the appeal for radiant heating. 
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A second factor that affects the rate at which heat is transferred from the 

floor to the zone above is the convective heat transfer coefficient of the 

floor. For this work the default interior convective heat transfer 

coefficient, as calculated internally within ESP-r, was used. The default 

coefficient is based upon empirical correlations for various airflow and 

surface configurations. Alternatively, Haddad (2003) describes an 

approach in which the convective heat transfer coefficient is increased for 

scenarios when the floor surface temperature is greater than the air 

temperature of the primary zone, as is often the case for radiant floor 

heating. The decreased convective heat transfer coefficient used in this 

work would partially contribute to the slow response time for recovery 

following the night setback.   

 

To achieve a temperature profile that coincides with the desired thermal 

comfort profile the control for radiant in-floor heating systems often 

employ a learning algorithm to predict and anticipate heating requirements 

(see Chen 2002 and Cho & Zaheer-uddin 2003). This logic was artificially 

induced in the current simulation by shifting the heating system actuation 

schedule ahead to better match the occupant driven setpoint temperature. 



 

 

104

 

15

16

17

18

19

20

21

22

23

24

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hrs)

D
B

 T
em

p
 (

°C
)

 No Shift

2hr Shift

4hr Shift

6 hr Shift

Ideal Control

 
Figure27:  In-floor Heating Control Schedule Time Shift 

 (Ottawa, Jan 9th) 

 

It can be seen in Figure 27 that for a typical heating day, the daytime 

setpoint temperature can be achieved at the desired time by shifting the 

control schedule ahead by four hours. The time shift does not significantly 

effect the setback phase (beginning at 8pm) as the simulated heat gains, 

representing occupant, lighting and equipment contributions, maintain an 

elevated temperature from 12 to 8pm regardless of control strategy. These 

gains are evident as spikes in the temperature profile at 8, 12 and 17 hrs. 

 

Another technique utilized to avoid the time lag inherent with the heating 

of a high thermal mass system is to maintain the temperature of the zone at 

a constant level. To determine whether night setback control is feasible for 

the radiant system, the end-use energy savings afforded by lower setpoint 

temperatures at night must be weighed against the addition of an energy 

intensive reheat period. To determine the feasibility of this approach, the 

zone temperature control and the end-use energy consumption of the two 

techniques were compared. 
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Figure28: Temperature Profiles for Night Setback & Constant Control Schedules (Ottawa, Jan 9th-

15th) 

 

For a typical week in the heating season (shown in Figure 28), it was 

observed that the HVAC end-use energy consumption with night setback 

control is 3070 MJ, while the end-use energy consumption with the 

constant 21C temperature control is 3230 MJ. These results show that 

even with a large thermal mass to reheat, the benefits of night setback still 

afford a modest end-use energy savings of 5 % when compared with the 

constant temperature control.  

 

The previous simulations analyzing the in-floor system control were all 

conducted sensing the dry bulb temperature (DBT) of the conditioned 

zone. However, a simulation conducted by employing a DBT sensor does 

not take into consideration the higher mean radiant temperature (MRT) 

maintained in the room with in-floor heating. It is therefore possible to 

maintain a lower DBT setting with in-floor heating due to the higher 
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MRT. To estimate the end-use energy savings due to the MRT effect, the 

simulation of the proposed system is also conducted by controlling the 

space temperature based on operative temperature rather than DBT.  

Operative temperature takes into consideration both the DBT and the 

MRT, and is defined in ESP-r as follows:  

 
(100 )

100 100
a r

s

C C  
                 [9.1] 

 

where s represents the sensed temperature (operative), a the air 

temperature (DBT), r the radiant temperature, and C the convective 

weighting factor7. Since the measurement of MRT is not practical in 

reality, the savings due to the MRT effect afforded by radiant heating 

systems are commonly achieved through a reduced thermostat setting. For 

this work, the sensing of operative temperature will be used to represent 

this reduced thermostat setting. 

 

  In-floor Control Summary 

 

In summary, the in-floor radiant heating control for this work employs a 

PID controller to operate a control strategy that incorporates night setback, 

as it was shown to slightly reduce the end-use energy consumption of the 

heating system. As well, the control schedule is advanced by four hours to 

compensate for the time lag associated with the thermal mass of the 

flooring and 32 mm gypcrete layer. The lower temperature setting made 

possible by the higher MRT of in-floor heating systems is utilized by 

controlling the operative temperature, as well as the DBT, for the 

remaining energy system analysis. 

                                                 
7 For low air velocities, as is the case with radiant systems, the operative temperature can be approximated 
by taking the average of the DBT and MRT. The convective weighting factor is thus set to 50. 
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9.4 Heat-Recovery Ventilation System 

 
A heat recovery ventilation (HRV) system is used to provide the fresh-air requirements 

for the residence.  During the heating season, an HRV recovers heat from the exhaust air 

and uses it to preheat the incoming fresh air. The fresh air is then circulated throughout 

the building via a series of ductwork and circulation fans. The incoming and outgoing air 

streams are kept separate, with heat being transferred between the two via a heat 

exchanger. Recovery of heat energy from exhaust air can be accomplished by HRV 

systems using a variety of heat exchanger configurations: air-to-air, rotating (periodic 

type), or air-to-water. Since only the heating condition is being considered in this work, 

the addition and extraction of moisture from the air is ignored. Therefore, a high 

efficiency heat exchanger, without additional heat injection, is adequate to pre-condition 

the outdoor air.   

 

9.4.1 Models Available for Simulating the HRV System 
 

Existing ESP-r code provides many models for ventilation units, including a 

simple air-to-air HRV unit (Hensen 1991, Aasem 1993, Clarke 2001, Parent et al. 

2001) that can be incorporated into the hybrid system model without any 

modifications. The HRV module is modelled using conventional steady state heat 

exchanger relations, specifically the NTU type approach, under the assumption 

that the heat exchanger effectiveness is a linear function of temperature. The 

model is based on a simple HRV configuration in which the supply and exhaust 

fans are located on the “downstream” side of the air stream, as shown in Figure 

29.  
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Figure 29:  HRV Configuration 

 

The ventilation system is assumed to be balanced with equal supply and exhaust 

fan powers. The total power consumption of the HRV system is, therefore, the 

sum of these fan powers as well as any power consumption by the defrost cycle, 

represented in this model by a preheater. 

 

9.4.2 HRV Model 
 

To incorporate a mechanical ventilation model into the proposed simulation, the 

desired HRV unit must be referenced using a parameter description file. The 

mechanical ventilation file (suffixed .mvnt) was created to describe the 

configuration and operation of the HRV system.  
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Table 9.4 Model Parameters for the Mechanical Ventilation File 
Parameter Description Parameter Value 

1) Central Ventilation System Type 2 (HRV) 

2) HRV Test Data (for high test temp)  

     a) Temperature (C) 0    (1) 

     b) Effectiveness (%) 85    (1) 

     c) Fan + Preheat Power (W) 117    (1) 

3) HRV Test Data (for low test temp)  

     a) Temperature (C) -25    (1) 

     b) Effectiveness (%) 81.8    (1) 

     c) Fan + Preheat Power (W) 123    (1) 

4) CVS Supply Air Flow Rate (L/s) 25.0   (2) 

5) HRV Effectiveness in Cooling Mode n/a 

6) Preheater Capacity (W) 0 (no preheat)    (1) 

7) CVS Temperature Control Data  

     a) Flag 7 (n/a)    (1) 

     b) Low temperature trip 0 

     c) High temperature trip 0 

8) HRV Duct Data Supply_1 Exhaust_1 Supply_2 Exhaust_2 

     a) Duct Location 3 
(mainfloor) 

3  4 
(secondfloor) 

4 

     b) Duct Type 2  
(sheet metal w/   
  liner) 

1 
(flexible) 

2 1 

     c) Sealing Characteristic 1    (1)  
(very tight) 

1 1 1 

     d) Length (m) 1.5    (1) 2.5 1.5 2.5 

     e) Diameter (mm) 152.4    (1) 152.4 152.4 152.4 

     f) Insulation (RSI) 0.1    (1) 0.1 0.1 0.1 

9) Other Fans, Type 2 (other) 

     a) Supply Flow (L/s) 25.0   (2) 

     b) Exhaust Flow (L/s) 25.0   (2) 

     a) Total Fan Power (W) 50.0 
(1) Based on HRV system specifications for simulations of CCHT test house (Beausoleil-Morrison 2001) 
(2) Based on CCHT test house fresh air requirements (Purdy & Beausoleil-Morrison 2001).  

 

The HRV system described by the parameters in Table 9.4 recovers heat with an 

efficiency of 85% and supplies both the main and second floors with fresh air. 

The operation of the HRV system is continuous as can be seen in Figure 30, 

which shows the electrical power consumption of the HRV for a 24 hr period in 

the heating season. The HRV’s power draw is not constant, but oscillates around 

120 Watts. This variation is a result of the fan power varying as a function of the 

air inlet temperature.   
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Figure 30:  HRV Electricity Consumption (Ottawa, Jan 9th)   

 

9.5 Domestic Hot Water System 

 

The DHW system is responsible for increasing the temperature of the cold water supply 

available from a municipal reservoir, or a well, at a temperature of approximately 10C to 

the end use temperature of 55-60C. This contributes significantly to the building’s 

overall end-use energy consumption, as the heating energy required to maintain this 

temperature gradient contributes over 21% of Canada’s residential energy end use 

(NRCan 2004). 

 

9.5.1 DHW System Description 
  

By incorporating the residential DHW system with the low temperature, hydronic, 

HVAC system proposed in this work, it is possible to achieve significant DHW 

end-use energy savings. The high COP of the GSHP system offers a level of 

efficiency unattainable by conventional DHW heating equipment, typically 

electric resistance or fuel-fired burner. For this reason it is desirable to incorporate 

the GSHP with the DHW system in an effort to preheat the incoming DHW 

supply water to typical heat pump outlet temperatures (approximately 40C). 

Preheating capability is available to the DHW supply water when excess energy is 
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available from the heat pump after the heating requirements of the in-floor heating 

system have been met. 

  

The remaining temperature upgrade after preheat, or when preheat is unavailable, 

still requires the use of a DHW heater. For typical daily DHW draws, as depicted 

in Figure 31, the large heater capacity necessitated to provide adequate DHW 

heating often prohibits the use of smaller, more efficient technologies. By 

preheating the supply water, the demand of the DHW heater is reduced, allowing 

for typical electric or gas-fired tank configurations to be replaced by a higher 

efficiency, tankless DHW heater. 
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Figure 31: Daily DHW Draw (CSA 1999) 

 

9.5.1.1 Instantaneous DHW Heating 

 

Instantaneous DHW heaters, also known as demand or tankless DHW 

heaters, have a heating device (fuelled by propane, natural gas, or most 

commonly electricity) that is activated by the flow of water when a hot 

water valve is opened. Once activated, a constant supply of hot water is 

available. This is an advantage over tank systems that have a limited 
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supply of hot water dependant on the size of the storage tank. By 

eliminating the need for a storage tank that is maintained at the hot supply 

temperature, standby losses associated with heat loss are eliminated; and 

energy is consumed only when hot water is. The high efficiency of 

instantaneous heaters combined with on demand delivery allow for end-

use energy consumption savings of up to 50% for domestic water heating 

(BPI 2003). 

 

The factor that often makes instantaneous DHW heating prohibitive for 

residential use is the large capacity often required to meet the immediate 

heating requirements of high flow demand.  Either a high capacity heater 

is required to meet the needs of high flow, or the flow rate of water must 

be reduced.  For the case when the supply water is preheated, as suggested 

in this work, the temperature gradient is lowered reducing the need for 

large heater capacities and making instantaneous heaters an ideal 

alternative. 

     

9.5.2 Models Available for Simulating the DHW System 
 

The preheating of DHW by a heat pump is currently not supported in ESP-r; 

however, a number of modelling options exist for simulating the DHW system of 

a residential building. Clarke (2001), Beausoleil-Morrison (2002), and Kelly 

(2001) each document differing methods for modelling thermal hot water storage 

and DHW systems within the plant domain of ESP-r. Code developed by Lopez 

(2001) at CETC for Hot3000 offers a more generic solution available within the 

building thermal domain; therefore, the DHW model developed in the current 

work is based on this framework. 
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9.5.3 DHW Model 
 

The DHW model used in this work is based upon an existing framework 

developed by Lopez (2001) for Hot3000. To include the option of DHW 

preheating afforded by the low-temperature HVAC system proposed in this work, 

the model must be altered. These alterations include the development of a preheat 

strategy and modifications to existing DHW and HVAC module code. 

 

The DHW model developed by Lopez (2001) for CETC’s Hot3000 simulation 

program is based within the implicit domain of ESP-r, therefore requiring an input 

file provided by the modeller to describe the attributes of the DHW system. As 

with all implicit components, the DHW input file (suffixed .dhw) is referenced by 

the main configuration file (suffixed .cfg) and incorporated into the overall model 

simulation. Table 6 shows a list of the parameters used to create the DHW model. 

 
Table 9.5 DHW Implicit Model Parameters 

Parameter Description Parameter Value 
1) Number of Tanks 1 

2) Number of Occupants 4 

3) Mean Ground Temp (C) 11.1  (1) 

4) Ground Temp Amplitude (C) 5.92  (1) 

5) Hot Supply Temp (C) 55.0 

6) Zone Location of Tank 3 (Main Floor) 

7) Fuel Type 1 (Electricity) 

8) Tank Type 17 ( Elec_tankless_heatpump) 

9) Efficiency of Tank  0.98  (2) 

10) Heat Injector Power (W) 5000 (3) 

11) Pilot Energy Rate (W) N/A 

12) Tank Size (L) N/A 

13) Temperature Band (C) N/A 

14) Blanket Insulation (RSI) N/A 
(1) Value based on original CCHT model by Purdy & Beausoleil-Morrison (2001a) for Ottawa, Ont. 
(2) Value based on findings by BPI (2003) for instantaneous hot water heaters. 
(3) Value based on sensitivity analysis to maintain hot supply temperature. 
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9.5.3.1 DHW Preheat Strategy 

 

As described in Section 9.2.1, the GSHP is sized to meet the in-floor 

heating demand, therefore, when the heating demand is not at peak level, 

the excess thermal energy may be used to preheat the DHW. Thus, the 

GSHP system is directly linked to the DHW system without an 

intermediary storage tank. When the GSHP has excess capacity available, 

the output stream is rerouted from the in-floor heating system to a heat 

exchanger for preheating the DHW supply water to a temperature of 40C 

as shown previously in Figure 16.  

 

The ability for the GSHP to provide preheat at any given time therefore 

depends on the heating demand of the building at that time. Figure 32a 

shows the energy levels available from the GSHP after heating 

requirements are met for a sample day in the heating season (Jan 9th). 
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(a)    (b) 

 

Figure 32: Excess Energy Available for DHW Heating (a), and  
 DHW Daily Water Draw (b) 

 

It can be seen in Figure 32a that the full capacity of the GSHP is 

consumed between the hours of 4 and 8 am, leaving no excess for DHW 

preheating. This early consumption is due to the 4-hour time shift to start 

supplying space heat to recover after night temperature setback (see 
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Section 9.3.3.2 for further details). As there is no DHW heating demand 

during this period (see Figure 32b), the excess energy for DHW heating is 

now available when the water draw most demands it. The similarities 

evident in the scheduling of DHW preheat energy supply and demand 

indicates that the proposed strategy is well suited for DHW preheat. 

 

In order for the DHW model to incorporate the potential for preheat, 

modifications and additions were made to the existing code within the 

DHW module (DHW_Module.F) to recognize a DHW system that is fully 

or partially supplied by a heat pump, in this case a GSHP. The existing 

DHW model determines the energy requirement necessary for heating the 

supply water to the desired delivery temperature. The water draw for each 

simulation time step is calculated by taking the hourly water draw and 

dividing it equally between the number of time step iterations in that hour. 

For preheat, the amount of energy available from the GSHP system after 

space heating is met is required. If there is excess energy available from 

the GSHP it is utilized to preheat the DHW up to a maximum temperature 

of 40C. For a thorough understanding of the modelling logic as well as 

code modifications, the revised ESP-r modules have been included as 

Appendix M with all modifications highlighted in italics. 

 

9.5.3.2 Operation of the DHW Model  

 

To ensure that the modifications made to the DHW system model function 

correctly, two measures of validation are employed.  The first is to ensure 

that the proposed DHW system that incorporates GSHP preheating is 

capable of maintaining the hot water at the hot supply temperature of 

55C.  For this purpose, a simulation was run for a week in the heating 

season (Jan 9th to 15th) and the system’s ability to maintain the hot water 

temperature is verified.  Secondly, the DHW end-use energy demand of 

the system is compared with the base case scenario in which the entire 
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DHW heating load is met by an instantaneous DHW heater (no preheat).  

The end-use energy demand of the two systems should be identical, as the 

heating demand is unchanged with the modifications; only the method of 

delivering the heat has been altered.  The end-use energy demand is 

determined by dividing the energy delivered for each simulation time step 

by the efficiency at which it is delivered.  For example, the instantaneous 

hot water heater operates with an efficiency of 0.98 and the GSHP 

operates with a COP at or near 2.9 (as described in Section 9.2.3.2).  It can 

be seen in Figure 33 that the total DHW end-use energy demand of the 

two systems is identical, verifying the predictions of the preheat model. 
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Figure 33: End-use energy Demand and Consumption of DHW Base Case &  
Preheat Systems for a week in the heating season 

 
 

Figure 33 also shows the end-use energy consumed by the two systems. 

By preheating the DHW supply water with excess thermal energy 

available from the GSHP, it can be seen that end-use energy savings of 

42% are realized (195 MJ/year vs. 340 MJ/year. The end-use energy 

consumption and demand of the preheated DHW system for a day (Jan 9th) 

and for a week (Jan 9th-15th) are plotted in Figure 34. 



 

 

117

 

 

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

D
H

W
 E

n
er

g
y 

(k
J)

GSHP (Preheat)
Consumption

Elec_Instantaneous
Consumption

Total Demand

 
(a) Ottawa, Jan 9th 

0

10

20

30

40

50

60

70

0 8 16 24 32 40 48 56 64 72 80 88 96 104

112

120

128

136

144

152

160

168

Time (hr)

D
H

W
 E

n
er

g
y 

(k
J)

 

GSHP (Preheat)
Consumption
Elec_Instantaneous
Consumption
Total Demand

 
(b) Ottawa, Jan 9th – 15th  

 
Figure 34: Daily (a) and Weekly (b) DHW End-use energy Profiles 

for the GSHP Preheat System 
 

It can be verified by the previous figures that the GSHP preheated DHW 

system is operating as intended. The GSHP contributes to the DHW 

demand when possible, and the instantaneous heater makes up the 

difference. For periods when no preheat is available (see Figure 34a from 

2 to 3 am), the instantaneous heater is called upon to meet the total load. It 



 

 

118

 

is also apparent that the synchronous relationship of the two DHW heating 

sources is not always constant (see Figure 26b, particularly from hour 108 

to 112), as the availability of the excess heat from the GSHP is dependent 

on heating system requirements.     

 

9.6 Hybrid Renewable Electricity System 

 

Improving HVAC system efficiency and reducing negative environmental impacts 

through the use of GSHPs and radiant heating is gaining acceptance as design options for 

building energy systems. By going one step further and using renewable energy sources 

to power these systems, the reliance on traditional, energy intensive power sources can 

also be minimized, or avoided.  

 

9.6.1 Hybrid Renewable Electricity System Description 
 

To power a GSHP system, a continuous power supply is necessary. The criticism 

with renewable energy sources has always been their variability; the wind doesn’t 

always blow, the sun doesn’t always shine. The system proposed for this reduces 

the fluctuations associated with renewable power sources by coupling a 

photovoltaic (PV) electricity generation system to electrical storage provided by 

the grid through a net-metering scenario. This grid-tied, PV system contributes to 

the residential electric load consisting of two parts: an occupant-driven electric 

load for a Canadian residence and the electric load required to power the hybrid 

HVAC system.     

 

9.6.1.1 Electrical Loads 

 

The first of the electrical loads to be supplied by the PV system is the non-

HVAC, or occupant-driven, power draws. These include the electrical 

power consumption of lights, appliances, and electronic devices. As 
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discussed in Section 7.1, a number of studies have been conducted to 

identify representative occupant-driven electrical load profiles to describe 

Canadian residential consumption (Chu 1995, Aydinalp et al. 2002, IMO 

2004). Recent work by CREEDAC (Fung et al. 2004, Good et al. 2004) 

refined a set of occupant-driven load profiles for building simulation with 

HOT3000. This work was based on hourly residential metering and survey 

information provided by BC Hydro. The outcome of this project was a set 

of profiles grouped to represent varying occupancies, regions, house size, 

and consumption patterns.  

 

The second portion of the building’s electrical load is consumed by the 

building’s HVAC components. Unlike the predetermined occupant-driven 

load profiles, the HVAC load is determined through the simulated 

operation of the residential building. The hybrid HVAC system has 

several components that require electricity, i.e. the heat pump and 

electrical baseboard backup heating system, as well as the system’s fans 

and pumps.  

   

9.6.1.2 Electrical Generation 

 

The electrical generation to supply the building’s electrical needs is to be 

provided by a grid-tied photovoltaic (PV) system. Photovoltaic electricity 

production has been extensively researched and therefore is not discussed 

in detail here. A thorough explanation of PV technology is available 

elsewhere by Markvart (2000), and with a uniquely Canadian perspective 

by Ayoub et al. (2001).    

 

The electrical output of a PV system is dependant on system specifications 

and the available solar irradiance level. PV systems consist of a set of p-n 

junctions, or cells, connected in series and parallel. The number of cells 
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that are needed depend on the voltage and current (hence power) that the 

residence demands, or that space and cost restrictions allow. A PV cell 

experiences decreased efficiencies as its temperature increases, an 

unavoidable phenomenon with normal operation. Operation in cold 

climates offers a means of curtailing this problem, but studies have also 

explored the increased efficiencies that are attainable by recovering this 

waste heat, increasing PV cell efficiency as well as decreasing additional 

heating loads (Clarke et al. 1996).   

 

For this work, the PV modules are not required to meet the full residential 

electricity load, but are sized taking into consideration the availability of 

solar energy and space. The positioning of PV panels is dictated by the 

installation location’s latitude. Therefore, the sun’s low surface azimuth 

angle in northern locations, particularly during the winter months, makes 

the optimum direction for a PV panel to be south facing. This limits the 

space available for solar electricity production at the CCHT test house to 

41.5 m2 of south facing roof area. The angle at which the panels are 

installed is based on a rule of thumb that suggests an incline of plus or 

minus 15 from the building site’s latitude (Duffie & Beckman 1991). 

Thus, a tilt-angle of 45 is common practice for locations in southern 

Canada, and is used in this work. The photovoltaic potential of the panels 

is determined based on the available insolation for each geographical 

location chosen for this work provided within the CWEC weather files. 

 

The characteristics of the PV modules used for this work have been 

selected based on a review of current panel technologies available on the 

residential power market. The power output for a selection of multi-

crystalline, silicon-cell panels sized to occupy the available roof area (41.5 

m2), is compared in Table 9.6. 
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Table 9.6 Multi-Crystalline PV Module Performance Comparison 
PV Module Type BP-3160  Shell SQ-160 SPS-165 Sharp NE-80 

Max Power per 

Panel (W) 

160  (1) 160  (2) 165  (3) 80  (4) 

Panel Area (m2) 1.26 1.30 1.31 0.65 

Num. of Panels 

for Roof Area 

32 31 31 63 

Total Max Power 

Output (W) 

5120 4960 5115 5040 

(1) Specifications for BP-3160 PV module from BP Solar (2003). 
(2) Specifications for Shell SQ-160 PV module from Shell Solar (2004). 
(3) Specifications for SPS-165 PV module from SPS Energy (2004). 
(4) Specifications for Sharp NE-80 PV module from Sharp (2004).  

 
The PV panel comparison shows little difference between the total 

possible power outputs of competing PV technologies when considered 

over an identical area. As performance is the only criterion being used for 

selection, the BP-3160 panel is used in this work. 

 

It is acknowledged that the method described above for sizing PV arrays is 

idealized, as it does not consider the cost of PV electricity production. 

Photovolotaic generation is a relatively new energy source and current 

manufacturing volumes are small, thus, the cost is far from being 

competitive with bulk electricity generation. Recent work (Ayoub et al. 

2001) has shown that the break even point for PV generation (the point at 

which PV competes economically with bulk electricity generation) in 

Canada based simply on lowest production cost will be in the next 15 to 

20 year time frame. It is for this reason that PV generation is considered in 

this work as although the current cost of PV generated electricity is often 

prohibitive, it will soon be considered a viable option for residential 

electricity generation and thus worthy of inclusion in this work. 

 

9.6.2 Models Available for Hybrid Renewable Electricity Systems 
 

ESP-r’s electrical plant network offers a means of modelling the power flows 

associated with a building’s electrical loads, sources, and distribution system. The 
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model can include either both power only components, which impose electrical 

loads and generation directly on the network, or hybrid components, which couple 

other ESP-r solution domains as well as electrical loads and generation. This is 

accomplished by assigning nodes within the electrical network to describe 

electrical busbars, to which the loads and sources are coupled via distribution 

components. The network flow simulation determines the node voltages and 

phase angles, the real and reactive power flows between nodes and the system 

transmission losses using a control volume approach. The control volume 

approach is based on the conservation of electrical energy in a similar manner as 

the building thermal domain is solved based on conservation of mass, energy and 

momentum. The theoretical basis for this approach is found in Kirchoff’s current 

law that states that the sum of the phasor currents at any point in an electrical 

system is always zero. For a complete description of ESP-r’s electrical network 

modelling refer to Kelly (1998). 

 

9.6.2.1 The Electrical Network 

 

The components of a building’s electrical network are described in ESP-r 

by an electrical network file (suffixed .enf). The electrical network file 

contains the network meta-data (general network description and global 

parameters), as well as lists containing the nodes, hybrid components, 

power only components, connecting components and nodal connections. 

For this work, the electrical network has been assigned two busbars or 

nodes, one connects the CCHT building’s electrical loads and sources, and 

the other provides a link to the grid. The PV panel is defined with the 

ESP-r designation of hybrid component while the occupant driven and 

HVAC loads are defined as power only components.  The entire network 

is connected with 1-phase cable. Figure 35 describes the layout of the 

proposed electrical network. 
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Occupant Driven 

(lights, appliances, 
electronic devices) 

 
Figure 35: Description of Electrical System 

 

9.6.2.2 Special Materials 

 

As well as the ability to model electrical loads, ESP-r also has the 

capability to model electrical generation. The renewable generation, via 

photovoltaic panels, can be modelled using the special materials function 

of ESP-r (Evans & Kelly 1996).  

 

The special materials designation offers a means of modelling active 

building elements; elements that alter their thermophysical properties or 

energy flows (or both) in response to some external excitation. The special 

materials designation in ESP-r currently supports two PV components: a 

silicon solar cell model, and a simple, constant efficiency solar cell model. 

The silicon solar cell model allows for greater accuracy in modelling PV 

power conversion by allowing the user to input actual manufacturer’s data 

describing PV panels. Once this data set is defined, the solar algorithm is 

invoked to determine the layer energy absorption as a function of the 

prevailing solar incidence angle. The PV algorithm then determines the 

diode factor, the diffusion current, the light generated current, the 

maximum power voltage, and the panel’s power output and efficiency. 
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Efforts are currently underway by the CETC building’s group to expand 

the one-diode PV model to consider the variation of short-circuit current 

and open-circuit voltage with varying temperature and solar irradiance 

levels; however, this model is still in development and not available for 

use (Mottillo 2005). Therefore, due to the proven accuracy of ESP-r’s 

existing model, as determined through numerous validation efforts (Clarke 

et al. 1996, 1997, 1999, Evans & Kelly 1996, Kelly 1998), the silicon 

solar cell module is used to simulate PV power conversion within the 

electrical network of this work. 

 

9.6.3 Hybrid Renewable Electricity System Model 
 

As discussed in Section 9.6.2, the framework that is necessary to implement the 

electrical plant network for this study exists in ESP-r. The electrical loads (HVAC 

and non-HVAC), electrical sources (grid and PV panels), and the associated 

connections (materials and configuration) can all be defined within the electrical 

network description file (suffixed .enf). The electrical network file is divided into 

six sections describing: network meta-data (general description and global 

parameters), nodes, hybrid components (coupling to other ESP-r solution 

domains), power-only components (electrical loads and sources directly coupled 

to network), connecting components, and a description of nodal connections. The 

parameters described by the electrical network file developed for this work are 

given in Table 9.7.   
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Table 9.7 Model Parameters for Electrical Network File 
Parameter Description Parameter Value 

Network Meta-Data 

1) Network Type Balanced 

2) Base Power Voltage (V) 2000 

3) First Phase Angle 0.0 

4) Second Phase Angle 120.0 

5) Third Phase Angle 240.0 

Network Nodes 

6) Number of Nodes 2 

7) Node Number 1 

     a) Node Name  grid_inter 

     b) Phase Type Single_phase 

     c) Node Phase 1 

     d) Node Type Fixed_voltage 

     e) Base Voltage (V) 120.0 

8) Node Number 2 

     a) Node Name  ccht_bus 

     b) Phase Type Single_phase 

     c) Node Phase 1 

     d) Node Type Variable 

     e) Base Voltage (V) 120.0 

Hybrid Components 

9) Number of Hybrid Components  1  

10) Hybrid Component Number 1 

     a) Component Type  Special_material 

     b) Component Name CCHT_PV        (cont) 

     c) Phase Type Single_phase 

     d) Connected Node 2 (ccht_bus) 

     e) Index of Component 1 

Power-Only Components 

11) Number of Power-Only Components 2 

12) Component Number 1 

     a) Component Type 10 (non-hvac electric loads) 

     b) Component Name 4O_hi (4 Occupant, high consumpt.) 

     c) Phase Type Single_phase 

     d) Connected Node 2 (ccht_bus) 

     e) Number of Additional Items 1 

     f) Scalar Multiplier for Elec Loads 1.00 

     g) Path to Electrical File …/elec_loads/4O_high.fcl 

13) Component Number 2 

                                                 
(cont)  Table is continued on following page 
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     a) Component Type 11 (hvac electric loads) 

     b) Component Name CCHT_HVAC 

     c) Phase Type Single_phase 

     d) Connected Node 2 (ccht_bus) 

     e) Number of Additional Items 0 

Connecting Components 

14) Number of Connecting Components 1 

15) Component Number 1 

     a) Component Type 2 (single phase cable) 

     b) Component Name 1-ph-cable 

     c) Number of Misc. Data 6 

     d) Conductor Series Resistance (/m) 1.0x10-4   (1) 

     e) Conductor Series Reactance (/m) 1.0x10-4   (1) 

     f) Neutral Series Resistance (/m) 1.0x10-6   (1)   

     g) Neutral Series Reactance (/m) 1.0x10-6    (1) 

     h) Mutual Inductive Resistance (/m) 1.0x10-6   (1) 

     i) Length (m) 15.0   (1) 

Network Node Connections 

16) Number of Connections 1 

17) Connection Number 1           (cont) 

     a) Connection Phase Single_phase 

     b) Phase Data 1 

     c) Connecting Component Index 1 

     d) Start Node 1 (grid_inter) 

     e) End Node 2 (ccht_bus) 
(1) Value based on CCHT electrical network model by Ferguson (2004).  

 

A description of the procedure for developing a power flow network and the 

associated electrical network file and parameters is presented in Ferguson (2004). 

  

9.6.3.1 Non-HVAC Electrical Load Model 

 

The electrical load profile for a four-person household with high 

consumption pattern developed by Good et al. (2004) using actual BC-

Hydro data is used in this work. The load profiles for a day and week are 

given in Figure 36. 
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(b) 

Figure 36: Occupant-driven Electrical Load Profiles for sample day (a) and week (b). 
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9.6.3.2 HVAC Electrical Load Model 

 

The HVAC electrical load refers to the power consumption of the GSHP 

and the electrical-resistance baseboards, as well as the system’s fans and 

pumps. These loads contribute as power-only components in the electrical 

network. 

 

The methodology developed by Ferguson (2004) is used in this work to 

incorporate the implicit power demands from ESP-r’s building domain 

into the explicit, electrical plant network. The electrical power demands 

relevant to this work include that of the heat recovery ventilator (HRV), 

GSHP circulation pump, GSHP compressor, GHX circulation pump, in-

floor heating circulation pump, and the electric baseboard heaters utilized 

as the backup heating system. The resulting operation of all of the relevant 

HVAC electrical loads is shown in Figure 37 for a sample day in the 

heating season (Jan 9th).    

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

H
V

A
C

 E
le

ct
ri

ca
l 

D
ra

w
 (

kW
)

HRV

Baseboard Heater

GSHP

GSHX Circulation Pump

In-Floor Circulation Pump

 
Figure 37: HVAC Electrical Load Profiles (Ottawa, Jan 9th) 
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Figure 37 illustrates that the most significant HVAC power consumers are 

the primary and backup heating systems (GSHP and baseboard 

respectively). Figure 37 also verifies the operation of the in-floor 

circulation pump, which only operates when the primary heating system is 

activated. 
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Figure 38: Occupant-Driven & HVAC Electrical Loads (Ottawa, Jan 9th) 

 

Figure 38 shows the contributions of occupant driven and HVAC loads to 

the overall electrical load during a sample day in the heating season (Jan 

9th). Since cooling is not considered in the current study, the same graph 

for a period in the summer, devoid of heating, would be dominated by the 

occupant-driven profile with only minor power contributions made by the 

ventilation system. 
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9.6.3.3 PV Electrical Generation Model 

 

The photovoltaic panels are simulated using the silicon solar cell model 

currently supported within ESP-r by the special materials designation. The 

PV module is defined within the building domain, as well as in the 

electrical flow domain. In the building domain, the location and 

characteristics of the PV module are defined, while in the electrical flow 

domain the PV module is integrated with the rest of the network. This is 

accomplished by connecting the PV module to the house busbar node in a 

similar manner as the power-only components were incorporated. The 

parameters of the special materials file (suffixed .spf), describing the 

photovoltaic modules are listed in Table 9.8. 

 

Table 1.8 Model Parameters for Special Materials File that Models the PV Module 
Parameter Description Parameter Value 

1) Number of Special Material Nodes 1 

2) Node Number 1 

3) Node Name BP_solar_3160   (1) 

4) Zone Location 5 (roof) 

5) Surface Location 3 (south facing slope) 

6) Node Location 2 (inside node) 

7) Number of Data Items 10 

8) Open Circuit Voltage (V) 44.20   (1) 

9) Short Circuit Voltage (V) 4.80   (1) 

10) Voltage @ Max Power Point (V) 35.1   (1) 

11) Current @ Max Power Point (A) 4.55   (1) 

12) Reference Insolation (W/m2) 1000.0   (1) 

13) Reference Temperature (K) 298.0   (1) 

14) Number of Connected Cells – Series 72.0   (1) 

15) Number of Connected Branches –  
       Parallel 

1.0   (1) 

16) Number of Panels in Surface 32.0   (1) 

17) Empirical Value to Calculate Io 10.0   (1) 
(1) Value based on BP Solar Model 3160 PV panel (BP Solar 2003). 

 

To convert the DC power produced by the photovoltaic panels to AC 

power used in homes, a power inverter is required. Currently, the CETC 

Building’s Group is working on an inverter component model (Mottillo 
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2005) for use with PV systems, but this is not yet available. To consider 

the loss of power that inherently occurs during the power inversion from 

DC to AC, the PV model in this work was altered to consider the losses 

associated with an inverter operating at constant efficiency. A common 

grid-tied, solar inverter efficiency of 90% (Xantrex 2005) was used, 

resulting in a 10 % loss for all power produced by the PV modules. 

 

  Operation of the PV Panels 

 

The operation of the PV electrical generation model is shown in Figure 39 

for a sample week in the heating season (Jan 9th to 15th). The variation in 

daily electrical generation is a result of the varying solar insolation values 

given in the CWEC Ottawa weather files over the simulated period. 
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Figure 39: PV Electricity Production for 32 BP-3160 Modules 

 

To provide a better understanding of the contribution that the PV panels 

can make to the overall residential power flows, the daily electrical 

generation of the PV panels is compared with the daily residential 
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electrical load for a sample day in winter in Figure 40a and summer in 

Figure 40b.  
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(a) Winter Day (Ottawa, Jan 9th) 
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(b) Summer Day (Ottawa, July 11th) 

 

Figure 40: PV Electricity Generation vs. Electrical Draw 
for day in winter (a) and summer (b). 
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When the electricity generation of the PV panels is compared with the 

daily electrical load, it is apparent that large portions of the electricity 

production occur at periods of minimal demand. This mismatch between 

electricity delivery and consumption illustrates why residential 

photovoltaic systems are rarely feasible without some form of demand-

supply matching. 

 

9.6.3.4 Demand-supply Matching 

 

Electricity generation that is dependant upon a variable supply, such as 

wind and photovoltaic generation, cycles through periods where the 

electricity produced is inadequate, matched, or excessive for the demands 

of the residence’s electrical load profile.  By adding an electrical reserve 

to the PV module system, a more precise match between the electrical 

supply and demand is attainable. Accurate demand-supply matching 

allows for the full capacity of the electricity produced to be utilized by the 

building, reducing the amount of wasted electricity and capitalizing on the 

installed capacity of PV modules. The grid-tied PV system incorporated 

into the system used in this work utilizes the grid as an infinite reserve for 

electricity in a relationship known as “net metering”. For cases where the 

flow of privately generated electricity is not permitted to and from the 

grid, or grid connection is not available (stand alone systems), individual 

electrical storage via battery banks is a common demand-supply matching 

alternative.       

 

  Net Metering 

 
Net metering allows for the normally uni-directional, grid-supplied, flow 

of electricity to residential buildings to be reversed, allowing privately 
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generated electricity to be sent back to the grid. For jurisdictions where 

net-metering is permitted, a contract is negotiated between the electric 

utility and consumer, agreeing on a set of regulations monitoring the 

transfer of electricity (i.e., quality, quantity, purchase and sale prices). The 

grid-tied photovoltaic system described in this work has been designed 

under the assumption that net metering is available, and that the transfer of 

electricity to the grid is possible at any time. Under these assumptions, the 

grid acts like an ideal storage device for the PV system with no power 

losses and uninhibited availability8. 

 

For the current case, the electricity that is produced at periods when there 

is no load to be met is transferred to the grid for later use. This 

configuration allows for all of the electricity produced by the PV panels to 

be consumed by the residence. The balance of incoming and outgoing 

electricity for the simulated residence is shown in Table 9.9 for a sample 

week in the winter, summer, and for the entire year. 

 

Table 9.9 Balance of Electricity Flow for Sustainable Electricity Generation  
with Net-metering 

Electrical Flows: 

(kWhr) 

Sample Winter 

Week  

(Jan 9-15) 

Sample Summer 

Week  

(Jul 11-17) 

TotalYear 

Electrical Load  548 115 14,609 

PV Generation  109 136 6,651 

Grid Export  32 95 3,497 

Grid Import  471 75 11,455 

Net Grid Balance  

(-‘ve  net grid import) 

- 439 + 21 - 7,958 

                                                 
8 Although considered acceptable for the current modelling endeavour in an effort to approximate the 
impact of on-site renewable electricity generation, it is understood that this assumption is an over-
simplification of current net-metering practices in Canada (Henderson & Bell 2003). Even though all four 
of the regions simulated in this study have a technical grid connection policy in place and each has some 
grid connected renewable energy sources, the compensation policy varies greatly. The buy-back of 
electricity by the utility ranges from no compensation, to the avoided cost price, to average or premium 
retail rates. For this reason, even with net-metering policies in place in Canadian provinces, the flow of 
electricity is by no means uninhibited. 
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Annually, the PV panels produce enough electricity to meet 46% of the 

residence’s total electrical demand, with 47% of the electricity that was 

produced being consumed immediately and the other 53% requiring 

storage in the grid. During the sample winter week, the PV electricity 

generation is able to satisfy 20% of the total residential electrical load, 

71% of the generation being consumed immediately and 29% being 

exported to the grid. For the summer week, the PV electricity generated 

actually exceeds the residence’s electrical load as the net grid export 

eclipses the net grid import, although, electricity is still required from the 

grid to meet loads for periods when the panels are not producing 

electricity. The net load on the grid during the two sample weeks (heating 

and non-heating season) is shown in Figure 41, where negative electricity 

consumption refers to the periods when electricity is exported to the grid.   
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(a)                                                                          (b) 

 

Figure 41: Net Residential Electrical Draw for Week in winter (a) and summer (b). 
 

  Electrical Storage 

 

For installations where net metering is not a viable option (i.e. access or 

cost restrictions exist), on-site electrical storage of the generated 

renewable electricity system is another strategy for demand-supply load 
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matching. The most common types of batteries for renewable energy 

applications are deep-cycle lead-acid batteries, with efficiencies in the 

range of 85 to 95%.  These batteries are able to accept, store, and release 

electrical energy.  They are designed to have a large amount of their stored 

current discharged between charging sessions, but cannot deliver sudden 

surges of power (and therefore are not applicable to automotive 

applications).  Lead-acid batteries for PV applications, specifically, have 

displayed completely different characteristics than those for standard 

applications (Urbina, et al. 1999, Uwe Sauer & Garche 2001, Wagner & 

Uwe Sauer 2001).  Differences include small requirements for power 

density due to the low currents, as well as limited time available for 

battery charging due to the limited number of sunshine hours. These 

factors result in situations where complete charging seldom occurs and 

long periods of medium or low state of charge are common.  These 

conditions as well as many others (i.e. temperature effects, degradation 

and ageing, bank characteristics, acid stratification) must be considered 

when modelling a lead-acid battery for the proposed application.       

 

Currently there are no electrical storage models supported by ESP-r’s 

electrical network simulator. The development of an electric battery 

storage model is not considered for this work although future integration 

with electricity storage is recommended. Onovwiona (2005), in an 

ongoing effort, is incorporating a micro CHP (combined heat and power) 

module into ESP-r, which will include electrical storage capabilities. Once 

this model is complete, its incorporation with the renewable electricity 

generation system proposed by this work would be useful to accurately 

determine the periods of battery charging and discharging. It would also 

be useful to use this model to perform a sensitivity analysis to determine 

the capacity of the electrical storage required with this work’s sustainable 

electricity generation system. This would involve balancing the battery 



 

 

137

 

capacity with the cost factors associated with over sizing the storage 

system and the overspill or loss factors associated with under sizing. 

  

9.7 Assessing Environmental Impact 

 

As well as measuring the end-use energy consumption of the proposed system described 

above, the greenhouse gas (GHG) emissions resulting from the end-use energy 

consumption of the base case and proposed building energy scenarios are also compared. 

The method for determining the GHG emissions associated with each residential energy 

system is based on the procedure outlined by Aube (2001), in which the energy 

consumption associated with each type of heating fuel is multiplied by an emission factor 

(Table 9.10) to determine the associated mass of the three main gases that constitute the 

GHGs: carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). To normalize the 

values of the three GHGs, the global warming potential9, or equivalent CO2 method is 

utilized. The equivalent CO2 value is calculated by multiplying a global warming 

potential factor (Table 9.11) with each of the GHG totals. For electricity that is imported 

from the electrical grid, a CO2 equivalent GHG emission factor is used (Table 9.12) that 

represents the electrical generation mix for the individual province in which the sample 

building-site resides (Aube 2001).  

 
Table 9.10 Greenhouse Gas Emission Factors (RETScreen 2000) 

Emission Factors (kg/GJ) Heating Fuel: 
CO2 CH4 N2O 

Natural Gas 56.1 0.003 0.001 
Coal 94.6 0.002 0.003 
Diesel (#2 Oil) 74.1 0.002 0.002 
#6 Oil 77.4 0.003 0.002 

 

 

 

 

                                                 
9 Global warming potentials (GWP) provide a construct for converting emissions of various gases into a 
common measure. GWPs are based on radiative efficiency (heat-absorbing ability) and decay rate of each 
gas relative to that of carbon dioxide. 
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Table 9.11: Global Warming Potential (IPCC 2001) 
GHG: GWP 

CO2 1 

CH4 23 

N2O 296 

 
Table 9.12: CO2 Equivalent Emission Factors for Electricity Production  

by Province (Matin et al. 2004) for 2000 reference year 
Region: Tonnes CO2 / MWhr Tonnes CO2 / GJ 

Nova Scotia 0.759 0.2108 

Ontario 0.276 0.0767 

Alberta 0.882 0.2450 

British Columbia 0.036 0.0099 

Canada 0.223 0.0619 

 

To clarify the procedure used to calculate the GWP, a sample GWP calculation is given 

below for a load generated by fuel (natural gas) combustion: 

 

2 2 4 4 2 2
* * * *CO CO CH CH N O N OGWP Load EF GWP EF GWP EF GWP      

34.383 * 56.1 *1 0.003 *23 0.001 *296
kg kg kg

GWP GJ
GJ GJ GJ

     
 

2 2
1941.4 1.941CO COGWP kg tonnes                              [9.2] 

 

where, EF is the emission factor for which values are found in Table 9.10, and GWP 

values as found in Table 9.11. A sample GWP calculation for a load that is generated by 

the electrical utility in Ontario is presented below: 

 

_* elec OntarioGWP Load EF     

20.728 * 0.0767 COtonnes
GWP GJ

GJ

 
  

 
 

2
0.056 COGWP tonnes                                   [9.3] 
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where, the equivalent emission factors specific to the generating province are found in 

Table 9.12. 

 

9.8 Summary of Modelled System Parameters 

 

The previous sections have described, in full, the compilation of models that are to be 

used for the simulation of the proposed hybrid building energy system. A brief summary 

of the parameters outlined for each system is provided below. 

 

A ground source heat pump (GSHP) is used to upgrade the ground water temperature to 

levels suitable for space heating. The GSHP has been sized to meet 75% of the design 

heating load and is supplemented by a backup electric baseboard system sized to meet the 

remaining 25% (simulating an auxiliary electric heater that increases the temperature of 

the circulating water when the GSHP capacity is not sufficient). Heat is extracted from 

the ground via a ground heat exchanger (GHX) using a horizontal slinky configuration. 

The GHX has a pipe length of 400m and a fluid flow rate of 0.75 L/s.  

 

The heated water primarily supplies the space heating system through a series of floor-

embedded pipes. The radiant system is modelled using a thin “injection zone” of 10mm 

that injects heat from the GSHP, amounts of which are based on the temperature sensed 

in the zone above. The temperature control uses a proportional-integral-derivative (PID) 

controller for which a throttle range of 1C has been set. The PID controller has been 

tuned and operates under a night setback control scheme (21C during the day and 18C 

at night). The control setpoint temperatures are moved forward by 4 hours to simulate a 

learning algorithm based control. This provides the conditioned zones with heat at the 

desired times by considering the time lag associated with the thermal mass of the in-floor 

heating system. The radiant heating system results in an increased mean radiant 

temperature (MRT) thus allowing for a reduced temperature setting of the dry bulb 

temperature (DBT) to meet equivalent comfort levels as those achieved by forced-air 

systems. For this reason, the temperature is sensed using two conditions, a regular 
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temperature setting (sensing DBT alone) and a reduced temperature setting (sensing a 

mix of DBT and the derived metric MRT, the operative temperature). 

 

A heat recovery ventilator (HRV) is employed to meet the heating requirements of the 

fresh air circulated throughout the building. As well, the domestic hot water (DHW) 

system is provided preheat via excess hot water available from the GSHP (up to a 

temperature of 40C) and then heated to 55C by a 5 kW instantaneous (tankless) electric 

water heater. 

 

The building’s electrical network is modelled to consider both HVAC and non-HVAC 

(occupant driven) electrical loads. These loads are met through a combination of grid 

electricity and on-site photovoltaic electricity generation. The RE system consists of a 

photovoltaic array of BP-3160 modules covering the 41.5 m2 of available south-facing 

rooftop with a maximum output of 5.12 kW. The PV generated electricity is converted to 

AC power via a common grid-tied solar inverter with an efficiency of 90%. Excess 

electricity is stored in the grid utilizing an ideal net-metering scenario (no losses). 

  

 



 

 

141

 

Chapter 10 

Simulation Results and Analysis 

10.1 Simulation Stages for the Existing Housing Stock Analysis 

 

Simulations on the existing housing stock were done in following sequences: 

 

1) Furnace sizing simulations 

2) Base-case simulations 

3) PV & wind turbine case simulations 

 

The simulation procedures are discussed below.  

 

10.1.1 Furnace Sizing Simulations 
 

To determine the required furnace size for each test-case house, annual 

simulations were run with a furnace capacity of 50,000 watts. The simulations 

were run with 4 time steps per hours with a start-up period of 3 days so that the 

initial building conditions did not affect the results. The simulation results were 

arranged to find the maximum heating requirement. Once that maximum heating 

requirement was found, it was multiplied with 1.2 as a factor of safety. It is 

important to mention here that in ESP-r file structure, the furnace size is input at 

two places, one in the HVAC file (.hvac) file and one in control file (.ctl). Once 

the design value of furnace size was found, the old values of 50,000 watts were 

replaced with the new calculated values. In this way the furnace size for all test-

case houses was found and used for all subsequent simulations. The furnace sizes 

as calculated by the above mentioned procedure are presented in Table 10.1 

below.  
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Table 10.1 Maximum space heating demand and Installed furnace sizes for test-case houses 

Test-case 
House 

Simulation City 
Maximum Space 
Heating Demand 

(W) 

Installed 
Furnace Size 

(kW) 
Prince George 28235 34 

1 
Vancouver 19160 23 

Prince George 23193 28 
2 

Vancouver 10084 12 

Prince George 27862 33 
3 

Vancouver 14744 17 

Calgary 19088 23 
4 

Edmonton 21686 26 

Calgary 18714 22 
5 

Edmonton 22210 26 

Calgary 20923 25 
6 

Edmonton 23585 28 

North Battleford 20869 25 
7 

Regina 21425 25 

North Battleford 25988 31 
8 

Regina 23596 28 

North Battleford 27441 33 
9 

Regina 25434 30 

Le Pas 23329 28 
10 

Winnipeg 20411 24 

Le Pas 27656 33 
11 

Winnipeg 25053 30 

Le Pas 34008 40 
12 

Winnipeg 29304 35 

Ottawa 14117 17 
13 

Toronto 12101 14 

Ottawa  20168 24 
14 

Toronto  17143 20 
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Table10.1 Continued Maximum space heating demand and Installed furnace sizes for test-case 
houses 

Test-case 
House 

Simulation City 
Maximum Space 
Heating Demand 

(W) 

Installed 
Furnace Size 

(kW) 
Ottawa  22185 26 

15 
Toronto  20168 24 
Montreal  21356 26 

16 
Quebec  21587 26 
Montreal  21346 28 

17 
Quebec  21576 26 
Montreal  21349 25 

18 
Quebec  21551 25 
Fredericton  46070 55 

19 
Saint John  42387 50 
Fredericton  20537 24 

20 
Saint John  19199 23 
Fredericton  28235 34 

21 
Saint John  24201 29 
Halifax  19159 23 

22 
Sydney  17143 20 
Halifax  31260 37 

23 
Sydney  27226 32 
Halifax  26218 31 

24 
Sydney  23193 28 

25 Charlottetown  12696 15 
26 Charlottetown  15257 18 
27 Charlottetown  29685 35 

Goose Bay 30841 37 
28 

St. John's  23055 27 
Goose Bay 25892 31 

29 
St. John's  21527 26 
Goose Bay 18977 26 

30 
St. John's  18978 23 
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 10.1.2 Base-case Simulations 
 

Once the furnace sizes were finalized and updated in the .hvac and .ctl files of all 

test-case houses, the simulations were run again. The simulations were run with 4 

time steps per hour with a start-up period of 3 days so that the initial building 

conditions did not affect the results. These simulations were run to estimate the 

design heating loads and electrical consumption of the houses and were termed as 

base-case simulations. The base-case simulation results provide a basis of 

comparison with the cases where renewable energy equipment is integrated with 

the house thermal or electrical system.  

 

The base-case simulation results were used to estimate the annual electricity 

consumption of the houses in kWh, the flat-rate and time-of-use electricity costs, 

the space heating and DHW loads in GJ, the CO2 equivalent GHG emissions due 

to electricity at average and high intensity and thermal energy production, the 

quantity of fuel usage to meet the space and DHW loads (in cases of non-

electrically heated homes) and the total cost of fuel in Canadian dollars.  

 

10.1.3 PV and Wind Turbine Simulations 
 

After running the base-case simulations, the house files were upgraded to include 

the PV and wind-turbine energy systems. Once these components were integrated 

to the houses, the simulations were run again for all test-case houses. The results 

of these simulations gave the estimates of power output by the PV and wind-

turbine systems. With the renewable electricity contribution and the reduced net 

grid import, the flat rate and time-of-use electricity cost was determined. The 

reduction potential in the GHG emissions related to electricity production and the 

surplus electricity production was also estimated. 
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10.2 Sensitivity Analysis of the Existing Housing Stock Analysis 

 

To determine the quantitative electricity generation and GHG reduction potential of the 

PV array with two wind-turbine models, a sensitivity analysis scheme was derived.  

 

The orientation of PV array plays an important role in its power output, where south is 

considered optimal in direction. As shown in Appendix D, only a few houses that have a 

south facing roof. Most of the roofs face either east or west. For all non-south facing 

roofs, to assess the impact of orientation of the power output of a given PV array, the 

simulations were run with the same PV system with a due east orientation and then in a 

due west orientation. Each test-case house was simulated with a 600W wind turbine and 

then a 1kW wind turbine. The comparative results of simulations show the impact on 

electricity generation and potential GHG reductions due to a difference in PV array 

orientation.  

 

10.3 Extracted Results for the Existing Housing Stock Analysis 

 
From the base-case simulations the following results were obtained:  

 Total annual electricity consumption  

 Total fuel energy demand of the space heating equipment 

 Total space heating load  

 Total fuel energy demand of the DHW equipment 

 Total DHW demand  

 Annual electricity cost at time-of-use (TOU) and flat rate cost price plans 

 GHG due to electricity generation at average and high intensities 

 GHG due to thermal energy generation  

 Total GHG emissions due to electricity and thermal energy generation  

 Quantity of fuel used for space and DHW heating 

 Cost of fuel for space and DHW heating  
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From the PV & wind turbine simulations, the following results were obtained:  

 Annual PV power production 

 Annual wind-turbine power production  

 Net electricity imported from grid 

 Surplus electricity generated 

 Annual cost of electricity imported from grid at flat rate and time-of-use 

price plans 

 Annual credit for selling surplus electricity to local grid at flat rate and 

time-of-use price plans 

 GHG due to electricity generation at average and high intensities 

 Total GHG emissions due to electricity and thermal energy generation  

 
Tables 10.2 and 10.3 present the base-case and PV and wind turbine case simulation 

results for test-case house 13 simulated in Toronto, Ontario. The complete description of 

the types and efficiencies of space and DHW heating equipments are presented in Table 

D.13. These results are followed by the detail of the procedure of calculating them.  

 
Table 10.2 Annual base-case simulation results for test-case house 13 simulated in Toronto 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9993 

Demand FUR (GJ/Yr) 85.7 

Demand SH (GJ/Yr) 65.3 

Demand DHW Fuel (GJ/Yr) 24.4 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 1063 

Cost FLAT (CAD/Yr) 999 

GHG Elec ai (Tonnes/Yr) 2.2 

GHG Elec hi (Tonnes/Yr) 9.5 

GHG Thermal (Tonnes/Yr) 5.3 

GHG Total ai (Tonnes/Yr) 7.6 

GHG Total hi (Tonnes/Yr) 14.9 

Fuel Quantity (m3) 2883 

Cost Fuel (CAD)  1175 
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Table 10.3 Annual PV and wind turbine case simulation results for test-case house 13 simulated in 
Toronto 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.3.1 Base-case Simulations  
 

10.3.1.1 Calculation of Electricity Consumption (Consumption Elec) 

 

The electricity consumption in kWh is calculated by adding the non-

HVAC and HVAC electric consumption. The furnace fan was run at auto 

mode for all simulations. As already stated in Table 5.2, the annual non-

HVAC electric consumption for this house was 9613 kWh. The annual 

furnace fan electric consumption estimated by ESP-r was 380.6 kWh. The 

total kWh electric consumption is calculated as shown in Equation 10.1.  

 

Total Electricity Demand = kWh6.9993)6.380(9613          [10.1] 

 

South Facing 
PV and wind turbine case  

case results PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 6646 6646 

WT (kWh/Yr) 1073 1685 

Energy Total (kWh/Yr) 7720 8332 

Import Net (kWh/Yr) 6066 5783 

Energy Surplus (kWh/Yr) 3793 4122 

Cost TOU (CAD/Yr) 617 589 

Cost FLAT (CAD/Yr) 606 578 

Credit TOU (CAD/Yr) 445 480 

Credit FLAT (CAD/Yr) 379 412 

GHG Elec ai (Tonnes/Yr) 1.3 1.2 

GHG Elec hi (Tonnes/Yr) 5.7 5.5 

GHG Total hi (Tonnes/Yr) 6.7 6.6 

GHG Total hi (Tonnes/Yr) 11.1 10.8 
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10.3.1.2 Space Heating Demand (Demand SH) 

 
The space heating demand is the total energy consumed in the year to heat 

the zones in the house to the design set-point temperature. The space 

heating demand is estimated using relation shown in Equation 10.2 (Purdy 

and Haddad, 2002).  

Demand SH = 
n

i
fL*)Fan_PowerFurnace( iCapacity  i      [10.2] 

    Demand SH = 65.31 GJ/Yr 

Where:  

Furnace Capacity = Steady state furnace capacity  

Fan _ Power    = HVAC furnace fan electric load  

                    L f i = Part-load ratio at simulation time step i 

                       n = total number of simulation time-steps  

 

The product of part-load ratio with the sum of Furnace Capacity and Fan _ 

Power is sought at every time step of simulation results to estimate the 

total space heating demand.  

 

10.3.1.3 DHW demand (Demand DHW) 

 
The total fuel energy consumed by DHW equipment is multiplied by its 

efficiency to get the total DHW demand. As stated in Table D.1, the DHW 

equipment efficiency for test-case house 1 is 55.6 %. Equation 10.3 is 

used to calculate the DHW demand. 

Demand DHW = DHW*Demand FuelDHW         [10.3] 

          Demand DHW =  24.44 * 0.556 = 13.59 GJ 

Where:  

Demand DHW Fuel = Total energy obtained from the DHW fuel  

                    DHW  = DHW equipment efficiency  
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10.3.1.4 Electricity Cost at TOU Price Plan (Cost TOU) 

 
The electricity imported at each time step is multiplied by the 

corresponding TOU price for that province and summed to get annual 

electricity cost. The detailed TOU price plans for all provinces are listed in 

Appendix H. Equation 10.4 shows the TOU cost calculation procedure.  





35040

1
TOUElecTOU )P(*)Demand(Cost

i
ii           [10.4] 

                               CAD43.1063Cost TOU   

 

Where:  

i = number of annual simulation time steps  

PTOU = TOU price at each time step  

  

10.3.1.5 Electricity Cost at Flat Rate Price Plan (Cost FLAT) 

 
The flat rate electricity rate was calculated by multiplying the flat rate of 

electricity with the total electricity consumption as shown in Equation 

10.5. The flat rate for electricity for Toronto was 10.0 ¢/kWh.  

 

Cost FLAT = 9993 kWh * 10 ¢/kWh * 
100

1
 = 999 CAD       [10.5] 

 

10.3.1.6 GHG Emissions due to Electricity Generation 

 
In Canada a substantial amount of residential energy is consumed in the 

form of electricity. In Canada, electricity production is primarily from 

three sources: fossil fuels, nuclear and hydro. Among fossil fuels, three 

most commonly used fuels are coal, oil and natural gas. The amount of 

GHG emissions from electricity generation can be calculated using the 
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average GHG emission intensity. The average GHG emission intensity is 

the amount of GHG emissions produced as a result of generating one kWh 

of electricity. The average GHG emission intensities for the Canadian 

provinces are presented in Appendix I. Electric utilities use complex, and 

often undisclosed, rules for optimal dispatching to maximize economic 

returns. As a result, depending on the time of the day and time of year, the 

selection of power plants to satisfy the customer demand varies. However, 

generally nuclear and hydro plants are operated as base load, and fossil 

fuel fired plants are operated as peaking (Guler et al. In press). The 

average GHG emission intensity factors given in Appendix I assume that 

the reduction in electricity consumption is uniformly distributed among all 

power plants and no transmission and distribution losses are considered. In 

real case, however, when electricity is saved it is not the average kWh but 

the marginal kWh, and in most parts of Canada the marginal kWh is more 

CO2 intensive than the average kWh. Hence, it can be argued that the 

average GHG emission intensities given in Appendix I are overly 

conservative and the impact of energy improvement scenarios on GHG 

emissions using national averages can likely underestimate the actual 

GHG emissions due to electricity consumption. Therefore, a second set of 

GHG emission intensities were derived to estimate upper limit of GHG 

reductions by assuming that all savings in electrical consumptions come 

from fossil fuel fired power plants (where possible), taking into account 

the distribution and transmission losses. These high intensity GHG 

emission factors are presented in Appendix I.  

 

The average GHG emission intensity for Ontario is 222 g CO2 eq/kWh, 

while high GHG emission intensity factor for Ontario is 954 g CO2 

eq/kWh. The procedure to calculate the annual GHG emissions at average 

intensity (GHG Elec ai) and high intensity (GHG Elec hi) is presented in 

Equations 10.6 and 10.7, respectively. 
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GHG Elec ai = (Consumption Elec)* Average GHG emission intensity       [10.6] 

 

GHG Elec ai = (9993 kWh)* 222 g CO2 eq/kWh * 
610

1
= 2.22 tonnes      [10.6 a] 

 

Similarly,  

 

GHG Elec hi = (Consumption Elec)* High GHG emission intensity       [10.7] 

 

GHG Elec hi = (9993 kWh)* 954 g CO2 eq/kWh * 
610

1
= 9.53 tonnes   [10.7 a] 

10.3.1.7 GHG Emissions due to Thermal Energy Generation (GHG 

Thermal) 

 
The CO2 equivalent emission factors for Oil and Natural Gas are 2.835 

kg/liter and 1.856 kg/m3, respectively (Aube, 2001). The procedure to 

calculate GHG emissions due to space heating and DHW equipment fuel 

usage is presented in Equation 10.8.  

GHG Thermal = (Demand FUR+ Demand DHW Fuel)* 
FuelHHV

1
*EF Fuel     [10.8] 

Where:  

Demand FUR = Total energy used by space heating furnace  

Demand DHW Fuel = Total energy used by DHW system 

HHV Fuel = High heating value of the fuel 

EF Fuel = CO2 equivalent emission factor of the fuel      

 

GHG Thermal = (85.72 GJ+ 24.44 GJ)* 

3m

MJ
38.21

1
*1.86

3m

kg
    [10.8 a] 

GHG Thermal = 5.35 tonnes    [10.8 b] 
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10.3.1.8 Total GHG Emissions 

 
The total GHG emissions were calculated by adding the GHG due to 

thermal energy to the GHG due to electricity generation at average and 

high intensities as shown in equations 10.9 and 10.10 respectively.  

 

GHG Total ai = GHG Thermal + GHG ai           [10.9] 

GHG Total ai = 5.35 + 2.22= 7.57 tonnes   [10.9 a] 

Similarly,  

GHG Total hi = GHG Thermal + GHG hi           [10.10] 

   GHG Total hi = 5.35 + 9.53 = 14.89 tonnes   [10.10 a] 

 

10.3.1.9 Fuel Quantity  

 
The quantity of fuel used was calculated by dividing total energy 

consumed by the space heating furnace and DHW plant with the high 

heating value of the fuel as shown in Equation 10.11.   

Fuel Quantity = (Demand FUR+ Demand DHW Fuel)* 
FuelHHV

1
     [10.11] 

Fuel Quantity = (85.72 GJ + 24.44 GJ)*

3m

MJ
38.21

1
*1000     [10.11 a] 

Fuel Quantity = 2883 m3                                                        [10.11 b] 

Where: 

Fuel Quantity = Quantity of fuel used in m3 or liters  

Demand FUR= Total energy produce by spaced heating furnace  

Demand DHW Fuel = Total energy produce by DHW equipment 

HHV Fuel – Higher heating value of fuel      
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10.3.1.10 Fuel Price 

 
The fuel prices for different provinces are listed in Appendix I. For 

Ontario the price of natural gas is 49.27 ¢/m3, which gives the price of 

natural gas as 49.27 ¢/m3*2883 m3*1/1000= 1420 CAD  

 

10.3.2 PV and Wind Turbine Case Simulations  
 

The calculations for a south facing PV and 600W wind-turbine are shown in the 

following sections. 

 
10.3.2.1 Total Renewable Energy (Energy Total) 

 

The total renewable energy is calculated by adding the PV and wind-

turbine output in Wh. The power output of PV array and wind-turbine is 

estimated in Watts by ESP-r at each time step. Since there were four time 

steps in each hour, the PV and wind-turbine outputs in Watts were divided 

by four to get the output in Wh. Figures 42 to 45 show the typical 

averaged daily total electric power generated by PV and wind-turbine 

versus the total electric consumption for four seasons for the test-case 

house 13 simulated in Toronto. The horizontal axes of these graphs 

represent the local time. As given in the Table D.13, the orientation for 

test-case house 13 is east (i.e. the roof is facing south) hence the PV output 

is symmetrical about the solar noon for all four seasons. 
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Figure 42: A typical summer day electric consumption and output of PV and wind-turbine for test-case 
house 13 simulated in Toronto 
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Figure 43: A typical fall day electric consumption and output of PV and wind-turbine for test-case house 
13 simulated in Toronto 
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Figure 44: A typical winter day electric consumption and output of PV and wind-turbine for test-case 

house 13 simulated in Toronto 
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Figure 45: A typical spring day electric consumption and output of PV and wind-turbine for test-case 

house 13 simulated in Toronto 
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10.3.2.2 Net Import and Surplus Energy 

 
As it can be seen in Figures 42 to 45, for different hours of the day during 

different seasons, either the renewable energy exceeds the demand or it 

contributes to meet a part of total electric load. During the times when the 

renewable power is more than the demand, the surplus power (Energy 

Surplus) is sold to the local grid. During the time of the day when the 

renewable power is contributing to the demand, the net import from the 

grid (Import Net) is calculated.  

 

The net import is the difference in electrical demand and total renewable 

energy produced at every time step of simulation as described in Equation 

10.12.  

 

Import Net =  



35040

1
TotalElec ii

EnergyDemand
i

>0           [10.12] 

Where:  

Demand Eleci = Electrical demand of the house at a ith time step  

Energy Total i = Sum of PV and Wind-turbine output at ith time step  

 

Similarly, the surplus energy (Energy Surplus) was calculated as described in 

Equation 10.13.  

Energy Surplus=  



35040

1
ElecTotal ii

DemandEnergy
i

>0          [10.13] 

Where:  

Demand Eleci = Electrical demand of the house at a ith time step  

Energy Total i = Sum of PV and Wind-turbine output at ith time step  
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10.3.2.3 Electricity Cost 

 
The cost of net imported electricity is calculated at both the time-of-use 

and flat rate price plans following the same procedure as explained in 

equations 10.4 and 10.5, respectively.  

 

10.3.2.4 Credit of Selling Electricity to the Grid  

 
The credit of selling surplus electricity to the local grid is calculated for 

both time-of-use and flat rate price plans, following the procedure given in 

Equation 10.14 and 10.15, respectively.  

 

 



35040

1
TOUSurplusTOU )P(*)Energy(Credit

i
ii           [10.14] 

Where:  

Credit TOU = Credit for selling electricity at TOU price in CAD 

Energy Surplus = Surplus renewable energy at ith time step in kWh 

PTOU = TOU price at ith time step in CAD 

 

Similarly,  

FLATCredit Energy Surplus * Flat rate price          [10.15] 

Where:  

FLATCredit Credit for selling electricity at Flat rate in CAD 

Energy Surplus = Total surplus renewable energy in kWh 

 

10.3.2.5 GHG Emissions due to Electricity Generation 

 
The GHG emissions due to electricity generation at average (GHG Elec ai) 

and high intensities (GHG Elec hi) are calculated by multiplying the net-

imported electricity (Import Net) with the corresponding emission intensity 

factor as shown in equations 10.16 and 10.17.  
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GHG Elec ai = (Import Net)* Average GHG emission intensity       [10.16] 

 

GHG Elec ai = (6066 kWh)* 22.2 g CO2 eq/kWh * 
610

1
= 1.35 tonnes      [10.16 a] 

Where:  

GHG Elec ai = GHG emissions due to electricity at average emission 

intensities in tonnes/Yr  

Import Net = Net electricity imported from grid in kWh 

Average GHG emission intensity = Average emission intensity factor in g 

CO2 eq/kWh 

 

Similarly,  

 

GHG Elec hi = (Import Net)* High GHG emission intensity       [10.17] 

GHG Elec hi = (6066 kWh)* 954 g CO2 eq/kWh * 
610

1
= 5.79 tonnes   [10.17 a] 

Where:  

GHG Elec hi = GHG emissions due to electricity at high emission 

intensities in tonnes/Yr  

Import Net = Net electricity imported from grid in kWh 

High GHG emission intensity = High emission intensity factor in g CO2 

eq/kWh 

      

10.3.2.6 Total GHG Emissions 

 
Total GHG emissions were calculated by adding the GHG emissions due 

to space heating to the GHG emissions due to electricity at average and 

high intensities as shown in Equation 10.18 and 10.19, respectively.  

 

GHG Total ai = GHG Thermal + GHG ai           [10.18] 

GHG Total ai = 5.35 + 2.22= 7.57 tonnes   [10.18 a] 
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Where:  

GHG Total ai = Total GHG emissions 

GHG Thermal = GHG emissions due to thermal energy generation 

GHG ai = GHG emissions due to electricity generated at average intensity 

emission factor           

 

Similarly,  

GHG Total hi = GHG Thermal + GHG hi           [10.19] 

   GHG Total hi = 5.35 + 9.53 = 14.89 tonnes   [10.19 a] 

 

Where:  

GHG Total hi = Total GHG emissions in tonnes/Yr 

GHG Thermal = GHG emissions due to thermal energy generation tonnes/Yr 

GHG hi = GHG emissions due to electricity generated at high intensity 

emission factor in tonnes/Yr          

 

All these calculations are done for the wind-turbine with PV array facing 

east side and wind-turbine with PV array facing west side. In cases where 

the roof was facing south, only the results with wind-turbine and south 

facing PV array were analyzed. 

 

 

   

10.3.3 Results Summary 
 

The result summaries for the Toronto and Ottawa simulations are presented in 

Table 10.4 to 10.9, while the detailed results of the other cities are presented in 

Appendix J.  The result summaries provide following information. 

 

 Percentage of electrical demand met with PV and Wind-turbine systems (% 

Demand Met), calculated as shown in Equation 10.20.  
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%100
Demand

 Import
1 Demand %

Elec

Net
Met                             [10.20] 

Where: 

 % Demand Met = % of electric demand met 

 Import Net = Net electric import from grid in kWh 

 Demand Elec = Total electric demand in kWh 

 

 Percentage of GHG reduction due to electricity at average intensity GHG 

emissions (% ∆GHG Elec ai) was calculated using Equation 10.21.  

 

%100
 ElecGHG 

  ElecGHG 
1 ElecGHG  %

Basecase ai

Hybrid ai
ai                           [10.21] 

Where:  

% ∆  ai ElecGHG  = % reduction in GHG emissions due to electricity at average 

intensity 

Hybrid ai ElecGHG  = GHG emissions due to electricity at average intensity for the 

PV and wind turbine case in tonnes/Yr 

Basecase ai ElecGHG  = GHG emissions due to electricity at average intensity for the 

base case in tonnes/Yr 

 

 

 Percentage of GHG reduction due to electricity at high intensity GHG 

emissions (% ∆GHG Elec hi) was calculated using Equation 10.22. 

 

%100
 ElecGHG 

  ElecGHG 
1 ElecGHG  %

Basecase hi

Hybrid hi
hi                           [10.22] 

Where:  

% ∆  hi ElecGHG  = % reduction in GHG emissions due to electricity at high 

intensity 
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Hybrid hi ElecGHG  = GHG emissions due to electricity at high intensity for the PV 

and wind turbine case in tonnes/Yr 

Basecase hi ElecGHG  = GHG emissions due to electricity at high intensity for the 

base case in tonnes/Yr 

 

It should be clarified here that the percentage reduction in GHG due to electricity 

generation at both high and average emission intensities for a given scenario for a 

test-case house are the same. This is attributed to the fact that for a given quantity 

of reduction in the electricity demand for a given configuration of the PV and 

wind turbine components, the ratio of GHG reduction compared to base-case will 

remain the same regardless of the emission intensity factor used.       

 

 Percentage of overall GHG reduction at average intensity GHG emissions (% 

∆GHG Total ai) was calculated using Equation 10.23.  

 

 

%100
 TotalGHG 

  TotalGHG 
1 TotalGHG  %

Basecase ai

Hybrid ai
ai                           [10.23] 

Where:  

% ∆  ai TotalGHG  = % of total reduction in GHG emissions at average intensity 

Hybrid ai TotalGHG  = Total GHG emissions at average intensity for the PV and 

wind turbine case in tonnes/Yr 

Basecase ai TotalGHG  = Total GHG emissions at average intensity for the base case 

in tonnes/Yr 

 

 

 Percentage of overall GHG reduction at high intensity GHG emissions (% 

∆GHG Total hi) was calculated using Equation 10.24.  
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%100
 TotalGHG 

  TotalGHG 
1 TotalGHG  %

Basecase hi

Hybrid hi
hi                           [10.24] 

Where:  

% ∆  hi TotalGHG  = % of total reduction in GHG emissions at high intensity 

Hybrid hi TotalGHG  = Total GHG emissions at high intensity for the PV and wind 

turbine case in tonnes/Yr 

Basecase hi TotalGHG  = Total GHG emissions at high intensity for the base case in 

tonnes/Yr 

 

 Percentage of electricity cost saving at TOU price (%  ∆COST TOU) was 

calculated using Equation 10.25.  

 

%100
 COST

  COST
1 COST %

Basecase TOU

Hybrid  TOU
TOU                           [10.25] 

Where:  

% ∆ COST TOU = % of total reduction in TOU cost 

COST TOU Hybrid = Total TOU cost for the PV and wind turbine case in CAD 

COST TOU Basecase = Total TOU cost for the base case in CAD 

 

 Percentage of electricity cost saving at flat rate price (%  ∆COST FLAT) was 

calculated using Equation 10.26. 

 

%100
 COST

  COST
1 COST %

BasecaseFlat 

HybridFlat  
Flat                           [10.26] 

Where:  

% ∆ COST Flat = % of total reduction in Flat cost 

COST Flat Hybrid = Total Flat cost for the PV and wind turbine case in CAD 

COST Flat Basecase = Total Flat cost for the base case in CAD 
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Figure 46 shows the GHG emissions due to electricity generation for Toronto and Ottawa 

for base-case and PV and wind turbine configurations. The first row of bars show the 

GHG emissions due to electricity for first simulation city in a province for base-case with 

high intensity emission factor (BC-Elec Hi), PV and wind turbine case with high intensity 

emission factor (HC-Elec Hi), base-case with average intensity emission factor (BC-Elec 

Av) and PV and wind turbine case with high intensity emission factor (HC-Elec Av), 

respectively for first configuration of a PV array and 600 W wind-turbine. The second 

row of bars shows the above mentioned results for the same simulation city for second 

configuration of a PV array and 1kW wind-turbine. While the third and fourth rows of 

bars show the same results for PV and wind turbine case both configurations for the 

second simulation city.      

 
 
 

Figure 46 shows the GHG emissions of all test-case houses in Ontario, while Tables 10.4-

10.9 present the summary results for all houses in Ontario.  
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Figure 46: GHG Emissions of Test-case Houses in Ontario 

 
 

Table 10.4 Results summary for test-case house 13 simulated in Ottawa 

South Facing 
Summary PV and 

600W 
PV and 

1kW 
% DemandMet 39.1 41.6 

% ∆GHG Elecai 39.1 41.6 

% ∆GHG Elechi 39.1 41.6 

% ∆GHG Totalai 10.4 11.1 

% ∆GHG Totalhi 23.8 25.4 

%  ∆COSTFLAT 39.1 41.6 

%  ∆COSTTOU 41.9 44.3 
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Table 10.5 Results summary for test-case house 13 simulated in Toronto 

South Facing 
Summary PV and 

600W 
PV and 

1kW 
% DemandMet 39.3 42.1 

% ∆GHG Elecai 39.3 42.1 

% ∆GHG Elechi 39.3 42.1 

% ∆GHG Totalai 11.5 12.3 

% ∆GHG Totalhi 25.2 26.9 

%  ∆COSTFLAT 39.3 42.1 

%  ∆COSTTOU 41.9 44.6 
 
 

Table 10.6 Results summary for test-case house 14 simulated in Ottawa 

East Facing West Facing 
Summary PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

% DemandMet 38.4 41.6 39.5 42.6 

% ∆GHG Elecai 38.4 41.6 39.5 42.6 

% ∆GHG Elechi 38.4 41.6 39.5 42.6 

% ∆GHG Totalai 6.5 7.1 6.7 7.3 

% ∆GHG Totalhi 18.1 19.5 18.5 19.9 

%  ∆COSTFLAT 38.4 41.6 39.5 42.6 

%  ∆COSTTOU 40.9 44.1 42.2 45.2 
 
 

Table 10.7 Results summary for test-case house 14 simulated in Toronto 

East Facing West Facing 
Summary PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

% DemandMet 38.9 42.5 39.9 43.4 

% ∆GHG Elecai 38.9 42.5 39.9 43.4 

% ∆GHG Elechi 38.9 42.5 39.9 43.4 

% ∆GHG Totalai 6.6 7.2 6.8 7.4 

% ∆GHG Totalhi 18.3 19.9 18.7 20.3 

%  ∆COSTFLAT 38.9 42.5 39.9 43.4 

%  ∆COSTTOU 41.3 44.7 42.4 45.7 
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Table 10.8 Results summary for test-case house 15 simulated in Ottawa 

East Facing West Facing 
Summary PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

% DemandMet 44.6 47.1 45.5 47.9 

% ∆GHG Elecai 44.6 47.1 45.5 47.9 

% ∆GHG Elechi 44.6 47.1 45.5 47.9 

% ∆GHG Totalai 9.3 9.8 9.5 10 

% ∆GHG Totalhi 23.7 25.1 24.2 25.5 

%  ∆COSTFLAT 44.6 47.1 45.5 47.9 

%  ∆COSTTOU 47.7 50.1 48.6 50.9 
 
 

Table 10.9 Results summary for test-case house 15 simulated in Toronto 

East Facing West Facing 
Summary PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

% DemandMet 44.8 47.7 45.6 48.4 

% ∆GHG Elecai 44.8 47.7 45.6 48.4 

% ∆GHG Elechi 44.8 47.7 45.6 48.4 

% ∆GHG Totalai 10.4 11.1 10.6 11.2 

% ∆GHG Totalhi 25.3 26.9 25.8 27.4 

%  ∆COSTFLAT 44.8 47.7 45.6 48.4 

%  ∆COSTTOU 47.7 50.4 48.5 51.2 
 
 
 

 
 

10.3.4   Provincial and National Results 
 

The results can be extrapolated to assess the potential on GHG reduction using the 

PV and wind-turbine energy systems at regional and national levels. All test-case 

houses were assessed for maximum GHG reduction potentials at the provincial 

level using average and high electricity related GHG emission intensities. Due to 

direct reduction in the electricity import from the grid by using the PV and wind-

turbine systems all test-case houses realize a positive reduction in GHG emissions 

at both average and high GHG emission intensities. To extrapolate the results at 

regional and national level, it is assumed that all of the houses in one test-case 
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housing category, i.e. province, vintage and space heating fuel were located in the 

two simulation cities. The SHEU weighing factors for all test-case houses are 

given in Appendix B. The SHEU weighing factors are split between two cities to 

find the city specific weighing factors, using the ratios of the population of two 

simulation cities. The populations of all simulation cities taken from Statistics 

Canada are presented in Table 10.10. Equation 10.27 was used to find the city 

specific weighing factor of each test-case house.   Table 10.11 presents the city 

specific weighing factors for all test-case houses.  

 

cities simualtionboth  of Population

citygiven  a of Population
WeightWeight  SHEUicCitySpecif           [10.27] 

Where: 

Weight City Specific = simulation city specific weighing factor 

Weight SHEU = SHEU weighing factor 

 

Table 10.10 Population of simulation cities (Source: Statistics Canada, 2006) 

City Population 
Calgary 988193 
Edmonton 730372 
Prince George 70981 
Vancouver 587891 
North Battleford 13190 
Regina 179246 
Le Pas 5589 
Winnipeg 633451 
Ottawa 812129 
Toronto 2503281 
Montreal 1620693 
Quebec 491142 
Fredericton 50535 
Saint John 68043 
Halifax 372679 
Sydney 102250 
Charlottetown 32174 
Goose Bay 7572 
St. John's 100646 
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Table 10.11 City specific weighing factors for all test-case houses 

Test 
Case 

House 
Simulation City 

SHEU 
Weighing 

Factor 

City 
Specific 

Weighing 
Factor 

Prince George 20127 
1 Vancouver 

186858 
166705 

Prince George 14976 
2 Vancouver 

139032 
124037 

Prince George 7754 
3 Vancouver 

71986 
64222 

4 Calgary  195889 112638 
Edmonton  83251 

5 
Calgary  

152023 
87415 

Edmonton  64608 
6 

Calgary  
102455 

58913 
Edmonton  43542 

7 
North Battleford 

73206 
5018 

Regina  68188 
8 

North Battleford 
53821 

3689 
Regina  50132 

9 
North Battleford 

52328 
3587 

Regina  48742 
10 

Le Pas 
50603 

443 
Winnipeg  50160 

11 
Le Pas 

48801 
427 

Winnipeg  48374 
12 

Le Pas 
38044 

333 
Winnipeg  37711 

13 
Ottawa  

444964 
108997 

Toronto  335968 
14 

Ottawa  
287837 

70507 
Toronto  217330 

15 
Ottawa  

276848 
67816 

Montreal  209033 
16 

Quebec  
128051 

98270 
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Table 10.11 Continued City specific weighing factors for all test-case houses 

Test 
Case 

House 

Simulation 
City 

SHEU 
Weighing 

Factor 

City 
Specific 

Weighing 
Factor 

Montreal 186378 
17 

Quebec 
242859 

56481 

Montreal 258170 
18 

Quebec 
336407 

78237 

Fredericton 6579 
19 

Saint John 
15438 

8859 

Fredericton 13265 
20 

Saint John 
31126 

17861 

Fredericton 14838 
21 

Saint John 
34818 

19979 

Halifax 33054 
22 

Sydney 
42123 

9069 

Halifax 31744 
23 

Sydney 
40453 

8709 

Halifax 22340 
24 

Sydney 
28470 

6129 

25 Charlottetown 7537 7537 

26 Charlottetown 7371 7371 

27 Charlottetown 6873 6873 

Goose Bay 1143 
28 

St. John's 
16340 

15196 

Goose Bay 1044 
29 

St. John's 
14927 

13882 

Goose Bay 1886 
30 

St. John's 
26960 

25074 
 

 

The GHG reduction potential was assessed for all test-case houses with firstly 

average and then high intensity emission factors using 1) the designed PV array 

with 600 W wind-turbine 2) designed PV array with 1kW wind-turbine. The 

maximum GHG reduction potential for each test case house is calculated by 
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summing the GHG savings of the two simulation cities for each test case house as 

defined in Equation 10.28.  

 

    C2 C2  BCC2 HybridC1 C1  BCC1 Hybrid WF*GHGGHGWF*GHGGHGGHG  Max  

[10.28] 
 

Where: 

∆GHG Max = Maximum GHG reduction potential for a test-case house 

(tonnes/yr) 

GHG Hybrid C1 = GHG emissions for test-case house simulated in city 1 

(tonnes/yr) 

GHG BC C1 = base-case GHG emissions for test-case house simulated in city 1 

(tonnes /yr) 

 WF C1 = weighing factor for city 1 

 GHG Hybrid C2 = GHG emissions for test-case house simulated in city 2 

(tonnes/yr) 

GHG BC C2 = base-case GHG emissions for test-case house simulated in city 2 

(tonnes /yr) 

 WF C2 = weighing factor for city 2 

 

Tables 10.12 to 10.19 present the total annual GHG reduction potential for all 

test-case houses at regional level, using average and high emission intensity 

factors using the designed PV array with 1) 600 W and 2) 1kW wind-turbines. 

These tables also show the percent of total single-detached houses that each test-

case house model represents in total Canadian residential stock, as per SHEU 

1993 survey.  
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Table 10.12 Total annual GHG emission reduction potential for all test-case houses using average 
emission intensity in Western Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG savings 
with PV and 
600 W wind-
turbine (kilo-

tonnes) 

GHG savings 
with PV and 1 

kW wind-
turbine (kilo-

tonnes) 
Prince 
George 

20127 
1 

Vancouver 166705 

 
11.5 

 
24.9 26.6 

Prince 
George 

14976 
2 

Vancouver 124037 

 
29.9 

14.1 14.1 

Prince 
George 

7754 
3 

Vancouver 64222 

 
22.3 

7.6 8.2 

 
Total GHG reduction (kilo-tonnes) 

 
46.6 48.9 

 

Table 10.13 Total annual GHG emission reduction potential for all test-case houses using high 
emission intensity in Western Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG savings 
with PV and 
600 W wind-
turbine (kilo-

tonnes) 

GHG savings 
with PV and 1 

kW wind-
turbine (kilo-

tonnes) 
Prince 
George 

20127 
1 

Vancouver 166705 

 
11.5 

 
390.6 404.9 

Prince 
George 

14976 
2 

Vancouver 124037 

 
29.9 

222.1 234.0 

Prince 
George 

7754 
3 

Vancouver 64222 

 
22.3 

362.7 356.3 

 
Total GHG reduction (kilo-tonnes) 

 
975.5 995.3 
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Table 10.14 Total annual GHG emission reduction potential for all test-case houses using average 
emission intensity in Prairies 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG 
savings with 
PV and 600 

W wind-
turbine 

(kilo-tonnes) 

GHG 
savings with 

PV and 1 
kW wind-

turbine 
(kilo-tonnes) 

Calgary 112638 
4 

Edmonton 83251 

 
20.1 

 
817.1 856.6 

Calgary 87415 
5 

Edmonton 64608 
 

38.6 
573.0 689.6 

Calgary 58913 
6 

Edmonton 43542 
 

29.9 
403.5 423.6 

North 
Battleford 

5018 
7 

Regina 68188 

 
21 
 

277.2 301.6 

North 
Battleford 

3689 
8 

Regina 50132 

 
29.2 

218.7 237.2 

North 
Battleford 

3587 
9 

Regina 48742 

 
21.5 

193.5 209.4 

Le Pas 443 
10 

Winnipeg 50160 
 

15.5 
7.1 7.6 

Le Pas 427 
11 

Winnipeg 48374 
 

19.9 
4.4 4.9 

Le Pas 333 
12 

Winnipeg 37711 
 

20.6 
2.7 3.1 

 
Total GHG reduction (kilo-tonnes) 

 
2497.2 2733.5 
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Table 10.15 Total annual GHG emission reduction potential for all test-case houses using high 
emission intensity in Prairies 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG 
savings with 
PV and 600 

W wind-
turbine 

(kilo-tonnes) 

GHG 
savings with 

PV and 1 
kW wind-

turbine 
(kilo-tonnes) 

Calgary 112638 
4 

Edmonton 83251 

 
20.1 

 
934.4 980.9 

Calgary 87415 
5 

Edmonton 64608 

 
38.6 756.2 789.3 

Calgary 58913 
6 

Edmonton 43542 

 
29.9 462.4 484.5 

North 
Battleford 

5018 
7 

Regina 68188 

 
21 
 

375.6 408.5 

North 
Battleford 

3689 
8 

Regina 50132 

 
29.2 296.3 321.6 

North 
Battleford 

3587 
9 

Regina 48742 

 
21.5 262.3 284.8 

Le Pas 443 
10 

Winnipeg 50160 

 
15.5 283.9 306.2 

Le Pas 427 
11 

Winnipeg 48374 

 
19.9 156.7 173.3 

Le Pas 333 
12 

Winnipeg 37711 

 
20.6 103.9 125.6 

 
Total GHG reduction (kilo-tonnes) 

 
36317.8 

 
38747.7 
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Table 10.16 Total annual GHG emission reduction potential for all test-case houses using average 
emission intensity in Central Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG 
savings with 
PV and 600 

W wind-
turbine 

(kilo-tonnes) 

GHG 
savings with 

PV and 1 
kW wind-

turbine 
(kilo-tonnes) 

Ottawa 108997 
13 

Toronto 335968 
 

14.4 
388.2 413.8 

Ottawa 70507 
14 

Toronto 217330 
 

14 
206.5 223.8 

Ottawa 67816 
15 

Toronto 209033 
 

22.3 
251.9 265.8 

Montreal 98270 
16 

Quebec 29780 
 

12.6 
7.6 7.8 

Montreal 186378 
17 

Quebec 56481 
 

23.9 
12.1 12.7 

Montreal 258170 
18 

Quebec 78237 
 

33.1 
17.6 20.2 

 
Total GHG reduction (kilo-tonnes) 

 
884.2 943.9 

 
Table 10.17 Total annual GHG emission reduction potential for all test-case houses using high 

emission intensity in Central Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG 
savings with 
PV and 600 

W wind-
turbine 

(kilo-tonnes) 

GHG 
savings with 

PV and 1 
kW wind-

turbine 
(kilo-tonnes)

Ottawa 108997 
13 

Toronto 335968 
 

14.4 
1669.7 1786.6 

Ottawa 70507 
14 

Toronto 217330 
 

14 
887.3 962.9 

Ottawa 67816 
15 

Toronto 209033 
 

22.3 
1076.2 1140.6 

Montreal 98270 
16 

Quebec 29780 
 

12.6 
470.7 497.9 

Montreal 186378 
17 

Quebec 56481 
 

23.9 
907.3 959.4 

Montreal 258170 
18 

Quebec 78237 
 

33.1 1272.8 1342.6 

 
Total GHG reduction (kilo-tonnes) 

 
6284 6690.1 
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Table 10.18 Total annual GHG emission reduction potential for all test-case houses using average 
emission intensity in Atlantic Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

 
Representing 

percent of 
total houses 

in the 
province 

GHG 
savings 
with PV 

and 600 W 
wind-

turbine 
(kilo-

tonnes) 

GHG 
savings 
with PV 

and 1 kW 
wind-

turbine 
(kilo-

tonnes) 
Fredericton 6579 

19 
Saint John 8859 

 
11.4 

26.8 29.8 

Fredericton 13265 
20 

Saint John 17861 
 

23.1 
61.9 70.5 

Fredericton 14838 
21 

Saint John 19979 
 

27.8 
69.6 79.2 

Halifax 33054 
22 

Sydney 9069 
 

23.3 
142.6 154.2 

Halifax 31744 
23 

Sydney 8709 
 

24.3 
119.8 129.9 

Halifax 22340 
24 

Sydney 6129 
 

16.4 
101.5 115.1 

25 Charlottetown 7537 27.1 33.2 36.7 

26 Charlottetown 7371 29.1 33.9 34.7 

27 Charlottetown 6873 29.8 30.5 33.2 

Goose Bay 1143 
28 

St. John's 15196 
 

16.3 
1.4 1.8 

Goose Bay 1044 
29 

St. John's 13882 
 

14.9 
1.6 2.1 

Goose Bay 1886 
30 

St. John's 25074 
 

26.9 
2.4 3.2 

 
Total GHG reduction (kilo-tonnes) 

 
625.3 688.8 
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Table 10.19 Total annual GHG emission reduction potential for all test-case houses using high 
emission intensity in Atlantic Canada 

Test 
Case 

House 

Simulation 
City 

City 
Specific 

Weighing 
Factor 

Representing 
percent of 

total houses 
in the 

province 

GHG 
savings with 
PV and 600 

W wind-
turbine 

(kilo-tonnes) 

GHG 
savings with 

PV and 1 
kW wind-

turbine 
(kilo-tonnes) 

Fredericton 6579 
19 

Saint John 8859 

 
11.4 41.7 47.2 

Fredericton 13265 
20 

Saint John 17861 

 
23.1 115.4 131.4 

Fredericton 14838 
21 

Saint John 19979 

 
27.8 129.6 147.7 

Halifax 33054 
22 

Sydney 9069 

 
23.3 176.5 190.2 

Halifax 31744 
23 

Sydney 8709 

 
24.3 144.8 157.2 

Halifax 22340 
24 

Sydney 6129 

 
16.4 122.4 138.9 

25 Charlottetown 7537 27.1 35.9 39.7 

26 Charlottetown 7371 29.1 35.8 36.7 

27 Charlottetown 6873 29.8 32.9 35.8 

Goose Bay 1143 
28 

St. John's 15196 

 
16.3 62.9 64.8 

Goose Bay 1044 
29 

St. John's 13882 

 
14.9 60.4 75.8 

Goose Bay 1886 
30 

St. John's 25074 

 
26.9 96.9 124.5 

 
Total GHG reduction (kilo-tonnes) 

 
1056.2 1188.9 

 
 

The GHG savings at regional level were totaled to estimate the GHG savings at 

national level as shown in Tables 10.20. The selected test-case houses represent 

62 percent of the total housing stock in SHEU database.  
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Table 10.20 Total annual GHG emission reduction potential at national level 

Emission 
intensity 
factors 

GHG savings 
with PV and 
600 W wind-
turbine (Mt) 

Percent 
saving 

compared to 
total base-case 

GHG 
emissions 

GHG savings 
with PV and 1 

kW wind-
turbine (Mt) 

Percent 
saving 

compared to 
total base-case 

GHG 
emissions 

Average 4.1 14.1 % 4.4 15.3 % 

High 11.9 19.5 % 12.7 20.1 % 

 
 

It can be seen from Table 10.20 that using the combination of PV and wind-

turbine for the selected test-case houses (which represent 62 percent of total 

Canadian residential housing stock as per SHEU-1993 database) has the GHG 

emission reduction potential between 4.1 to 4.4 Mt per year, using average 

electricity emission intensity. There is a total GHG emission reduction of 14.1 to 

15.3 percent compared to the base-case GHG emissions. Similarly, GHG 

emission reduction potential using high electricity emission intensity is between 

11.9 to 12.7 Mt per year. Which results in the total GHG reduction of 19.5 to 20.1 

percent compared to the base-case GHG emissions.  

 

10.3.5   Results Analysis 
 

10.3.5.1 Renewable Energy Generation 

 

Figure 47 shows the average electricity generation potential in kWh/Yr, 

using the combination of PV and wind-turbine energy systems in the test-

case houses chosen from existing housing stock. The stack graph shows 

the average annual electricity generated by both systems for all test-case 

houses in a given province. The sum of renewable electricity generated by 

the PV and the wind turbine is presented on top of stack bar for each 

province.  
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Average Electricity Generation Potential by PV and Wind Turbine
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Figure 47: Average annual electricity generation potential using the combination of PV and wind-
turbine energy systems for representative test-case houses 

 

Figure 48 shows the range of the percentage of electricity demand met on 

time by the PV and wind-turbine energy systems (not including the 

surplus electricity produced due to mismatch between the occurrence of 

electricity demand and production of renewable electricity by PV and 

wind turbine systems). The ranges vary from the minimum percentage of 

electric demand met by first configuration of PV array and 600W turbine 
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to the maximum percentage of electric demand met by second 

configuration of PV and 1kW turbine in each province.  
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Figure 48: Percentage of electricity demand met by the PV and wind-turbine energy systems on-time 
 

It can be seen that, in Alberta, up to 50 per cent and in Saskatchewan, up 

to 58 per cent of electricity demand could be met by the hybrid system. 

However, in Quebec, this was only up to 16 per cent, as the amount of 

electricity demand that could be met by the electricity generated by the 

hybrid systems represents a smaller percentage of the total electricity 

demand in Quebec in comparison with other provinces where more space 

heating and DHW is provided by non electricity sources.  For selected 
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test-case houses in Ontario up to 48% and Manitoba up to 50 % of 

electrical demand can be met on-time using the designed hybrid wind-

turbine energy systems, showing significant potential of these 

technologies in terms of meeting the electrical demands for these 

provinces. For Prince Edward Island up to 57 % of electrical demand can 

be met by the proposed systems, while for the test-case houses in Nova 

Scotia up to 52 %. For New Brunswick, Newfoundland and British 

Columbia a maximum of up to 32, 33 and 33 %, respectively, of electrical 

demand can be met.  

 

The percentages of electrical demands met by the PV and wind-turbine 

energy systems for the test-case houses are strongly dependent on few 

factors apart from the available potential of PV or wind energies in a given 

location. For example, in the houses with the space and DHW heating 

systems run by electricity, there is a considerable increase in the annual 

electricity demand. Similarly higher appliance and lighting electric loads 

can considerably bring the percentage reduction in electricity use of PV 

and wind-turbine down.  

 

10.3.5.2 GHG Reduction 

 
An important factor dictating the potential of GHG reduction of these 

technologies is in a province is the electricity emission factor. Figure 49 

shows the magnitudes of average and high intensity emission factors due 

to electricity generation for all provinces of Canada.  
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Average and High Electricity Emission Intensities 
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Figure 49: Average and high intensity emission factors due to electricity generation for all provinces of 
Canada 

 

In terms of GHG emission intensities, it can be seen that in cases where 

the electricity related average GHG emissions factors are low, like Quebec 

(8 gCO2 eq/kWh), Newfoundland (21 gCO2 eq/kWh), Manitoba (31 

gCO2 eq/kWh) and British Columbia (24 gCO2 eq/kWh), the 

environmental impact of these technologies does not result in significant 

reductions in GHG due to their already lower contribution to GHG 

emissions due to electricity. However, the provinces with higher average 

electricity related GHG emission factors show higher reduction in GHG 

emissions.  

 

The ranges of GHG reduction are presented between the configuration 1 

(designed PV arrays and 600 W wind-turbines) at average GHG emission 

intensities and configuration 2 (designed PV arrays and 1kW wind-

turbines) at high intensities for all provinces. The lower limit gives the 

minimum quantity of GHG emissions displaced while the higher limit 



 

 

182

 

shows the maximum quantity of GHG that could be displaced. The actual 

reduction will be between these two extremes. Figure 50 shows the range 

of GHG reduction potentials at provincial level using these technologies.  
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Figure 50: GHG reduction potential at average and high intensity emission factors for all provinces of 
Canada 

 

10.3.5.3 Electricity Cost Savings and Credit for Selling Surplus 

Energy to Grid 

 
The use of PV and wind-turbine technologies results in direct reduction of 

electricity bills. The excess electricity can be sold to the local grid for 

which the house owner can earn credit. It can be seen in the Appendix J 

that for most of the houses the credit of selling surplus electricity to the 

grid can contribute to the reduction of net electricity cost to significant 



 

 

183

 

proportions. The results from Appendix J have been summarized and have 

been preened in Figures 51 and 52. Figure 51 shows savings in electricity 

cost (reduction in annual electricity bills) and credit for selling surplus 

electricity at flat rate, while Figure 52 shows savings in electricity cost and 

credit for selling surplus electricity at TOU price plan.  
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Figure 51: Savings in electricity cost and credit for selling surplus electricity at flat rate 
 



 

 

184

 

Savings in Electricity Cost and Credit for Selling Surplus Electricity 
at TOU Rate
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Figure 52: Savings in electricity cost and credit for selling surplus electricity at TOU price plan 
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10.4 Extracted Results for the New Construction Housing Analysis 

 

Initially, the in-floor heating system model is used to simulate and directly compare the 

performance of the proposed in-floor radiant heating system with the performance of a 

commonly used forced air furnace system. Then, the entire energy system model, 

outlined in Chapter 9, is used to perform a comparative evaluation of the proposed hybrid 

energy system to assess the potential energetic and emission advantages of the proposed 

system in the different climatic regions of Canada. For the proposed system, the regular 

temperature and the reduced temperature settings (made possible by the increased mean 

radiant temperature of in-floor heating system) are both simulated. The HVAC and DHW 

end-use energy consumption, net system end-use energy consumption, generation 

contributions made possible by on-site photovoltaic electricity and the greenhouse gas 

(GHG) emissions of the proposed hybrid energy system are reported.  

 

10.4.1 Radiant In-floor vs. Forced Air Heating 
 

A great divide exists in the literature determining whether in-floor radiant heating 

provides a means for reducing heating end-use energy consumption when 

replacing forced air systems (see Dale & Ackerman 1993, Carpenter & Kokko 

1998, CMHC 2001, and Olesen 2002 for differing views). This study addresses 

this direct comparison, as well as methods were investigated for reducing radiant 

heating requirements such as including the derivation of MRT in addition to 

sensing DBT. 

 

To directly compare the performance of the in-floor radiant heating system with 

performance of a commonly used forced air furnace system, simulations were 

conducted for these two systems with the same PID control strategy. Figure 53 

illustrates the difference in zone temperatures for the two HVAC systems. 
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Figure 53:  Forced Air & Radiant Temperature Profile Comparison (DBT Sensed) 

 

It is seen that the radiant system offers a temperature profile with less oscillations, 

although the forced air system is more responsive to internal heat gains 

(particularly apparent at 12 and 5 pm). The zone temperature rise of a few degrees 

Celsius during the evening heat gains highlight a concern of in-floor heating 

critics that the systems have a propensity for overheating because of the slower 

reaction times to mechanical, passive solar and occupant driven thermal gains. 

 

The heating requirements of the two systems for the duration of a typical heating 

week (Jan 9th-15th) are shown in Table 10.21. It can be seen that the in-floor 

radiant system with dry bulb temperature (DBT) sensor consumes 9.5% more 

heating end-use energy than the base case.  

 
Table 10.21 Comparison of Heating End-use Energy Demands for Forced Air and Radiant Systems 

 
HVAC TYPE 

 
Temperature Setting 

Weekly 
heating load 

(MJ) 

Compare to 
base case 
(% diff) 

Forced – Air   
  (base case) 

Regular Temp. Setting 2950 -- 

Regular Temp. Setting 3230 + 9.5 % In-floor Radiant 

Reduced Temp. Setting 2620 - 11.2 % 
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The results of the comparison between end-use energy consumption of the base 

case and proposed energy systems for a typical heating week are shown in Table 

14 for the regular and reduced temperature settings. It can be seen that if a 

reduced temperature setting is used (simulated in this work by sensing a mix of 

DBT and the derived metric MRT), radiant systems can provide an 11% end-use 

energy savings over forced air systems.  

 

10.4.2 End-use Energy Consumption Results  
 

In the following sections, the annual end-use energy consumption of each 

component of the HVAC and DHW system is reported individually, including the 

net HVAC consumption for Ottawa is included in the analysis. As well, the 

consumption of the entire building energy system is reported, including the 

individual contributions made by electrical (occupant driven, HVAC load, and PV 

generation) and non-electrical (HVAC load) elements. The other analyzed cities’, 

i.e. Halifax, Calgary, and Vancouver, results can be found in Appendix K.  

 

10.4.2.1 Ottawa 

 

The results of the end-use energy comparison for Ottawa are given in 

Tables 10.22 and 10.23, where the operation of the two systems was 

simulated for an entire year.  
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Table 10.22 End-use Energy Consumption Comparison for HVAC and DHW Heating; Base Case 
and Proposed Hybrid System (Ottawa, ON.) 

Base Case Proposed Ottawa, (Jan 1st  – Dec 31st ) 
Regular Temperature 

Setting 
Regular Temperature 

Setting 
Reduced Temperature 

Setting 
 (GJ)  (GJ)  (GJ) 

-- -- 4250 kWh10 15.31 4770 kWh 17.17 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- -- 950 kWh 3.43 970 kWh 3.50 

      Baseboard Heaters 

 Elec. Baseboard Heaters -- -- 1640 kWh 5.90 3 kWh 0.01 

      

890 m3 34.38 -- -- -- -- 

 -- -- -- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation. Fans 200 kWh 0.73 -- -- -- -- 

      

680 m3 25.39 -- -- -- -- 

-- -- -- -- -- -- 

Domestic Hot Water 

 NG DHW Heater 

 Oil DHW Heater 

 Elec. Instantaneous  
DHW Heater 

-- -- 1620 kWh 5.83 1610 kWh 5.80 

      Heat Recovery Ventilator 

 Elec. Fans & Preheat 1030 kWh 3.70 1030 kWh 3.70 1030 kWh 3.70 

      

-- 64.20 -- 34.16 -- 30.18 

HVAC & DHW TOTAL 

 Energy Consumption 

 Energy Savings -- -- -- 46.8 % -- 53.0 % 

 

 

 

 

 

 

 

 

                                                 
10 Conversion Factors for: Electricity (1 GJ = 277.8 kWh), Natural Gas (37.23 MJ/m3), and Oil  
(41.73 MJ/L) available from Aube (2001). 
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Table 10.23 End-use Energy Consumption Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Ottawa, ON.) 

Base Case 
(GJ) 

Proposed 
(GJ) Ottawa, (Jan 1st  – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Occupant Driven – Elec. 32.18 32.18 32.18 

HVAC & DHW – Elec. 4.43 34.16 30.18 

HVAC & DHW – Non Elec. 59.77 0 0 

PV Generation – Elec. -- - 23.94 - 23.94 

Net Electrical  
36.61 42.40 38.42 

Net Non-Electrical  59.77 0 0 

96.38 42.40 38.42 Net  

 Net Energy Savings -- 56.0 % 60.1 % 

  

For a residential building in Ottawa, it can be seen that end-use energy 

savings of 47% for the regular temperature setting and 53% for the 

reduced temperature setting (to simulate equivalent operative temperature 

with the in-floor radiant heating system; see Section 9.3.3.2) are possible 

by replacing the base case system with the proposed hybrid HVAC and 

DHW energy system. It is also seen that for the reduced temperature 

setting, the demand placed on a backup (electrical baseboard) heating 

system by the proposed system has been reduced to almost nothing (3 

kWh per year). This allows for one of two options: a reduction in the 

GSHP / Baseboard heating system capacity to rebalance the contributions 

made by each system (see Section 9.2.3.2), or, the elimination of the 

backup heating system all together. 

  

The photovoltaic panels simulated for the Ottawa residence produce 

nearly 24 GJ of electricity annually, reducing the dependence on grid-

generated electricity by 42 to 45% (regular and reduced temperature 

settings respectively). Overall end-use energy savings of 56 to 60% are 

possible with the incorporation of both the HVAC and electrical 
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component modifications of the residential energy system proposed in this 

work. 

 

 10.4.2.2 End-use Energy Consumption Comparison 

 

The proposed low-temperature residential HVAC and DHW system offers 

a means of significantly reducing end-use energy consumption for all four 

Canadian climatic regions. The savings in HVAC and DHW end-use 

energy consumption are similar for all four cities as can be seen in Figure 

54.  
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Figure 54: End-use Energy Consumption Comparison for HVAC and  

DHW Heating (all regions) 
 

When the HVAC system is controlled based on the regular temperature 

setting (DBT), the annual savings in end-use energy consumption with the 

proposed hybrid system range from 46.3% for Calgary to 49.1% for 

Vancouver. When the temperature setting is modified to follow the 
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reduced temperature setting, the savings increase for all locations by up to 

6%, ranging from 52.5% for Calgary and Vancouver to 53.0 % for Ottawa.  

 

The overall system end-use energy consumption savings are also 

significant (see Figure 55). By adding on-site photovoltaic electricity 

generation to the proposed hybrid system, the end-use energy savings are 

even further increased from those reported for the HVAC and DHW 

system alone.  For DBT sensing (the regular temperature setting), the 

savings range from 55.7% for Vancouver to 58.3% for Calgary, and for 

the reduced temperature setting, the net system end-use energy savings 

increase to values of 57.7% for Vancouver and 62.4% for Calgary.   
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Figure 55: End-use Energy Consumption Comparison for Entire Building (all regions) 

 

10.4.3 GHG Emission Results and Discussion 
 

The greenhouse gas (GHG) emissions produced as a result of the residential end-

use energy consumption are calculated to determine the resulting total global 
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warming potential (CO2 equivalent). The procedure to determine the GHG 

emissions from the system end-use energy consumption was described in Section 

9.7. The emissions associated with the system end-use energy consumption of 

both the proposed and base case systems are compared below for Ottawa; again 

the results for the other cities can be found in Appendix K.  

10.4.3.1 Ottawa 

 

The resulting GHG emissions for the two residential energy systems, as 

simulated in Ottawa, are shown in Tables 10.24 and 10.25. 

 

Table 10.24: Greenhouse Gas Emission Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Ottawa, ON.) 

Base Case 

(Tonnes* CO2) 

Proposed  

(Tonnes CO2) Ottawa, (Jan 1st  – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

   

-- 1.17 1.32 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- 0.26 0.27 

   Baseboard Heaters 

 Elec. Baseboard Heaters -- 0.45 0.00 

   

1.94 -- -- 

-- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation Fans 0.06 -- -- 

   

1.43 -- -- 

-- -- -- 

Domestic Hot Water 

 NG DHW Heating Tank 

 Oil DHW Heating Tank 

 Elec. Instantaneous DHW 
Heater 

-- 0.45 0.44 

   Heat Recovery Ventilator 

 Elec. Fans & Preheat 0.28 0.28 0.28 

   

3.71 2.61 2.31 HVAC & DHW TOTAL 
 GWP 

 Emission Savings 
-- 29.6 % 37.7 % 

* 1 tonne = 1000 kg 
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Table 10.25: Greenhouse Gas Emission Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Ottawa, ON.) 

Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Ottawa, (Jan 1st - Dec 31st )

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Net Electrical Emissions 2.81 3.25 2.95 

Net Non-Elec. Emissions 3.38 0 0 

6.19 3.25 2.95 Net GHG Emissions 

 Net Emission Savings -- 47.5 % 52.3 % 

 

By transferring to the proposed HVAC and DHW system, 1.1 to 1.4 

tonnes of CO2 equivalent emissions can be avoided annually. By 

incorporating photovoltaic electricity generation as well, equivalent CO2 

emissions of 2.9 to 3.2 tonnes annually are possible (a net emission 

reduction of 48 to 52%).  

 

 

10.4.3.2 GHG Emission Comparison 

 

As reported earlier, the transition to the low-temperature hybrid residential 

energy system proposed by this work results in annual end-use energy 

savings in the neighborhood of 50%. To translate these end-use energy 

savings into a corresponding impact on the environment, a GHG 

emissions comparison was also performed. For each of the regions 

discussed the annual GHG emissions that are produced by the HVAC and 

DHW systems of both the base case and proposed energy systems are 

displayed in Figure 56.  
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Figure 56: Greenhouse Gas Emission Comparison for HVAC and DHW Heating; 

Base Case and Proposed Hybrid System (all regions) 
 
 

Unlike in the case of the end-use energy consumption comparison, 

significant differences are apparent between the GHG emissions of the 

four climatic regions. Of the four sample cities, GHG emission savings as 

a result of the transformation to the proposed HVAC system are evident 

for only two, Ottawa and Vancouver. For Ottawa, emission reductions of 

29.6% (regular temperature setting) and 37.7% (reduced temperature 

setting) were achieved, and in Vancouver even greater emission savings of 

90.2% and 90.7% were reached. Alternatively, when the proposed system 

is implemented in Calgary the HVAC-related GHG emissions actually 

increase to 90.5% (regular temp.) and 68.1% (reduced temp.) above levels 

generated by the base case. For Halifax, the HVAC-related emissions 

increase less dramatically with the implementation of the proposed HVAC 

system, to levels 0.24% (regular temperature setting) and 0.12% (reduced 

temperature setting) greater than those observed for the base case. 
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The reason for this regional discrepancy between consumption and 

emission savings, as discussed previously, is based upon the fact that the 

shift to the proposed system results in a transition from predominantly 

fossil fuel based consumption towards a system based solely on electricity. 

The benefits of this transition to an electricity-based marketplace are, 

therefore, dependant on the efficiency and cleanliness of the generation 

methods used to produce the grid electricity of the province in question.  

 

In Ontario and British Columbia the transfer to the proposed system 

resulted in emission savings. With the predominantly hydroelectric 

production in British Columbia, and the low GHG emission nuclear (48%) 

and hydro (25%) sources of Ontario (OME 2005), the conversion to the 

proposed low-exergy, HVAC and DHW system results in emission 

savings that closely reflect the end-use energy savings that were achieved. 

Alternatively, the increase in GHG emissions for the cases of Nova Scotia 

and Alberta, despite a reduction in end-use energy consumption, is due to 

reliance on “unclean” electricity generation methods that rely heavily on 

the combustion of fossil fuels (discussed in Appendix K). The end result 

of combusting these heavy emitters is that on-site generation of heat and 

power typically results in a reduction of emissions of greenhouse gasses.  

 
As seen in Figure 57, when the entire building energy system including 

photovoltaic electricity production is considered, there are emission 

savings for all four regions.  
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Figure 57: Greenhouse Gas Emission Comparison for Entire Building;  

Base Case and Proposed Hybrid System (all regions) 
 

By replacing a portion of the electricity consumed from the grid with on-site photovoltaic 

electricity generation, the net GHG emissions in Halifax and Calgary are reduced below 

that of the base case. Emission savings of 29.4% and 34.6% (for the regular and reduced 

temperature settings) are realized for Halifax and savings of 19.5 and 27.6% for Calgary. 

The turnaround from drastic increases in GHG emissions for Calgary and Halifax to an 

overall reduction is testament to the benefits of reducing reliance on grid electricity 

through the incorporation of on-site photovoltaic electricity generation. 
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Chapter 11  

Conclusions and Recommendations 

 

 

Recent advancement in low-exergy and renewable energy technologies is creating an 

opportunity for overall end-use energy savings in the residential sector. However, in 

order to take full advantage of such technologies, research on assessing the technical and 

environmental suitability of such systems is required.  

 

The objectives of this work were firstly, to develop the representative test-case Canadian 

house models for existing and new housing stock in ESP-r and to identify the appliance 

and lighting electricity load profiles for them. Secondly, to assess the electrical, space 

heating and domestic hot water energy requirements of these test-case houses with the 

existing conventional energy systems. Thirdly, to upgrade the houses and integrate the 

PV and wind-turbine energy systems to these houses and assess the potential of 

electricity generation, GHG reductions and economic savings using these technologies.  

 

The overall objective of this work is to provide a technical assessment of the potential for 

reduction of energy consumption and greenhouse gas emissions in Canada’s housing 

sector. The report entails modelling novel, environmentally low impact, integrated 

building energy systems for building applications, and assessing the potential for 

renewable energy generation systems in Canada using advanced building energy 

simulation software.  

 

To address the technical feasibility of the addition of wind turbines and PV renewable 

building energy systems to new housing stock, the following objectives were identified: 

 

1. Creation of a model within the ESP-r framework suitable for the technical assessment 

of the proposed residential energy system, by: 
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a. Integrating existing ESP-r modules, 

b. Modifying existing ESP-r modules, and 

c. Developing new ESP-r modules. 

2. Verification of the accuracy of the new and modified modules. 

3. Use of the model to perform sensitivity analysis to select and size equipment that 

comprise the proposed HVAC and DHW system (i.e. GHX configuration, control 

scenarios, PV panels), 

4. Apply the model to compare the end-use energy consumption of the proposed 

residential energy system with the end-use energy consumption of commonly used 

conventional HVAC and DHW systems in four climatic regions of Canada 

(Maritimes, Central, Prairie, and Pacific), and 

5. Use the end-use energy consumption results to determine the net greenhouse gas 

emissions associated with each building energy system scenario, and compare with 

the emissions produced by commonly used conventional HVAC and DHW systems 

in four climatic regions of Canada (Maritimes, Central, Prairie, and Pacific). 

 

A building model was created to simulate a HVAC system consisting of a ground heat 

exchanger, ground source heat pump, in-floor radiant heating, and a heat recovery 

ventilation system. A DHW system was modelled to utilize the excess thermal energy to 

preheat the domestic hot water. As well, a renewable energy generation system in the 

form of photovoltaic generation and net-metered grid storage were modelled to contribute 

to the building’s electrical load. The models were developed for use with the ESP-r 

building simulation program through both the modification of existing code, as well as 

the development of original code. A model that approximates floor embedded heating 

systems using a thin, heat-injection zone was successfully developed and validated. 

 

It was shown that a night setback control strategy can be utilized as a means of saving 

energy (5% over constant temperature control) with in-floor radiant heating. Predictive 

control scenarios to compensate for the thermal lag inherent in radiant heating systems 

were successfully simulated by shifting the heat injection schedule to better match the 

occupant comfort conditions. Also, the forced air system required less heating end-use 
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energy under the regular temperature setting but when the reduced temperature setting 

was incorporated, the opposite was found true. Despite the slight overheating due to slow 

reaction to thermal gains, the in-floor radiant model exhibited an 11.2% end-use energy 

savings over the base case scenario. 

 

As well as for its comparative value, the model is a suitable simulation tool for low 

temperature HVAC applications.  

 

A ground source heat pump system consisting of a ground heat exchanger and a water-to-

water heat pump was successfully modelled and its operation validated. A sensitivity 

analysis was performed to determine a feasible configuration for use with the residential 

model in this work. For similar heat exchanger pipe lengths and flow rates, it was 

determined that the horizontal slinky configuration performed comparably (i.e. similar 

entering water temperatures) with the vertical borehole configuration and far exceeded 

the performance of the horizontal straight pipe configuration. Ultimately, the slinky 

configuration was selected over the vertical configuration based on the similar level of 

performance despite significantly lowered installation costs. 

 

A domestic hot water system model was created to utilize the excess thermal capacity 

available from the ground source heat pump when space heating requirements were 

already met, to provide the incoming DHW water with preheating. Further analysis of the 

operation schedules of the DHW demand and the periods when excess thermal energy is 

available from the GSHP, revealed that the proposed strategy is well suited for DHW 

preheat. 

 

A model describing a DHW system that utilizes the high coefficient of performance 

afforded by a GSHP for preheating and the high efficiency of tankless water heater for 

the resulting load was developed and validated for use with residential building 

simulations. The proposed DHW preheating scenario resulted in significant end-use 

energy savings, reducing the DHW load by 42% when compared with common fuel-fired 

tank systems. 
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The DHW model was developed to complement ESP-r’s existing DHW model (Lopez 

2001) and may be used confidently for future modelling efforts that incorporate the 

preheating of domestic hot water. 

 

An electrical network model was created to simulate the occupant driven and HVAC 

electrical power loads. Using ESP-r’s special materials designation, photovoltaic 

electricity generation was also successfully incorporated into the model using the grid as 

a storage system in an ideal net metering scenario.  

 

The simulations revealed that by incorporating 41.5 m2 of PV panels to the south-facing 

roof surface of the CCHT test house, it is possible to generate substantial amounts of 

electricity in all four cities considered. The electricity generation ranges from 22.1 GJ 

(6140 kWh) in Halifax to 26.5 GJ (7360 kWh) in Calgary, resulting in a net electricity 

consumption savings of up to 42%. It was also concluded that net metering makes the 

utilization of PV generated electricity practical as the grid is used as electrical storage. 

This is apparent for the Ottawa case, as only 47% of the PV generated electricity can be 

used immediately; the other 53% must be stored for later use. 

 

The findings of the integrated building simulations conclude that the integration of the 

proposed HVAC and DHW system results in significant end-use energy savings for all 

four of the Canadian climatic regions.  The HVAC-related end-use energy savings vary 

from 47 to 53% when compared with the base case scenarios. Adding photovoltaic 

electricity generation to the proposed HVAC and DHW system resulted in an even 

greater annual end-use energy savings in the range of 56 to 62%.  

 

It was determined that the conversion to a predominantly electricity based residential 

energy system causes the resulting emissions to depend heavily on the electrical 

generation mix of the regional utilities. For the regions where electricity is generated 

predominantly by the combustion of coal and other fossil-fuels, i.e. Nova Scotia and 
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Alberta, the GHG emission increase by up to nearly twice that of the base case, even 

when end-use energy consumption is cut in half.  

 

The findings of this research highlight a barrier that exists for creating end-use energy 

and emission savings in the residential sector through individual advancements in 

building systems. The proposed hybrid HVAC system resulted in very significant savings 

in end-use energy consumption over the common residential HVAC systems, typically 

cutting the annual end-use energy consumption in half for all four Canadian regions.  The 

ability to translate these end-use energy savings into equivalent savings in CO2 emissions 

is hampered by the inability to rely on a low-emission electricity source in some regions 

in Canada. For those regions where fossil-fuel combustion is still heavily relied on for 

electricity production, the emissions associated with electrical generation must be 

reduced before low-exergy, energy-saving HVAC and DHW systems that rely on 

electricity, such as the one described in this project, can make a serious reduction in 

overall residential GHG emissions. 

 

These findings also emphasize the important role that on-site photovoltaic electrical 

energy generation can play in reducing the residential sector’s GHG emissions. By 

adding renewable electrical energy generation provided by photovoltaic modules to 

provide electricity for the proposed HVAC and DHW system, the emission increases 

observed for Calgary and Halifax are drastically reduced. By reducing the reliance on 

grid-produced electricity (by 36 to 42%) the increased emissions in Calgary of 91% 

(regular temperature setting) and 68% (reduced temperature setting) are transformed into 

emission reductions of 20% and 28% respectively. In Halifax the turnaround is similar, as 

the increased emissions of 24% (regular temperature setting) and 12% (reduced 

temperature setting) are transformed into emission reductions of 29% and 35% 

respectively. As well as the significant reduction in environmental damage through 

reduced GHG emissions, distributed generation can result in further savings by reducing 

infrastructure costs and providing greater security of supply through autonomy. 

The modelling and technical feasibility study of the proposed alternative HVAC system 

presents an effective solution to reducing the end-use energy consumption and GHG 
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emissions attributed to the Canadian residential sector. The tools developed in this work 

can be used to evaluate economic, policy and implementation options concerning 

residential end-use energy and emissions. 

 

For the existing housing stock, the following analysis was conducted to determine the 

feasibility of the using renewable energy technologies such as wind turbine and PV. 

 

1) Information from three Canadian housing stock and end-use energy databases, 

namely Survey of Household Energy Use (SHEU) (Statistics Canada, 1993), the 

EnerGuide for Houses (EGH) (NRCan, 2005a) and New Housing Survey (NHS) 

(NRCan, 1997) databases was used to identify 57 independent houses models. These 

test-case house models were developed in a high-resolution building simulation 

software ESP-r.  

2) Detailed sub-hourly appliance and lighting electricity load profiles were identified for 

all the test-case houses.  

3) Annual simulations were run to estimate the total electrical demand, space heating 

requirement and DHW requirement for all test-case models using the existing 

equipment in the houses. The GHG emissions for all houses due to electricity and 

space heating generation were estimated using both average and high intensity 

emission factors. 

4) All test-case models were upgraded to integrate the roof-mounted PV and wind-

turbine energy systems as a source of alternate electricity. All houses were simulated 

with a PV array, designed on the basis of their electrical requirements, with two wind-

turbines of 600 W and 1kW capacity each. For all houses with roofs not facing south 

side, a sensitivity analysis was performed by simulating the designed PV array on 

both east and west facing roofs of the houses.  

5) The total renewable energy was used to estimate the net import from the grid. The 

surplus energy, because of the mismatch in the occurrence of timings of the electricity 

demand of the house and the power production by the PV and wind-turbine was also 

estimated. The potential economic savings in electricity bills due to contribution of 

renewable energy to the house electric needs was calculated at flat rate and time-of 
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use price plans. The credit of selling surplus electricity to the grid was also calculated 

for all models. 

6) The GHG emissions with the upgraded scenario were estimated to study the impact of 

using these technologies on GHG reduction.  

7) The results from the selected test-case Canadian houses, which represent 62 percent 

of total Canadian residential housing stock, were extrapolated to comments on the 

GHG reduction potential at national level, using both average and high intensity 

emission factors. It was found that using PV and wind-turbine energy systems as a 

source of alternate electricity in the selected test-case houses can result in the GHG 

reductions between 4.1 to 4.4 Mt at the average emission intensities and between 11.9 

to 12.7 Mt at high emission intensities.  

 

Recommendations 

 

While this thesis has achieved its objectives, future research in the some areas is 

recommended to expand on the findings of this work. 

 

Although not investigated in this work, water tanks are a potentially effective strategy for 

thermal storage in conjunction with low temperature GSHP and hydronic systems. 

Therefore, a system should be explored that provides the DHW system with preheating 

capabilities by incorporating a large thermal storage tank from which all loads (DHW, in-

floor heating) are drawn.  

 

It was found that limitations currently exist in ESP-r to effectively model the proposed 

thermal storage scenario. These barriers include an incompatibility between the storage 

tank models available in the explicit plant domain of ESP-r and the heat pump model that 

exist in the implicit thermal domain. Also, in order for a new storage tank model to be 

developed, consideration of the transient behavior of the storage tank would have to be 

incorporated with the comparatively sluggish response of the GSHP modules. Since the 

development of storage tank models is not the focus of this study, this development was 

left for future ESP-r modelers. 
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 Since the availability of solar energy is not coincident with residential electrical 

loads, a combination of several renewable energy generation options, such as wind and 

photovoltaic, should be considered in future work. It is also recommended that future 

studies look at the benefit of recovering heat generated by the PV modules. By utilizing 

this heat for space and water heating, the dual benefit of increased PV efficiency and 

reduced space and water loads can be realized. 

 

The report also describes a net-metering scenario that provides an infinite supply of 

electrical storage. This approach is useful for a general feasibility analysis of distributed 

electricity generation, but a more detailed model of on-site electricity storage would be 

beneficial for a more accurate analysis of residential generation projects.  

 

A detailed electrical storage model is currently being developed (Onovwiona 2005) and 

once it is complete, its incorporation with the renewable electricity generation system 

proposed by this work would be useful to accurately determine the periods of battery 

charging and discharging. It would also be useful to use this model to perform a 

sensitivity analysis to determine the capacity of the electrical storage required with this 

work’s sustainable electricity generation system. This would involve balancing the 

battery capacity with the cost factors associated with over sizing the storage system and 

the overspill or loss factors associated with under sizing.     

 

The current work has used the end-use energy consumption as a metric to distinguish the 

validity of the proposed residential energy system. As pointed out earlier (Section 1.2) 

the end-use energy consumption does not consider the losses associated with electricity 

generation and transmission. Therefore, to thoroughly compare electricity and gas 

(considering efficiencies from generation to consumption) it would be beneficial to 

consider the proposed residential system based on a primary energy consumption analysis 

as well. This would help translate this research from the individual residential scale to the 

bigger provincial or national energy system scale, of particular importance for energy 

policy decision-making. 
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It would also be interesting to compare the proposed residential energy system to the 

reference cases by considering a full lifecycle analysis. This would include the embodied 

energy of each piece of equipment (e.g. furnace, heat pump, PV module) by considering 

the environmental and economic impact of manufacturing, usage, and disposal. 

 

Analysis has also been done on the GHG emissions associated with the electricity 

consumption of the proposed residential energy system based on an emission factor 

unique to each province. The emission factor is an average of the CO2 emissions based on 

the province’s generation mix. As the base load and on-margin electrical generation 

sources vary considerably (typically on-margin generation is heavily reliant on fossil-fuel 

combustion) it would be beneficial to expand on the average displacement method used 

in this work by also incorporating GHG analyses that consider displaced emissions based 

on on-margin and time-of-use considerations. 

 

The use of exergy as a benchmark can result in a quantitative measure of efficiency in 

ways that energy cannot. As it is anticipated that the proposed system will conserve more 

exergy than the reference cases, it would be beneficial to conduct a full exergy analysis to 

compare the quality of the energy consumed by both cases.  

 

The use of implicit models in ESP-r for modelling HVAC systems is difficult or 

impossible due to incompatibility with the plant (explicit) components. A prime example 

of this was the inability to use the existing GSHP modelling capabilities (implicit model) 

with the latest radiant heating models (explicit model). It is recommended that the ease-

of-use afforded by the implicit domain modules be maintained as the shift in ESP-r 

research modelling moves toward the predominant use of explicit models. This can be 

accomplished by ensuring the cohesion of future modules with existing ESP-r modules 

and thoroughly documenting the compatibilities (or incompatibilities) that exist between 

ESP-r modules.   
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Appendix A 

Lists of Data Available in SHEU, EGH and NHS 
Database 
 

Table A.1 Lists of data available in SHEU 

Inquiry 
Field 

Description 

1 Sequence number 
2 Survey date 
3 Province 
4 Size of area of residence 
5 Weight 
6 Type of dwelling 
7 Owner/renter 
8 Number of household members 
9 Number of employed household members 

10 
Number of household members less than 15 
years of age 

11 
Number of household members age 15 or 
more 

12 Number of children less than 2 years of age 
13 Number of children from 2 to 5 years of age 

14 
Number of children from 6 to 14 years of 
age 

15 
Number of household members from 15 to 
19 year of age 

16 Household composition 
17 Age of first member 
18 Sex of first member 
19 Marital status of first member 
20 Relationship to head of first member 
21 Labor force status of first member 
22 Education of first member 
23 Age of second member 
24 Sex of second member 
25 Marital status of second member 
26 Relationship to head of second member 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

27 Labor force status of second member 
28 Education of second member 
29 Age of third member 
30 Sex of third member 
31 Marital status of third member 
32 Relationship to head of third member 
33 Labor force status of third member 
34 Recoded education of third member 
35 Collection type 

36 
Did you receive the guide we mailed 
you? 

37 Best person to answer questions? 
38 Have you completed the guide? 
39 How many refrigerators do you use? 
40 Main refrigerator: make and model flag 

41 
Second refrigerator: make and model 
flag 

42 Age main refrigerator 
43 Age second refrigerator 
44 Doors main refrigerator 
45 Doors second refrigerator 
46 Size of main refrigerator 
47 Size of secondary refrigerator 

48 
Main refrigerator frost-free or manually 
defrosted 

49 
Second refrigerator frost-free or 
manually defrosted 

50 Automatic ice-maker in the door (main) 

51 
Automatic ice-maker in the door 
(second) 

52 Cooking appliances 
53 If separate cook top, what fuel 
54 Other cooking appliances 
55 Stove: make and model flag 
56 How old is your stove/oven? 
57 What fuel(s) does your stove/oven use 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

58 
Does your oven have the self-cleaning 
feature? 

59 
How often is the self-cleaning feature 
used? 

60 Is it a convention oven? 

61 
Do you use an exhaust fan in your 
kitchen? 

62 Does it have an outdoor vent? 
63 Do you use a microwave oven? 

64 
How often is your microwave used for 
reheating? 

65 
How often is your microwave of used for 
defrosting? 

66 
How often is your microwave used for 
cooking? 

67 Do you use a dishwasher? 
68 Dishwasher: make and model flag 
69 How old is your dishwasher? 
70 Is it built-in dishwasher? 

71 
Is it a compact or standard size 
dishwasher? 

72 
does your dishwasher have the air dry 
option 

73 Is it heat dry only? 
74 Do you usually dry the dishes with? 

75 
How many loads of dishes do you do in 
an average week? 

76 How many freezers do you use? 
77 Main freezer: make and model flag 
78 Second freezer: make and model flag 
79 Age of main freezer 
80 Age of second freezer 
81 Is your main freezer a chest or upright? 
82 Is your second freezer a chest or upright? 
83 What is the size of your main freezer? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

84 What is the size of your second freezer? 
85 Do you use a washing machine? 
86 Type of washing machine 
87 Washing machine: make and model flag 
88 How old is your washing machine? 

89 
What size (tub capacity) is the washing 
machine? 

90 
Do you have a hot water temp option for 
washing? 

91 
Do you have a warm water temp option 
for washing? 

92 
Do you have a cold water temp option for 
washing? 

93 
Do you have a hot water temp option for 
rinsing? 

94 
Do you have a warm water temp option 
for rinsing? 

95 
Do you have a cold water temp option for 
rinsing? 

96 
What water temperature do you use most 
often for washing? 

97 And for rinsing? 

98 
Can you choose the water level in your 
washing machine depending on your 
needs? 

99 Do you use this feature? 

100 
On an average week in winter, how many 
loads of laundry do you wash? 

101 Loads of laundry washes in summer? 
102 Washer/dryer combination 

103 
Do you use a clothes dryer in your house 
or apartment? 

104 Clothes dryer: make and model flag 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

105 
What size (drum size) is your clothes 
dryer? 

106 How old is your clothes dryer? 
107 Does your clothes dryer use? 

108 
Does your clothes dryer have manual 
timer? 

109 
Does your clothes dryer have an 
automatic shut off when the clothes are 
dry? 

110 
Does your clothes dryer have cool-done 
or perm press setting? 

111 Do you regularly use the manual timer? 

112 
Do you regularly use the automatic shut 
off? 

113 
Do you regularly use the cool-down or 
perm press setting? 

114 
On an average week in winter, how many 
loads of laundry do you dry in the clothes 
dryer? 

115 
On an average week in summer, how 
many loads of laundry do you dry in the 
clothes dryer? 

116 How many color TV sets? 
117 How many black and white TV sets? 
118 How many VCRS? 
119 How many CD players? 
120 How many other separate stereo systems? 
121 How many computers? 
122 How many electric blankets? 
123 How many waterbed heaters? 
124 How many portable humidifiers? 
125 How many portable dehumidifiers? 
126 How many car block heaters? 
127 How many interior car warmers? 
128 How many water coolers? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

129 
How many fish tanks with pump, heater 
and light? 

130 How many bathroom exhaust fans? 
131 Apartment or house 
132 Do you have a heat pump? 

133 
Is your heat pump air source or ground 
source? 

134 How old is it? 

135 
How much power does your heat pump 
have (BTU)? 

136 
Do you use a back-up furnace with your 
heat pump? 

137 What fuel does this furnace use? 

138 
What is the heating equipment that heats 
most of the house? 

139 
How many furnaces, boilers or 
woodstoves? 

140 Fuel used for primary heating 

141 
Second fuel used by the primary heating 
system 

142 
What is the efficiency rating of the 
heating equipment (gas or oil only)? 

143 Furnace (oven): make and model flag 
144 How old is the heating equipment? 
145 Do you use a central electronic air filter? 
146 Do you use central electronic humidifier? 

147 
Do you use a central electronic 
dehumidifier? 

148 
Do you use a programmable thermostat 
with a timer? 

149 
Do you have a wood burning fireplace in 
your home? 

150 How many wood burning fireplaces? 
151 Does it have glass doors? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

152 Does it have a fireplace insert? 
153 How old is it? 

154 
About how often do you use the fireplace 
during the heating season? 

155 
Do you have a gas burning fireplace in 
your home? 

156 How many gas burning fireplaces?  

157 
Supplementary heating equipment - wood 
stove? 

158 How old is it? 
159 What area is it heating? 

160 
On average, how often do you use it 
during the heating season? 

161 
Supplementary heating equipment - 
electric baseboards? 

162 First area for supplementary baseboards 

163 
Second area for supplementary 
baseboards 

164 Third area for supplementary baseboards 

165 
Supplementary heating equipment - 
portable heaters 

166 
Where was the supplementary portable 
heater used? 

167 Fuel for supplementary portable heater 
168 Any other supplementary heating 
169 First area for other supplementary heating 

170 
Second area for other supplementary 
heating 

171 
Third area for other supplementary 
heating 

172 Fuel for other supplementary heating 
173 Use of supplementary heating 

174 
During the last heating season, would you 
say you used your supplementary heating 
system? 

 
 



 

 

228

 

Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

175 Use of wood for heating 

176 
How many cords of wood do you use in 
an average year? 

177 What type of wood is it? 

178 
At what temp do you usually maintain 
most of your home during the heating 
season (6AM-6PM)? 

179 
At what temp do you usually maintain 
most of your home during the heating 
season (6PM-10PM)? 

180 
At what temp do you usually maintain 
most of your home during the heating 
season (10PM-6AM)? 

181 
How many storeys, excluding the 
basement does your house have? 

182 
What are most of the exterior walls of 
your house made of? 

183 
What other material, if any, is used on the 
exterior walls? 

184 
To your knowledge, have any 
improvements been made to the insulation 
of the walls, excluding siding? 

185 
Was the insulation added to the outside or 
put inside the wall? 

186 When was the insulation added? 

187 

To your knowledge, have any 
improvements been made to the insulation 
of the roof or the attic, excluding 
replacement of the roof? 

188 When were the improvements made? 

189 
Approximately, what is the total heated 
living are of your house (sq. feet), 
excluding basement and garage? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

190 
Total number of heated rooms excluding 
basement, attic and bathrooms? 

191 Does this house have a basement? 

192 
What is the square footage of your 
basement or crawl space? 

193 
Are the basement walls (foundation) 
insulated on the inside? 

194 How are the basement walls insulated? 

195 
To your knowledge, have any 
improvements been made to the insulation 
of the basement walls? 

196 When were these improvements made? 

197 
Not including the carpeting or flooring, is 
the basement floor insulated? 

198 Is it fully or partially insulated? 

199 
To your knowledge, have any 
improvements been made to the insulation 
of the basement floors? 

200 When were improvements made? 
201 Is the basement usually heated? 

202 
How much of the basement is area is 
heated? 

203 
Do you have a heated garage solely for 
the use of your household? 

204 Is your garage attached to your house? 
205 Is your garage under a heated room? 
206 Does it have an insulated door? 
207 Do you have an attic? 

208 
Do you have a heated solarium or 
sunroom? 

209 
Do you have any wood doors that lead to 
the outside or unheated areas? 

210 How many wood doors with storm doors? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

211 
How many wood doors without storm 
doors? 

212 
Do you have any metal doors that lead to 
outside or unheated areas? 

213 How many metal doors with storm doors? 

214 
How many metal doors without storm 
doors? 

215 
Do you have any patio doors that lead to 
outside or unheated areas? 

216 How many patio doors? 

217 
Do you have any other exterior doors that 
lead to outside or unheated areas? 

218 How many other exterior doors? 

219 
Do you feel there are any air leaks or 
drafts around your doors? 

220 Do they all leak? 
221 Were any of your exterior doors replaced? 
222 When were the exterior doors replaced? 

223 
Have improvements been made to the 
weather-stripping/caulking of the doors? 

224 When were the improvements made? 
225 Was it done by a professional? 
226 Do you have any skylights? 
227 How many skylights are triple pane? 
228 How many skylights are double pane? 
229 How many skylights are single pane? 

230 
In the heated part of your house, do you 
have any triple pane windows? 

231 
How many are triple pane picture 
(oversized) windows? 

232 
How many are triple pane other size 
windows? 

233 
In the heated part of your house, do you 
have any double pane windows? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

234 
How many are double pane picture 
(oversized) windows? 

235 
How many are double pane other size 
windows? 

236 
In the heated part of your house, do you 
have any single pane windows with storm 
windows? 

237 
How many single pane picture (oversized) 
windows with storm windows? 

238 
How many are single pane other size 
windows with storm windows? 

239 
In the heated part of your house, do you 
have and single pane windows without 
storm windows? 

240 
How many are single pane picture 
(oversized) windows without storm 
windows? 

241 
How many are single pane other size 
windows without storm windows? 

242 
Excluding storm windows what are most 
of your window frames made of? 

243 
Do you feel there are any air leaks or 
drafts around your windows? 

244 Do all of the windows leak? 

245 
Have any of your windows been 
replaced? 

246 When were any of the windows replaced? 

247 
Have any improvements been made to the 
caulking or weather-stripping of the 
windows? 

248 When were the improvements made? 
249 Was it done by a professional? 

250 
Do you have a central ventilation system 
(air exchanger)? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

251 
Does it have heat recovery (heat 
exchanger)? 

252 When is it used? 
253 Do you use a central vacuum cleaner? 
254 Do you use a sump pump? 
255 Do you use a water softener? 

256 
Do you have a swimming pool solely for 
the use of your household? 

257 Do you use a pool heater? 
258 What kind of pool heater do you use? 
259 Do you use a timer with your pool heater? 
260 Do you use a solar blanket? 

261 
Do you have a hot 
tub/Jacuzzi/whirlpools? 

262 
How many hot tub/Jacuzzi/whirlpools 
indoor? 

263 
How many hot tub/Jacuzzi/whirlpool 
outdoor? 

264 Do you have a sauna? 
BEGINNING OF APARTMENT SECTION 

265 
Approximately, what is the total heated 
living area of your apartment (sq. feet)? 

266 
Total number of heated rooms excluding 
bathroom? 

267 
What is the heating equipment that heats 
most of your apartment? 

268 Fuel used by primary heating system? 

269 
Secondary fuel used by the primary 
heating system? 

270 
Do you have control over the temperature 
in your apartment? 

271 
At what temp do you usually maintain 
most of your home during the heating 
season (6AM-6PM)? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

272 
At what temp do you usually maintain 
most of your home during the heating 
season (6PM-10PM)? 

273 
At what temp do you usually maintain 
most of your home during the heating 
season (10PM-6AM)? 

274 
Do you have a wood burning fireplace in 
your apartment? 

275 
How many wood burning fireplaces in 
your apartment? 

276 Does it have glass doors? 
277 Does it have a fireplace insert? 
278 How old is it? 

279 
About how often do you use the fireplace 
during the heating season? 

280 
Do you have a gas burning fireplace in 
your apartment? 

281 
How many gas burning fireplaces in your 
apartment? 

282 
Do you use a supplementary heating 
wood stove? 

283 
How old is the supplementary heating 
wood stove? 

284 
On average, how often do you use your 
supplementary Wood stove during the 
heating season? 

285 
Do you use supplementary electric 
baseboards? 

286 
Do you use supplementary portable 
heaters? 

287 
What fuel does the supplementary 
portable heater use? 

288 Do you use other supplementary heating? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

289 
What fuel does the other supplementary 
heater use? 

290 Use of supplementary heating? 

291 
During the last heating season, would you 
say you used your supplementary heating 
system? 

292 Use of wood for heating? 

293 
How many cords of wood do you use in 
an average year? 

294 What type of cord is it? 
END OF APARTMENT SECTION 

295 Do you have central air conditioning? 
296 Do you have central air conditioning? 
297 Heat pump? 
298 What is its cooling capacity (BTU/hr)? 
299 How old is it? 
300 How often did you use it last summer? 

301 
Do you use window or room air 
conditioners? 

302 
 How many window or room air 
conditioners? 

303 
What is the cooling capacity of your first 
window or room unit? 

304 
What is the cooling capacity of your 
second window or room unit? 

305 
What is the cooling capacity of your third 
window or room unit? 

306 
For air-conditioning unit: make and 
model flag? 

307 
Second air-conditioning unit: make and 
model flag? 

308 
Third air-conditioning unit make and 
model flag? 

309 
How old is your first window or room 
unit? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

310 
How old is your second window or room 
unit? 

311 
How old is your third window or room 
unit? 

312 
How often did you use your window or 
room air conditioner last summer? 

313 Do you use ceiling fans? 
314 How many ceiling fans? 
315 Do you use portable electric fans? 
316 How many portable electric fans? 

317 
What fuel is used to heat the running 
water? 

318 
Does the water heating system serve your 
dwelling only or is it shared with other 
dwellings? 

319 
Do you use a how water tank (separate 
from furnace)? 

320 How many hot water heaters? 
321 How water heater: make and model flag? 
322 How old is your hot water heater? 
323 What size is the hot water tank? 

324 
Does your hot water system have an add-
on insulation blanket around the outside 
of the hot water tank? 

325 
Does your hot water system have 
insulation around the pipes? 

326 
Do you use a low flow shower head in 
your house/apartment? 

327 How many low flow shower heads? 

328 
Do you use an attachment on hot water 
faucet to reduce water flow (aerator)? 

329 How many aerators? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

330 
Do you use any halogen light bulbs 
indoors or outdoors? 

331 How many halogen light bulbs indoors? 
332 How many halogen light bulbs outdoors? 

333 
Do you use any fluorescent lighting 
indoors or outdoors? 

334 
How many fluorescent light bulbs 
indoors? 

335 
How many fluorescent light bulbs 
outdoors? 

336 
How many ordinary (incandescent) light 
bulbs in your kitchen? 

337 
How many ordinary (incandescent) light 
bulbs in your living/dining area? 

338 
How many ordinary (incandescent) light 
bulbs in your bedrooms/closets? 

339 
How many ordinary (incandescent) light 
bulbs in your family room 

340 
How many ordinary (incandescent) light 
bulbs in your bathrooms? 

341 
How many ordinary (incandescent) light 
bulbs in your hallways? 

342 
How many ordinary (incandescent) light 
bulbs in your basement? 

343 
How many ordinary (incandescent) light 
bulbs in your attic? 

344 
How many ordinary (incandescent) light 
bulbs in your in other areas inside the 
house? 

345 
Total number of incandescent light bulbs 
indoors 

346 
How many incandescent light bulbs do 
you have in your garage? 

347 
How many incandescent light bulbs do 
you have outdoors (include spot lights)? 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

348 In what year was your dwelling built? 

349 
In what year did you or your household 
move in? 

350 If 1992, what month did you move in? 

351 

To better understand the energy use in 
your home, please tell how many people 
living here are actually home during the 
day, on an average weekday, and please 
include children? 

352 
Do you own and use a vacation home 
(cottage, chalet, trailer home) in Canada? 

353 
How often do you usually heat it during 
the heating season? 

354 Do you use a refrigerator? 

355 

What is your best estimate of the total 
income of all household members from all 
sources in 1992 before taxes and 
deductions? 

356 
Can you please tell me if you pay the bills 
for electricity? 

357 
Can you please tell me if you pay the bills 
for the heating oil? 

358 
Can you please tell me if you pay the bills 
for the natural gas? 

359 
Is natural gas available in your 
neighborhood? 

360 Utility payment status 

361 

May we have permission to ask your 
energy suppliers about how much energy 
was used by this household in the past 
year? 

362 Hydro supplier 
363 Natural gas supplier 
364 Heating oil supplier 
365 Renter only, on which floor do you live 
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Table A.1 Continued Lists of data available in SHEU 
 

Inquiry 
Field 

Description 

366 
Renter only, how many bedrooms in your 
dwelling 

367 Renter only, is heat included in the rent 

368 
Renter only, is hot water included in the 
rent 

369 
Renter only, is hot water included in the 
rent 

370 
Renter only, is cold water included in the 
rent 

371 Renter only, is a fridge included 
372 Renter only, is a stove included 

373 
Renter only, is a washing machine 
included 

374 Renter only, is a clothes dryer included 

375 
Renter only, are other major appliances 
included in the rent 

376 Renter only, total monthly rent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

239

 

Table A.2 Lists of data available in EGH 

 

Inquiry 
Field 

Description 

1 Year of Construction 
2 City 
3 Region of Country for house 
4 Weather data location 
5 Floor area of house [m2] 
6 Footprint of house 
7 Type of furnace 
8 Primary heating equipment efficiency 
9 Primary heating equipment fuel type 
10 Heat pump source of supply 
11 Heat pump coefficient of performance 
12 Domestic hot water equipment type 

13 
Domestic hot water equipment 
efficiency 

14 
Domestic hot water equipment fuel 
type 

15 
Domestic hot water heat pump system 
type 

16 
Domestic hot water heat pump 
coefficient of performance 

17 
Canadian solar industry association 
rating for solar DHW systems (MJ/yr) 

18 Type of house 
19 Ceiling insulation RSI value 
20 Foundation insulation RSI value 
21 Main walls insulation RSI value 
22 Number of floors 
23 Total number of occupants 
24 House shape 

25 
Temperature of the basement in 
degrees Celsius 

26 
Temperature of main floor in degrees 
Celsius 

27 House volume in m3 
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Table A.2 Continued Lists of data available in EGH 

 

Inquiry 
Field 

Description 

28 Air leakage at 50 Pa 
29 Equivalent leakage area at 10 Pa 
30 Ventilation type installed 
31 Consumption of electricity in kWh 
32 Consumption of gas in m3 
33 Consumption of oil in L 
34 Consumption of propane in L 
35 Total energy consumption in MJ 

36 

Estimated annual space heating energy 
consumption and ventilator electrical 
consumption (heating hour) heating 
energy in MJ 

37 
Cost for consumption of electricity in 
CAD 

38 Cost for consumption of gas in CAD 
39 Cost for consumption of oil in CAD 

40 
Cost for consumption of propane in 
CAD 

41 
Total cost of energy consumption in 
CAD 

42 Critical natural air change per hour 
43 Critical total air change per hour 
44 Heat loss to air leakage in MJ 
45 Heat loss through foundation in MJ 
46 Heat loss through ceilings in MJ 
47 Heat loss through walls in MJ 

48 
Heat loss through windows and doors 
in MJ 

49 Actual rating 

50 
Proposed primary heating equipment 
type 

51 
Proposed primary heating equipment 
efficiency 

52 
Proposed primary heating equipment 
fuel type 

53 Proposed heat pump type 



 

 

241

 

 
Table A.2 Continued Lists of data available in EGH 

 

Inquiry 
Field 

Description 

54 
Proposed heat pump coefficient of 
performance 

55 
Proposed domestic hot water 
equipment type 

56 
Proposed domestic hot water 
equipment efficiency 

57 Proposed domestic hot water fuel type 

58 
Proposed domestic hot water heat 
pump system type 

59 
Proposed domestic hot water heat 
pump system coefficient of 
performance 

60 
Proposed Canadian solar industry 
association rating for solar domestic 
hot water systems 

61 Proposed ceiling RSI value 

62 
Proposed insulation foundation RSI 
value 

63 Proposed insulation walls RSI value 

64 
Proposed consumption of electricity in 
kWh 

65 Proposed consumption of gas in m3 
66 Proposed consumption of oil in L 
67 Proposed consumption of propane in L 

68 
Proposed total energy consumption in 
MJ 

69 
Proposed cost for consumption of 
electricity in CAD 

70 
Proposed cost for consumption of gas 
in CAD 

71 
Proposed cost for consumption of oil in 
CAD 

72 
Proposed cost for consumption of 
propane in CAD 

73 Proposed total energy cost in CAD 
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Table A.2 Continued Lists of data available in EGH 
 

Inquiry 
Field 

Description 

74 Proposed air at 50 Pa 
75 Proposed heat loss to air leakage in MJ 
76 Proposed heat loss to foundation in MJ 
77 Proposed heat loss to ceiling in MJ 
78 Proposed heat loss to walls in MJ 

79 
Proposed heat loss to windows and 
doors in MJ 

80 Proposed rating 
81 Year of Construction 
82 City 
83 Region of Country for house 
84 Weather data location 
85 Floor area of house [m2] 
86 Footprint of house 
87 Type of furnace 
88 Primary heating equipment efficiency 
89 Primary heating equipment fuel type 
90 Heat pump source of supply 
91 Heat pump coefficient of performance 
92 Domestic hot water equipment type 

93 
Domestic hot water equipment 
efficiency 

94 
Domestic hot water equipment fuel 
type 

95 
Domestic hot water heat pump system 
type 

96 
Domestic hot water heat pump 
coefficient of performance 

97 
Canadian solar industry association 
rating for solar DHW systems (MJ/yr) 

98 Type of house 
99 Ceiling insulation RSI value 
100 Foundation insulation RSI value 
101 Main walls insulation RSI value 
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Table A.2 Continued Lists of data available in EGH 
 

Inquiry 
Field 

Description 

102 Number of floors 
103 Total number of occupants 
104 House shape 

105 
Temperature of the basement in 
degrees Celsius 

106 
Temperature of main floor in degrees 
Celsius 

107 House volume in m3 
108 Air leakage at 50 Pa 
109 Equivalent leakage area at 10 Pa 
110 Ventilation type installed 
111 Consumption of electricity in kWh 
112 Consumption of gas in m3 
113 Consumption of oil in L 
114 Consumption of propane in L 
115 Total energy consumption in MJ 

116 
Estimated annual space heating energy 
consumption and ventilator electrical 
consumption heating energy in MJ 

117 
Cost for consumption of electricity in 
CAD 

118 Cost for consumption of gas in CAD 
119 Cost for consumption of oil in CAD 

120 
Cost for consumption of propane in 
CAD 

121 
Total cost of energy consumption in 
CAD 

122 Critical natural air change per hour 
123 Critical total air change per hour 
124 Heat loss to air leakage in MJ 
125 Heat loss through foundation in MJ 
126 Heat loss through ceilings in MJ 
127 Heat loss through walls in MJ 

128 
Heat loss through windows and doors 
in MJ 

129 Actual EGH rating 
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Table A.2 Continued Lists of data available in EGH 
 

Inquiry 
Field 

Description 

130 Decade house was built in 
131 Province 
132 Postal code of client 
133 Previous file ID 
134 Date file was created 
135 Date file was modified 

136 
Annual energy consumption for the 
furnace in MJ 

137 
Proposed annual energy consumption 
for the furnace in MJ 

138 Design heat loss in MJ 
139 Proposed design heat loss in MJ 
140 Furnace seasonal efficiency 
141 Proposed furnace seasonal efficiency 
142 Proposed ventilation system 

143 
Proposed critical natural air change per 
hour 

144 Heat loss to exposed floor in MJ 
145 Exposed floor insulation RSI value 

146 
Proposed exposed floor insulation RSI 
value 

147 
Annual energy consumption for furnace 
in MJ 

148 Design heat loss in MJ 
149 Furnace seasonal efficiency 
150 Heat loss to exposed floor in MJ 
151 Exposed floor insulation RSI values 

152 
Proposed heat loss to exposed floor in 
MJ 

153 
Proposed total critical air change per 
hour 

154 Proposed furnace seasonal efficiency 
155 Furnace seasonal efficiency 
156 Furnace seasonal efficiency 
157 Consumption of wood in tonnes 
158 Cost for consumption of wood in CAD 
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Table A.2 Continued Lists of data available in EGH 
 

Inquiry 
Field 

Description 

159 
Proposed consumption of wood in 
tonnes 

160 
Proposed cost for consumption of wood 
in CAD 

161 Consumption of wood in tonnes 
162 Cost for consumption of wood in CAD 

163 
Proposed consumption of wood in 
tonnes 

164 
Proposed cost for consumption of wood 
in CAD 

165 Homeowner mailing city for incentive 

166 
Homeowner mailing province for 
incentive 

167 Type of housing 
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Table A.3 Lists of data available in NHS 

 

Inquiry 
Field 

Description 

1 
What is the heating equipment that heats 
most of the house? 

2 
What is the efficiency rating of the 
heating equipment? 

3 Do you have a heat pump? 

4 
Is your heat pump air source or ground 
source? 

5 
Does your house use a back-up furnace 
with your heat pump? 

6 What fuel does the back-up furnace use? 

7 
Some heating systems have additional 
features, does yours have? 

7a Central electronic air filter 
7b Central humidifier 
7c Central dehumidifier 

8 
Do you have a wood burning fireplace in 
your home? 

9 Does it have glass doors? 
10 Does it have a fireplace insert? 

11 
About how often do you use the wood 
burning fireplace during the heating 
season? 

12 
Do you have a fireplace(s) in your home 
other than a wood burning fireplace? 

12a What area(s) is it heating? 
12b What fuel is used? 
13 Do you use a wood stove? 
13a What area is it heating? 

14 
How many cords of wood do you use in 
an average year? 

15 What type of cord is it? 

16 
Aside from your main heating system, do 
you use any of the following? 

16a Electric baseboard heaters 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

16b Portable heaters 
16c Wood stove 
16d Fireplace (not wood burning) 
16e Other supplementary heaters 

17 
During the last heating season, would you 
say you used your supplementary heaters? 

18 
Do you use a programmable thermostat 
with at timer to change the temperature in 
your house? 

19 
During the heating season, at what 
temperature do you maintain most of your 
home? 

19a Daytime (6am-6pm) 
19b Evening (6pm-10pm) 
19c Over night (10pm-6am) 

20 
How many storeys, excluding the 
basement, does your house have? 

21 
What are most of the exterior walls of 
your house made of? 

22 
What Percentage of your exterior walls 
are covered with the surface mentioned in 
question 21? 

23 
What other material, if any, is used on the 
exterior walls? 

24 
Looking at the main structure of your 
home, is it mainly? 

25 
What is the r value of the insulation in 
your outside walls? 

25a 
What is the overall thickness of a typical 
outside wall in your house? 

25b 
If your house is primarily a wood or steel 
frame house, what is the size of framing 
in the outside walls? 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

26 
What type of insulation do you have in 
your outside walls? 

27 
Approximately, what is the total heated 
living area of your house excluding 
basement and garage? 

28 
What is the combined square footage of 
your basement and/or crawl space? 

29 
Looking at the layout of your house, 
about what Percentage of the ground floor 
living area is over? 

29a 
If any of your living area is slab on grade, 
does it have? 

30 
How are the basement and exterior 
basement walls insulated? 

31 
What Percentage of the basement wall 
area is insulated? 

32 
What type of insulation, if any, is in the 
basement walls? 

33 
And, on average, how thick is the 
insulation in your basement walls? 

34 
About what Percentage of the basement 
wall area is above grade? 

35 Is the basement usually heated? 

36 
About what Percentage of the basement 
area is heated? 

37 
About what Percentage of your basement 
is finished? 

38 
Do you have a separate thermostat in your 
basement? 

39 

During the heating season, what would 
you say is the average temperature of the 
heated portion of your basement and the 
unheated portion? 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

40 Do you have the crawl space? 

41 
About what Percentage of the crawl space 
area is heated? 

42 
Do you have a separate thermostat in your 
crawl space? 

43 How is the crawl space insulated? 

44 
What Percentage of the wall area of the 
crawl space is insulated? 

45 
What type of insulation, if any, is in the 
crawl space walls? 

46 
On average, how thick is the insulation, if 
any, in the crawl space? 

47 
What type of insulation, if any, is in the 
crawl space ceiling? 

48 
On average, how thick is the insulation, if 
any, in the crawl space ceiling? 

49 
About what Percentage of the crawl space 
area is above grade? 

50 Does your house have a garage? 
51 Is the garage heated? 
52 Is the garage attached to your home? 

53 
Is the garage under a heated room or part 
of your basement? 

54 

In some garages the vehicle entry door is 
insulated with fiberglass or foam board 
attached to the inside of the door. Does 
your garage have an insulated vehicle 
entry door? 

55 Does your house have an attic? 

56 
What type of insulation do you have over 
the ceilings in your home? 

57 
And on average, how thick is the 
insulation above your ceilings? 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

58 
What direction the front of your house 
faces? 

59 
How many windows on the front of your 
house? 

60 
How many patio doors, skylights, or bay 
windows on the front of your house? 

61 

Not including any patio doors, skylights, 
or bay windows, how many windows of 
each of the following size categories are 
on the front of your house? 

61a In the basement 
61b In the main floors 

62 
how many windows on the back of your 
house 

63 
How many patio doors, skylights, or bay 
windows on the back of your house? 

64 

Not including any patio doors, skylights, 
or bay windows, how many windows of 
each of the following size categories are 
on the back of your house? 

64a In the basement 
64b In the main floors 

65 
How many windows on the left of your 
house? 

66 
How many patio doors, skylights, or bay 
windows on the left of your house? 

67 

Not including any patio doors, skylights, 
or bay windows, how many windows of 
each of the following size categories are 
on the left of your house? 

67a In the basement 
67b In the main floors 

68 
How many windows on the right of your 
house? 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

69 
How many patio doors, skylights, or bay 
windows on the right of your house? 

70 

Not including any patio doors, skylights, 
or bay windows, how many windows of 
each of the following size categories are 
on the right of your house? 

70a In the basement? 
70b In the main floors? 

71 
In the main floors, how many windows of 
each of the following types do you have? 

72 
In the basement area, how many windows 
of each of the following types do you 
have? 

73 
Do you feel there are any air leaks or 
drafts around your windows? 

74 
Do you have a heated solarium or 
sunroom? 

75 
Do you have a central ventilation system, 
also known as an air heat exchanger? 

76 
Do you have central air conditioning in 
your house? 

77 
How often did you use your central air 
conditioner last summer? 

78 
Do you use window or room air 
conditioners? 

79 
Last summer, how often did you use your 
first window or room air conditioner? 

80 
What fuel is used to heat the running 
water in your home? 

81 
Is your space heating shared with other 
dwellings? 

81a 
Is your water heating system shared with 
other dwellings? 

82 
Do you use hot water tank separate from 
the furnace? 
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Table A.3 Continued Lists of data available in NHS 

 

Inquiry 
Field 

Description 

83 What size is the hot water tank? 
84 Does your hot water system have? 

85 
Are any of the following energy savings 
devices used in your home? 

86 
If your house lot has a pool, do you use a 
pool heater? 

87 Do you have a hot tub/Jacuzzi/whirlpool? 
88 Do you have a sauna? 

89 
Is your home classified as an R2000 
home? 

90 Billing information? 
91 Builder information? 

92 
Which category best describes your total 
household income? 

93 
What is the highest level of formal 
education attained by any of the adults in 
your household? 

94 
How many people live in your house who 
are? 

95 
In what month and year did you move 
into your house? 

96 
Is this your only home or do you also 
have another residence? 

97 
How many weeks during each season is 
the house usually vacant? 

98 
And during the weekdays, throughout the 
year, is someone usually home during the 
daytime? 
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Appendix B 

 

SHEU Test-case Houses Categories 
 

 

The highlighted house categories are the ones that are statistically most representative 

compared to the others in a given province.  
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Appendix C 

 

The Data Averaging Techniques Used for SHEU 
 

An example case has been presented here to demonstrate the technique employed to 

average the SHEU data. Table C.1 indicates a data set to explain the averaging technique 

used for SHEU.  

Table C.1 Sample Data Set for Averaging Example 

 

House 
Number 

Weighing Factor 
DHW 

Equipment 
Efficiency

DHW tank 
size in Liters 

1 70 0.5 180 
2 200 0.55 140 
3 700 0.511 data missing 
4 850 0.52 180 
5 962 0.52 140 
6 1000 0.53 230 

 

In the above sample data set, the sum of the weights is: 

3782 iW  

The data for DHW equipment efficiency is complete and hence the weighted average 

would be taken as follows: 

 

3782

)53.01000()52.0962()52.0850()511.0700()55.0200()5.070( 




  

522.0


  

 

In order to estimate the average when the data set is incomplete, the weight of the 

missing data value has been removed from the averaging equation demonstrated as 

follows: 

 



 

 

257

 

)7003782(

)2301000()140962()180850()0700()140200()18070(




Volume  

LitersVolume 14.181  

 

Table C.2 contains DHW data that is presented in from of indicator variables in SHEU, 

where the indicator variable 1, 2 and 3 represent electricity, oil and natural gas 

respectively.  

 

Table C.2 Sample Data Set to demonstrate the use of Indicator Variables in SHEU 

 
House 

Number
DHW Fuel Weights 

1 1 1052 
2 3 599 
3 1 3914 
4 1 1412 
5 1 1072 
6 3 991 
7 3 927 
8 3 1979 
9 2 786 

 

Since the parameters are represented by qualitative variables so the arithmetic average of 

these variables cannot give true results. For example the arithmetic average of the DHW 

fuel type indicator variables presented in Table C.2 give an arithmetic average value of 2, 

which indicates that the representative fuel is oil. Looking at the data it can be seen that 

oil is used in only one house that carries a weighing factor of 786. Hence the simple 

average of the indicator variables leads to unreal results.  

 

Hence the data was sorted into different fuel types and the sum of their corresponding 

weighing factors was sought as shown in Table C.3. From the sum of weights of sorted 

fuel categories it can be seen that electricity is most widely used fuel for DHW systems 

for this example.  
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Table C.3 Sorted DHW fuel type Indicator Variables 

DHW Fuel Weight Electricity Weight Oil Weight
Natural 

Gas 
Weight

1 1052 1 1052 2 786 3 991 
1 599 1 599   3 927 
1 3914 1 3914   3 1979 
1 1412 1 1412     
1 1072 1 1072     
3 991       
3 927       
3 1979       
2 786       

Sum of 
weights 

-  8049  786  3897 
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Appendix D 

 

Test-case Houses Attributes and Characteristics  
 

 

Tables D.1 to D.30 list the constructional attributes, space and domestic water heating 

equipment types and efficiencies, zone air-infiltration and temperature set point data for 

the thirty test-case houses. 
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Table D.1 Attributes and Characteristics of Test-Case House 1 

 
ACH @ 50 PA 8.07 
Attic Full attic 
Basement Full basement 
Basement Heating Whole basement heated 
Ceiling RSI 3.91 
DHW Efficiency (%) 51.1 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 1.82 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.75 
Number and Construction of Doors 3 - wood 
Number of 1 Pane Large 3 
Number of 1 Pane Regular 11 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 7 
Number of Front Basement 0 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 3 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 3 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main 19 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 77.3 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.2 Attributes and Characteristics of Test-Case House 2 

 
ACH @ 50 PA 6.76 
Attic Full attic 
Basement Full basement 
Basement Heating Whole basement heated 
Ceiling RSI 4.76 
DHW Efficiency (%) 50.6 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Vinyl siding 
Foundation RSI 3.49 
House Orientation South 
House Size (m2) 163 
Main Wall RSI 2.06 
Number and Construction of Doors 2 - metal, 2 - wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 13 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 5 
Number of Front Basement 0 
Number of Front Main 4 
Number of Left Basement 0 
Number of Left Main 2 
Number of Occupants 4 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 2 
Number of Windows in Basement 2 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 77.7 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.3 Attributes and Characteristics of Test-Case House 3 

 
ACH @ 50 PA 10.18 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.45 
DHW Efficiency (%) 0.55 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Stucco 
Foundation RSI 2.37 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.55 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 5 
Number of 2 Pane Large 3 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 5 
Number of Front Basement 0 
Number of Front Main 4 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 76.4 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 19 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.4 Attributes and Characteristics of Test-Case House 4 

 
ACH @ 50 PA 4.32 
Attic yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.23 
DHW Efficiency (%) 55 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Stucco 
Foundation RSI 1.25 
House Orientation North 
House Size (m2) 116 
Main Wall RSI 1.91 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 0 
Number of Front Main 2 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  6 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 74.9 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.5 Attributes and Characteristics of Test-Case House 5 

 
ACH @ 50 PA 4.28 
Attic yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 5.01 
DHW Efficiency (%) 55.1 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Vinyl siding 
Foundation RSI 1.86 
House Orientation North 
House Size (m2) 163 
Main Wall RSI 2.35 
Number and Construction of Doors 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 9 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 3 
Number of Front Basement 0 
Number of Front Main 3 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 4 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  8 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 76.2 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.6 Attributes and Characteristics of Test-Case House 6 

 
ACH @ 50 PA 6.04 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.19 
DHW Efficiency (%) 54.8 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Stucco 
Foundation RSI 0.95 
House Orientation North 
House Size (m2) 116 
Main Wall RSI 1.69 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 5 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 0 
Number of Front Main 1 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  5 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 74.9 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.7 Attributes and Characteristics of Test-Case House 7 

 
ACH @ 50 PA 4.09 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.67 
DHW Efficiency (%) 54.6 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 1.4 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 1.89 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 0 
Number of Front Main 1 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  5 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 73.1 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.8 Attributes and Characteristics of Test-Case House 8 

 
ACH @ 50 PA 3.21 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 6 
DHW Efficiency (%) 54.8 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 2.13 
House Size (m2) 163 
House Orientation East 
Main Wall RSI 2.66 
Number and Construction of Doors 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 9 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 4 
Number of Front Basement 0 
Number of Front Main 2 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  8 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 75 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.9 Attributes and Characteristics of Test-Case House 9 

 
ACH @ 50 PA 5.57 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.18 
DHW Efficiency (%) 54.6 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 1.2 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 1.76 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 7 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 6 
Number of Front Basement 0 
Number of Front Main 3 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 2 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  12 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 73.1 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 

 



 

 

269

 

Table D.10 Attributes and Characteristics of Test-Case House 10 

 
ACH @ 50 PA 3.5 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.64 
DHW Efficiency (%) 54.3 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Stucco 
Foundation RSI 1.27 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.84 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 5 
Number of 3 Pane Large 1 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 0 
Number of Front Main 2 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  6 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.11 Attributes and Characteristics of Test-Case House 11 

 
ACH @ 50 PA 5.34 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.04 
DHW Efficiency (%) 58.2 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Stucco 
Foundation RSI 1.13 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.43 
Number and Construction of Doors 2 -wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 7 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 5 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 4 
Number of Front Basement 0 
Number of Front Main 3 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  10 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 21 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 20 
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Table D.12 Attributes and Characteristics of Test-Case House 12 

 
ACH @ 50 PA 9 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.29 
DHW Efficiency (%) 59.2 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 0.85 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.41 
Number and Construction of Doors 3 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 7 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 5 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 4 
Number of Front Basement 0 
Number of Front Main 4 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 2 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  11 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.13 Attributes and Characteristics of Test-Case House 13 

 
ACH @ 50 PA 4.56 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 5.06 
DHW Efficiency (%) 55.6 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Brick 
Foundation RSI 1.79 
House Orientation East 
House Size (m2) 163 
Main Wall RSI 2.28 
Number and Construction of Doors 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 9 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 3 
Number of Front Basement 0 
Number of Front Main 4 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 1 
Number of Storeys 2 
Number of Windows in Basement 2 
Number of Windows in Main  9 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 82.4 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.14 Attributes and Characteristics of Test-Case House 14 

 
ACH @ 50 PA 11.48 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 2.86 
DHW Efficiency (%) 57.4 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Brick 
Foundation RSI 0.97 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.13 
Number and Construction of Doors 3 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 12 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 6 
Number of Front Basement 1 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 2 
Number of Windows in Basement 4 
Number of Windows in Main  16 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 81.6 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.15 Attributes and Characteristics of Test-Case House 15 

 
ACH @ 50 PA 8.33 
Attic Yes 
Basement full basement 
Basement Heating Whole basement 
Ceiling RSI 3.58 
DHW Efficiency (%) 57.1 
DHW Equipment Type Conventional w/ pilot 
DHW Fuel Natural gas 
DHW Tank Size (L) 180 
External Wall Material Brick 
Foundation RSI 1.1 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.4 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 7 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 5 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 4 
Number of Front Basement 0 
Number of Front Main 5 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  12 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 81.5 
Space Heating Equipment Type Furnace w/ cont. pilot 
Space Heating Fuel Type Natural gas 
Temperature Set 1: 6AM-6PM (ºC) 21 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.16 Attributes and Characteristics of Test-Case House 16 
 

ACH @ 50 PA 8.067 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.431 
DHW Efficiency (%) 82 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 230L 
External Wall Material Brick 
Foundation RSI 1.26 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.739 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 8 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 1 
Number of 3 Pane Regular 1 
Number of Back Basement 2 
Number of Back Main 5 
Number of Front Basement 1 
Number of Front Main 6 
Number of Left Basement 2 
Number of Left Main 2 
Number of Occupants 2 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 6 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboards 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 19 

 



 

 

276

 

Table D.17 Attributes and Characteristics of Test-Case House 17 
 

ACH @ 50 PA 6.187 
Attic Full basement 
Basement Yes 
Basement Heating Whole basement 
Ceiling RSI 3.891 
DHW Efficiency (%) 82 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 230L 
External Wall Material Aluminum siding 
Foundation RSI 1.383 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 2.034 
Number and Construction of Doors 2 - wood, 1 - metal 
Number of 1 Pane Large 3 
Number of 1 Pane Regular 12 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 4 
Number of 3 Pane Large 1 
Number of 3 Pane Regular 7 
Number of Back Basement 3 
Number of Back Main 7 
Number of Front Basement 0 
Number of Front Main 9 
Number of Left Basement 2 
Number of Left Main 3 
Number of Occupants 2 
Number of Right Basement 0 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 8 
Number of Windows in Main  21 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Baseboard heater 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 20 
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Table D.18 Attributes and Characteristics of Test-Case House 18 
 

ACH @ 50 PA 5.163 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.935 
DHW Efficiency (%) 82 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 230L 
External Wall Material Brick 
Foundation RSI 1.854 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 2.643 
Number and Construction of Doors 2 - wood, 1 Metal 
Number of 1 Pane Large 2 
Number of 1 Pane Regular 10 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 2 
Number of Back Main 5 
Number of Front Basement 1 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  15 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Baseboard Heater 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.19 Attributes and Characteristics of Test-Case House 19 
 

ACH @ 50 PA 11.72 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 2.28 
DHW Efficiency (%) 78.3 
DHW Equipment Type Conventional  
DHW Fuel Electricity 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 0.33 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 1.22 
Number and Construction of Doors 3 - wood 
Number of 1 Pane Large 2 
Number of 1 Pane Regular 10 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 2 
Number of Back Main 5 
Number of Front Basement 1 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  15 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 73.8 
Space Heating Equipment Type Furnace 
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 21 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 19 
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Table D.20 Attributes and Characteristics of Test-Case House 20 
 

ACH @ 50 PA 6.29 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.78 
DHW Efficiency (%) 82 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 180L 
External Wall Material Brick 
Foundation RSI 0.88 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 1.84 
Number and Construction of Doors 3 - Metal 
Number of 1 Pane Large 2 
Number of 1 Pane Regular 9 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 8 
Number of 3 Pane Large 1 
Number of 3 Pane Regular 0 
Number of Back Basement 2 
Number of Back Main 2 
Number of Front Basement 1 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  16 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboard 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20ºC 
Temperature Set 2: 6PM-10PM (ºC) 20ºC 
Temperature Set 3: 10PM-6AM (ºC) 19ºC 
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Table D.21 Attributes and Characteristics of Test-Case House 21 
 

ACH @ 50 PA 4.602 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 5.01 
DHW Efficiency (%) 81.9 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 180L 
External Wall Material Vinyl siding 
Foundation RSI 1.34 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 2.44 
Number and Construction of Doors 4 wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 3 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 8 
Number of 3 Pane Large 2 
Number of 3 Pane Regular 1 
Number of Back Basement 2 
Number of Back Main 2 
Number of Front Basement 1 
Number of Front Main 5 
Number of Left Basement 1 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 2 
Number of Storeys 1.5 
Number of Windows in Basement 4 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboard 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 19ºC 
Temperature Set 2: 6PM-10PM (ºC) 20ºC 
Temperature Set 3: 10PM-6AM (ºC) 18ºC 
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Table D.22 Attributes and Characteristics of Test-Case House 22 
 

ACH @ 50 PA 6.84 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.19 
DHW Efficiency (%) 56 
DHW Equipment Type Conventional 
DHW Fuel Oil 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 0.83 
House Orientation North 
House Size (m2) 116 
Main Wall RSI 1.84 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 8 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 1 
Number of Front Main 3 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  7 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78.7 
Space Heating Equipment Type Furnace w/ flame ret. Head 
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.23 Attributes and Characteristics of Test-Case House 23 
 

ACH @ 50 PA 12.01 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 1.82 
DHW Efficiency (%) 61.2 
DHW Equipment Type conventional 
DHW Fuel Oil 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 0.3 
House Orientation North 
House Size (m2) 116 
Main Wall RSI 1.19 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 1 
Number of 1 Pane Regular 9 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 4 
Number of Front Basement 2 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78.5 
Space Heating Equipment Type Furnace w/ flame ret. Head
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.24 Attributes and Characteristics of Test-Case House 24 
 

ACH @ 50 PA 4.653 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 5.574 
DHW Efficiency (%) 82 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 180L 
External Wall Material Vinyl Siding 
Foundation RSI 2.226 
House Orientation North 
House Size (m2) 116 
Main Wall RSI 2.664 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 9 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 8 
Number of 3 Pane Large 1 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 5 
Number of Front Basement 2 
Number of Front Main 7 
Number of Left Basement 0 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 2 
Number of Windows in Basement 6 
Number of Windows in Main  14 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboard 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 17 
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Table D.25 Attributes and Characteristics of Test-Case House 25 
 

ACH @ 50 PA 5.28 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.57 
DHW Efficiency (%) 46.1 
DHW Equipment Type Tank less Coil 
DHW Fuel Oil 
DHW Tank Size (L) NA 
External Wall Material Vinyl siding 
Foundation RSI 0.81 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 2.49 
Number and Construction of Doors 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 10 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 3 
Number of Front Basement 1 
Number of Front Main 3 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 3 
Number of Windows in Main  8 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 79 
Space Heating Equipment Type Furnace with flame ret. Head
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 19 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.26 Attributes and Characteristics of Test-Case House 26 
 

ACH @ 50 PA 5.69 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.58 
DHW Efficiency (%) 49.2 
DHW Equipment Type Tank less coil 
DHW Fuel Oil 
DHW Tank Size (L) NA 
External Wall Material Vinyl siding 
Foundation RSI 0.597 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 2.03 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 1 
Number of Front Main 3 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 0 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  6 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78.7 
Space Heating Equipment Type Furnace w/ flame ret. Head 
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.27 Attributes and Characteristics of Test-Case House 27 
 

ACH @ 50 PA 11.76 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 1.91 
DHW Efficiency (%) 54.3 
DHW Equipment Type Conventional 
DHW Fuel Oil 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 0.22 
House Orientation South 
House Size (m2) 116 
Main Wall RSI 1.53 
Number and Construction of Doors 2 - wood 
Number of 1 Pane Large 2 
Number of 1 Pane Regular 9 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 6 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 5 
Number of Front Basement 2 
Number of Front Main 6 
Number of Left Basement 1 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  14 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 77.7 
Space Heating Equipment Type Furnace w/ flame ret. Head 
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.28 Attributes and Characteristics of Test-Case House 28 
 

ACH @ 50 PA 6.51 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.24 
DHW Efficiency (%) 67.4 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 180 
External Wall Material Wood 
Foundation RSI 3.83 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 1.9 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 0 
Number of 2 Pane Large 1 
Number of 2 Pane Regular 7 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 1 
Number of Back Main 2 
Number of Front Basement 1 
Number of Front Main 2 
Number of Left Basement 0 
Number of Left Main 1 
Number of Occupants 3 
Number of Right Basement 0 
Number of Right Main 1 
Number of Storeys 1 
Number of Windows in Basement 2 
Number of Windows in Main  6 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 78.4 
Space Heating Equipment Type Furnace w/ flame ret. Head 
Space Heating Fuel Type Oil 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 21 
Temperature Set 3: 10PM-6AM (ºC) 17 
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Table D.29 Attributes and Characteristics of Test-Case House 29 
 

ACH @ 50 PA 6.06 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 3.74 
DHW Efficiency (%) 81.7 
DHW Equipment Type Conventional tank 
DHW Fuel Electricity 
DHW Tank Size (L) 180L 
External Wall Material Wood 
Foundation RSI 4.12 
House Orientation East 
House Size (m2) 116 
Main Wall RSI 2.03 
Number and Construction of Doors 1 - wood, 2 - metal 
Number of 1 Pane Large 4 
Number of 1 Pane Regular 4 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 8 
Number of 3 Pane Large 0 
Number of 3 Pane Regular 0 
Number of Back Basement 2 
Number of Back Main 5 
Number of Front Basement 2 
Number of Front Main 5 
Number of Left Basement 1 
Number of Left Main 0 
Number of Occupants 3 
Number of Right Basement 1 
Number of Right Main 1 
Number of Storeys 1.5 
Number of Windows in Basement 5 
Number of Windows in Main  13 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboard 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Table D.30 Attributes and Characteristics of Test-Case House 30 
 

ACH @ 50 PA 5.103 
Attic Yes 
Basement Full basement 
Basement Heating Whole basement 
Ceiling RSI 4.697 
DHW Efficiency (%) 81.84 
DHW Equipment Type Conventional 
DHW Fuel Electricity 
DHW Tank Size (L) 180L 
External Wall Material Vinyl siding 
Foundation RSI 2.465 
House Orientation East 
House Size (m2) 163 
Main Wall RSI 2.509 
Number and Construction of Doors 2 - wood, 2 - metal 
Number of 1 Pane Large 0 
Number of 1 Pane Regular 10 
Number of 2 Pane Large 2 
Number of 2 Pane Regular 9 
Number of 3 Pane Large 2 
Number of 3 Pane Regular 3 
Number of Back Basement 2 
Number of Back Main 7 
Number of Front Basement 2 
Number of Front Main 7 
Number of Left Basement 0 
Number of Left Main 2 
Number of Occupants 3 
Number of Right Basement 2 
Number of Right Main 2 
Number of Storeys 2 
Number of Windows in Basement 8 
Number of Windows in Main  18 
Roof RSI 0.26 
Space Heating Equipment Efficiency (%) 100 
Space Heating Equipment Type Electric Baseboard 
Space Heating Fuel Type Electricity 
Temperature Set 1: 6AM-6PM (ºC) 20 
Temperature Set 2: 6PM-10PM (ºC) 20 
Temperature Set 3: 10PM-6AM (ºC) 18 
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Appendix E 

ESP-r Multi-Layer Construction Database 
 

Test Case House Multi-Layer Construction Database: 

 

MLC Description: External Wall 

MLC Name: Ex_Wall 

MLC Details: 

 

Layer # Reference # Thickness        Material Name 

                                                   (m) 

1  4  0.1  Outer Leaf Brick 

2  0  0.025  Air (0.17  0.17  0.17) 

3  67  0.011  Chipboard 

4  281  0.14  Glass Fiber Quilt 

5  72  0.012  Plywood 

 

 

MLC Description: Single Pane Window 

MLC Name: 1_Pane 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  242  0.003  Plate Glass 

 

 

MLC Description: Double Pane Window 

MLC Name: 2_Pane 

MLC Details: 
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Layer # Reference # Thickness Material Name 

                                                    (m) 

1  242  0.003  Plate Glass 

2  0  0.013  Air (0.17  0.17  0.17) 

3  242  0.003  Plate Glass 

 

  

MLC Description: Triple Pane Window 

MLC Name: 3_Pane 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                    (m) 

1  242  0.003  Plate Glass 

2  0  0.013  Air (0.17  0.17  0.17) 

3  242  0.003  Plate Glass 

4  0  0.013  Air (0.17  0.17  0.17) 

5  242  0.003  Plate Glass 

MLC Description: Ceiling 

MLC Name: Ceiling 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  107  0.0127  Gypsum Plasterboard 

2  219  0.25  Thermalite Turbo Block 

3  72  0.025  Plywood 
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MLC Description: Inverted Ceiling 

MLC Name: Ceiling_inv 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                  (m) 

1  72  0.025  Plywood 

2  219  0.25  Thermalite Turbo Block 

3  107  0.0127  Gypsum Plasterboard 

 

 

MLC Description: Floor 

MLC Name:  Floor 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  225  0.015  Synthetic Carpet 

2  65  0.025  Flooring 

3  0  0.01  Air (0.17  0.17  0.17) 

4  70  0.017  Plywood 

 

 

MLC Description: Inverted Floor 

MLC Name:  Floor_inv 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  70  0.017  Plywood 

2  0  0.01  Air (0.17  0.17  0.17) 
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3  65  0.025  Flooring 

4  225  0.015  Synthetic Carpet 

 

 

MLC Description: Steel Door 

MLC Name:  External Steel Door 

MLC Details:  

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  283  0.005  Light Steel Door 

2  205  0.025  Polyurethane Foam Board 

3  283  0.005  Light Steel Door 

 

 

MLC Description: Wood 

MLC Name:  Wood Door 

MLC Details:  

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  69  0.025  Oak (radial) 

 

 

MLC Description: Slab Floor 

MLC Name:  Slab 

MLC Details:  

 

Layer # Reference # Thickness Material Name 

                                                     (m) 

1  263  0.1  Common Earth 
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2  82  0.1  Red Granite 

3  32  0.05  Heavy Mix Concrete 

4  124  0.05  Cement Screed 

 

 

 

MLC Description: Roof 

MLC Name: Roof 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  163  0.05  Asphalt Mastic Roof 

2  72  0.012  Plywood 

 

 

MLC Description: Foundation 

MLC Name: Foundation 

MLC Details: 

 

Layer # Reference # Thickness Material Name 

                                                   (m) 

1  21  0.2  Light Mix Concrete 

2  107  0.0135  Gypsum Plasterboard 
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Appendix F 

DHW Heat Injector Rate Calculations 
 

Table F.1 details the heat injector input based on fuel type and tank size as well as the 

number of bathrooms and bedrooms (ASHRAE, 1999). 

 

Table F.1 DHW Data 

 

 

 

 

The data from Table F.1 was used to determine the DHW heat injector rate based on fuel 

type and tank size, as these two variables were available in the SHEU database. Table F.2 

summarizes the data available for natural gas fired DHW tanks. 
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Table F.2 DHW Data injector power for natural gas 

Tank Size  
(L) 

kW Input 
(kW) 

Average 
kW Input

76 7.9 7.9 
114 10.5 10.5 
150 10.5 
150 11.1 

10.8 

190 13.8 
190 11.1 
190 14.6 

13.17 

 

Figure F.1 was generated using the data in Table F.2, and the resulting trend line equation 

used to determine the heat injector rate for the tank sizes used in the test case houses, 

namely 140L, 180L, and 230L. 
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Figure F.1 Normalized tank size vs. average kW input for natural gas 
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Table F.3 details the heat injector rates used for different tank sizes. The bolded values 

are the values used for the test case house tank sizes. 

Table F.3 Heat injector rate for natural gas 

Tank Size  
(L) 

Normalized 
Tank Size

Average 
kW Input

76 1.00 7.90 
140 1.84 10.78 
180 2.37 12.28 
190 2.50 13.32 
230 3.03 22.48 
270 3.55 43.16 

 

The same approach was used to determine the heat injector rate for oil and electric DHW 

tanks. Table F.4 summarizes the data available for oil fired DHW tanks. 

Table F.4 DHW Data injector power for oil 

Tank Size 
(L) 

kW 
Input 
(kW) 

Average 
kW 

Input 
114 20.5 20.5 

 

According to Table F.1, all oil fired DHW tanks have the same heat injector rate; 

therefore for all oil fired DHW tanks use 20.5 kW input. 

 

Table F.5 summarizes the data for electric DHW tanks. 

Table F.5 DHW Data injector power for electricity 

Tank Size 
(L) 

kW Input
Average 

kW 
Input 

76 2.5 2.5 
114 3.5 3.5 
150 4.5 4.5 
190 5.5 5.5 
250 5.5 5.5 
300 5.5 5.5 
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Figure F.2 was generated using the data in Table F.5, and the equation used to determine 

the heat injector rate for the tank sizes used in the test case houses, namely 140L, 180L, 

and 230L. 

 

y = 0.2669x5 - 2.9456x4 + 12.047x3 - 23.102x2 + 22.945x - 6.7116
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Figure F.2 Normalized tank size vs. average kW input for electricity 

Table F.6 details the heat injector rates used for different tank sizes. The bolded values 

are the values used for the test case house tank sizes. 

 

Table F.6 Heat Injector Rate – Electricity 

Tank Size 
(L) 

Normalized 
Tank Size 

Average 
kW Input

76 1.00 2.50 
140 1.84 4.21 
180 2.37 5.30 
190 2.50 5.50 
230 3.03 5.73 
250 3.29 5.50 
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Appendix G 

Detailed Specifications of PV Systems Available in 
ESP-r (as per February 2007)  
 

 

Crystalline PV models:   

 
Table G.1 Technical Specifications of BP_saturen_36cell 

 
BP_saturn_36cell 

Module Type BP Saturn (BP 585) 
Module Size 1183*525mm 
Cells in Series 36 
Peak Power at STC 85W 
Vmax at STC 18V 
Imax at STC 4.72A 
Power per unit area (W/m2) 136.8 

 
Table G.2 Technical Specifications of SOLAREX MSX 550 

 
Solarex_MSX550     

Module type  SOLAREX MSX 550 
Module size  931 x 492 mm 
Cells in series  36 
Peak power at STC  49.2W 
Vmax at STC  16.9V 
Imax at STC  2.91A 
Power per unit area (W/m2) 107.36 
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Table G.3 Technical Specifications of RMS100 
 

RMS100 
Module type  RMS100 
Module size  1327 x 708 mm 
Cells in series  72 
Peak Power at STC 97W 
Vmax at STC  34.1V 
Imax at STC  2.85A 
Power per unit area (W/m2) 103.2 

 
 

Table G.4 Technical Specifications of Eurosolare 36 cell polycrystalline 
 

Eurosolare_poly  
Module type  Eurosolare polycrystalline 
Module size  995.5 x 450 mm 
Cells in series  36 
Peak power at STC  48W 
Vmax at STC  17.80V 
Imax at STC  2.98A 
Power per unit area (W/m2) 107.14 

 
 
 

Table G.5 Technical Specifications of WATSUN-PV_multic 
 

WATSUN-PV_multic 
Module type  BP Saturn (BP 380) 
Module size  1197 x 530 mm 
Cells in series  36 
Peak power at STC  80W 
Vmax at STC  17.6V 
Imax at STC  4.55A 
Power per unit area (W/m2) 126 
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Amorphous PV models:   
 

Table G.6 Technical Specifications of TNO_amorphous_pv 
 

TNO_amorphous_pv 
Module Type Amorphous PV pst-semi 
Module Size 0.6m sq  
Cells in Series 72 
Peak Power at STC 29.4W 
Vmax at STC 77.76V 
Imax at STC 0.378A 
Power per unit area (W/m2) 48.8 

 
 
 
 
 
 

Table G.7 Technical Specifications of WATSUN-PV_amorph 
 

WATSUN-PV_amorph 
Module type  Uni-Solar ES-124 
Module size  2459 x 792 mm 
Cells in series  20 
Peak power at STC  124W 
Vmax at STC  30V 
Imax at STC  4.1A 
Power per unit area (W/m2) 63.156 

 
 
Simple PV model  

It is a very simple model of a PV material that simply converts a fraction (the efficiency 

of 15 %) of the solar radiation falling on a surface to power output. 
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Appendix H 
 

Time of Use (TOU) Electricity Rates for Canadian 
Provinces 
 

Time of Use Electricity Metering: 

 

The Time of Use (TOU) electricity metering involves dividing the day, month and year in 

to ‘tariff slots’ or ‘bands’, with generally higher rates at the peak load periods and low 

tariff rates at off-peak load periods. 

  

Most users pay a flat rate for the electric power they consume. These rates are generally 

same for the entire year. For example, Ontario Energy Board charges 5.00¢ for first 

1000kWh and 5.8¢ over this limit11. The idea of time of use is to get the people to shift or 

reduce electricity consumption at the peak load time slots. Intelligent load management 

of moving the maximum possible power consumption (like laundry, dish washing, 

shower etc) to the off-peak hours can win immediate economic benefits to the consumer 

without any considerable inconvenience. The time of use package is equally beneficial 

for the power company. Power companies are designed to be capable of meeting the peak 

demands (for example in hot summer days, the huge air-conditioning load), but generally 

they cannot store power. For all off-peak periods, the surplus capacity costs a lot of 

money for maintenance without generating lot of income. So, if the peak load magnitudes 

can be reduced, the company can save money to build extra power plants and can offer 

discounted rates. The importance of such efforts also increases in face of the upcoming 

energy management challenges, one of which is government of Ontario’s commitment to 

close all the coal-fired power stations by 2009, as indicated in Rowlands (2006).   

 

                                                 
11 These rates are as per October 2006. 
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To the date only ‘Ontario Energy Board (OEB)’ and ‘Nova Scotia Power’ offer the 

option of a time of use package to their customers. For the purpose of this project, the 

price plan of Ontario Energy Board as per May 1st 2006 is used as a standard (except for 

Nova Scotia, which has its own pricing plan). The OEB prices were normalized for the 

three periods i.e. winter weekdays, winter weekdays and weekends. To obtain the 

representative price for the rest of the provinces, their respective ‘flat rates’ were used to 

obtain their absolute price value from Ontario’s normalized rates in cents. The procedure 

to calculate the projected TOU rates for different provinces is described in Equation H.1.   

 

 Provincein PriceRateFlat 

Ontarioin  Price RateFlat * Hour at  Ontarioin  Price
Hour at  provincein  Price

   

[H.1] 
 

Where α are daily hours, starting from 1 to 24.   

 

Time-of-use price plan for Ontario: 

 

Figure H.1 shows the time of use prices defined by Ontario Energy Board as of May 1, 

2006.  

On-peak price=10.5¢ per kWh 

Mid-peak price=7.5¢ per kWh 

Off-peak price=3.5¢ per kWh 

 

 

Figure H.1 Time-of-Use Prices in Ontario (Source: OEB, 2006) 
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These three schedules define the three periods, i.e. the winter-weekdays, summer-

weekdays and all weekends. The essential overheads and distribution charges, as defined 

by Toronto Hydro-Electric System Limited (as per October 2006), were used to top-up 

the basic prices stated above, to generate the actual electricity supply rate on the province 

of Ontario. This pricing pattern was normalized and then used to generate the rates for the 

rest of the provinces, using their flat rate values (except for the province of Nova Scotia), 

as already described above.   

 

Tables H. to H.3 give the final price per kWh of electric power for the residential sector 

in the jurisdiction of Ontario Energy Board for winter weekdays, summer weekdays and 

all weekends, respectively.  

 

Table H.1 Winter Weekday Prices in Ontario 

Duration 
(hour) 

Time 
Period  

Rate 
(¢/kWh) 

Trans. 
(¢/kWh)

Distribution 
Charge 
(¢/kWh) 

Wholesale 
Market 
Operation 
(¢/kWh) 

Debt 
Retirement 
Charge 
(¢/kWh) 

Regulated 
Price Plan 
Admin. 
Charge 
(¢/kWh) 

Final 
Price 
(¢/kWh)

1-6 Off-Peak 3.5 1.02 1.86 0.62 0.7 0.000347 7.7 
7-10 On-Peak 10.5 1.02 1.86 0.62 0.7 0.000347 14.7 
11-16 Mid-Peak 7.5 1.02 1.86 0.62 0.7 0.000347 11.7 
17-19 On-Peak 10.5 1.02 1.86 0.62 0.7 0.000347 14.7 
20-21 Mid-Peak 7.5 1.02 1.86 0.62 0.7 0.000347 11.7 
22-24 Off-Peak 3.5 1.02 1.86 0.62 0.7 0.000347 7.7 
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Table H.2 Summer Weekday Prices in Ontario 

Duration 
(hour) 

Time 
Period  

Rate 
(¢/kWh) 

Trans. 
(¢/kWh)

Distribution 
Charge 
(¢/kWh) 

Wholesale 
Market 
Operation 
(¢/kWh) 

Debt 
Retirement 
Charge 
(¢/kWh) 

Regulated 
Price Plan 
Admin. 
Charge 
(¢/kWh) 

Final 
Price 
(¢/kWh)

1-6 Off-Peak 3.5 1.02 1.86 0.62 0.7 0.000347 7.7 
7-10 Mid-Peak 7.5 1.02 1.86 0.62 0.7 0.000347 11.7 
11-16 On-Peak 10.5 1.02 1.86 0.62 0.7 0.000347 14.7 
17-21 Mid-Peak 7.5 1.02 1.86 0.62 0.7 0.000347 11.7 
22-24 Off-Peak 3.5 1.02 1.86 0.62 0.7 0.000347 7.7 

 

Table H.3 Weekend Prices in Ontario 

Duration 
(hour) 

Time 
Period  

Rate 
(¢/kWh) 

Trans. 
(¢/kWh)

Distribution 
Charge 
(¢/kWh) 

Wholesale 
Market 
Operation 
(¢/kWh) 

Debt 
Retirement 
Charge 
(¢/kWh) 

Regulated 
Price Plan 
Admin. 
Charge 
(¢/kWh) 

Final 
Price 
(¢/kWh)

1-24 Off-Peak 3.5 1.02 1.86 0.62 0.7 0.000347 7.7 
 

 

Projected TOU prices for the Canadian provinces (based on normalized 

TOU prices in Ontario) 

 

 British Columbia 
 

In British Columbia, there are two main power suppliers, BC Hydro and FORTISBC. For 

this study the BC Hydro residential rates were considered, owing to the greater area it 

covers compared to its competitor. BC Hydro charges 6.33¢ for all kWh12 to its 

customers. The projected rates for British Columbia based on Ontario’s TOU price plan 

are presented in Table H.4.  

 

                                                 
12 These rates are as per October 2006. 
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Table H.4 Projected TOU prices in British Columbia for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.9 
7-10 On-Peak 9.3 
11-16 Mid-Peak 7.4 
17-19 On-Peak 9.3 
20-21 Mid-Peak 7.4 
22-24 Off-Peak 4.9 

 
Table H.5 Projected TOU prices in British Columbia for Summer Weekdays 

 
Duration 

(hour) 
Time Period 

Rate 
(¢/kWh) 

1-6 Off-Peak 4.9 
7-10 Mid-Peak 7.4 
11-16 On-Peak 9.3 
17-21 Mid-Peak 7.4 
22-24 Off-Peak 4.9 

 
Table H.6 Projected TOU prices in British Columbia for Weekends 

 
Duration 

(hour) 
Time Period 

Rate 
(¢/kWh) 

1-24 Off-Peak 4.9 
 
 

 Alberta 
 

For Alberta, Enmax and Epcor power suppliers were selected for the cities of Calgary 

and Edmonton respectively, since only these companies cover the two cities13. Enmax 

charges 7.79¢ per kWh, while Epcor charges 7.622¢ per kWh to Edmonton. For a 

representative flat rate for the whole of Alberta, these two rates were averaged and then a 

projected TOU price plan was derived from the Ontario’s TOU prices as shown in Tables 

H.7 to H.9.  

                                                 
13 Information obtained from Alberta Government’s website: 
http://www.customerchoice.gov.ab.ca/ 
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Table H.7 Projected TOU prices in Alberta for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 5.9 
7-10 On-Peak 11.3 
11-16 Mid-Peak 9.0 
17-19 On-Peak 11.3 
20-21 Mid-Peak 9.0 
22-24 Off-Peak 5.9 

 
Table H.8 Projected TOU prices in Alberta for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 5.9 
7-10 Mid-Peak 9.0 
11-16 On-Peak 11.3 
17-21 Mid-Peak 9.0 
22-24 Off-Peak 5.9 

 
 

Table H.9 Projected TOU prices in Alberta for Weekends 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-24 Off-Peak 5.9 

 

 

 Manitoba 
 

Manitoba Hydro offers first 175kWh at 5.780¢ and the remaining at 5.654¢ 

respectively14. All three test-case houses in Manitoba crossed the first consumption 

threshold. Hence to determine the flat rate, the weighted average was used to get more 

                                                 
14 As per October 2006. 



 

 

308

 

accurate price for each of the three test-case houses in Manitoba as shown in Equation 

H.2.  

    
kWhTotal

¢ 5.65*175kWh-kWh Total¢ 5.78*kWh 175
Hour at  RateFlat  Average Weighted


  

 

[H.2] 

 

Where:  

 

Total kWh is the total amount of electricity consumption of test-case houses 

 

 

Table H.10 elaborates the details: 

 

Table H.10 Average price per kWh for the three test-case houses in Manitoba 

 

Test-case House 
KWh 

consumed 
per year 

Total Units 
consumed 
per month 

Units 
above 
175 

kWh 

Weighted 
average 

10 9697 808 633 5.68 
11 8276 689 515 5.69 
12 7344 612 437 5.69 

First 175kWh/month = 5.78 
cents/kWh 

 
   

Remaining = 5.654 cents/kWh 
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 New Brunswick 
 

NB Power offers first 1300kWh per month at 9.04¢ per kWh and the remaining at 7.16¢ 

respectively15. The electric consumption of all the three test-case houses was well below 

the threshold and hence 9.04¢ per kWh was used to get the projected TOU. Tables H.0 to 

H.2 show the projected TOU rates for New Brunswick.     

Table H.11 Projected TOU prices in New Brunswick for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 7.0 
7-10 On-Peak 13.3 
11-16 Mid-Peak 10.6 
17-19 On-Peak 13.3 
20-21 Mid-Peak 10.6 
22-24 Off-Peak 7.0 

 

Table H.12 Projected TOU prices in New Brunswick for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 7.0 
7-10 Mid-Peak 10.6 
11-16 On-Peak 13.3 
17-21 Mid-Peak 10.6 
22-24 Off-Peak 7.0 

 
 

Table H.13 Projected TOU prices in New Brunswick for Weekends 

 
Duration 

(hour) 
Time Period 

Rate 
(¢/kWh) 

1-24 Off-Peak 7.0 
 
 
 
 

                                                 
15 As per October 2006. 
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 Newfoundland 
 

Newfoundland Power offers electricity at 8.92¢ per kWh. Tables H.13 to H.15 show the 

projected TOU rates in Newfoundland. 

 

Table H.14 Projected TOU prices in Newfoundland for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 6.9 
7-10 On-Peak 13.1 
11-16 Mid-Peak 10.4 
17-19 On-Peak 13.1 
20-21 Mid-Peak 10.4 
22-24 Off-Peak 6.9 

 

Table H.15 Projected TOU prices in Newfoundland for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 6.9 
7-10 Mid-Peak 10.4 
11-16 On-Peak 13.1 
17-21 Mid-Peak 10.4 
22-24 Off-Peak 6.9 

 
 

Table H.16 Projected TOU prices in Newfoundland for Weekends 

 
Duration 

(hour) 
Time Period 

Rate 
(¢/kWh) 

1-24 Off-Peak 6.9 
 

 Nova Scotia 
 

Nova Scotia Power offers its customers a TOU package and hence for the test-case 

houses falling in this province, that pricing plan was used. The flat rate for the electric 
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power offered by Nova Scotia Power is 10.13¢ per kWh. The TOU prices for Nova 

Scotia are given in Tables H.16 to H.18 

 

Table H.17 Projected TOU prices in Nova Scotia for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 5.1 
7-11 On-Peak 14.6 
11-17 Mid-Peak 10.1 
18-22 On-Peak 14.6 
23-24 Off-Peak 5.1 

 

Table H.18 Projected TOU prices in Nova Scotia for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 5.1 
7-10 Mid-Peak 10.1 
11-24 Off-Peak 5.1 

 
 

Table H.19 Projected TOU prices in Nova Scotia for Weekends 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-24 Off-Peak 5.1 

 
 

 Québec 
 

Hydro Québec charges 5.22¢ per kWh for first 30 kWh per day. For all remaining units, 

the rate is 6.83¢ per kWh. Since all the test-case houses were consuming less than this 

threshold, so the first rate was used get the projected TOU rates. The projected rates for 

Quebec are presented in Tables H.19 to H.21.  
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Table H.20 Projected TOU prices in Quebec for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 On-Peak 7.7 
11-16 Mid-Peak 6.1 
17-19 On-Peak 7.7 
20-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 

Table H.21 Projected TOU prices in Quebec for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 Mid-Peak 6.1 
11-16 On-Peak 7.7 
17-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 
 

Table H.22 Projected TOU prices in Quebec for Weekends 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-24 Off-Peak 4.0 

 

 Prince Edward Island  
 

Maritime Electric Company is major electricity supplier in PEI and it charges 10.68¢ per 

kWh per month. For all the remaining units, the charge is 8.28¢/kWh. All the test-case 

houses were consuming less than this threshold, so the first rate was used get the 

projected TOU rates. The projected rates are presented in Tables H.22 to H.24.  
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Table H.23 Projected TOU prices in PEI for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 On-Peak 7.7 
11-16 Mid-Peak 6.1 
17-19 On-Peak 7.7 
20-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 

Table H.24 Projected TOU prices in PEI for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 Mid-Peak 6.1 
11-16 On-Peak 7.7 
17-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 
 

Table H.25 Projected TOU prices in PEI for Weekends 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-24 Off-Peak 4.0 

 

 Saskatchewan  
 

SaskPower charges a flat rate of 8.99¢ per kWh all kWh consumed. . The projected rates 

are presented in Tables H.25 to H.27.  
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Table H.26 Projected TOU prices in Saskatchewan for Winter Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 On-Peak 7.7 
11-16 Mid-Peak 6.1 
17-19 On-Peak 7.7 
20-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 

Table H.27 Projected TOU prices in Saskatchewan for Summer Weekdays 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-6 Off-Peak 4.0 
7-10 Mid-Peak 6.1 
11-16 On-Peak 7.7 
17-21 Mid-Peak 6.1 
22-24 Off-Peak 4.0 

 
 

Table H.28 Projected TOU prices in Saskatchewan for Weekends 

 

Duration 
(hour) 

Time Period 
Rate 

(¢/kWh) 
1-24 Off-Peak 4.0 
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High GHG emission intensities 

 

The maximum electricity emissions factor (EF hi) was calculated according to Equation 

I.1. 

LossesEG

GHG
EF

ff

ff
hi 
                                                      [I.1] 

Where: 

EFhi = maximum electricity emissions factor (gCO2eq/kWh) 

GHGff = total GHG emissions from fossil fuel fired power plants (gCO2eq) 

EGff = total electricity generation from fossil fuel fired power plants (kWh) 

Losses = transmission and distribution losses (kWh) 

The electricity generation and GHG emissions data for each province is presented 

between I.1 to I.30, while the estimates for transmission and distribution losses were 

taken from Guler (2000). Table I.31 presents the maximum electricity emissions factors 

as well as the transmission and distribution losses for all provinces. 

Table I.31 High eelectricity emissions factors for Canadian provinces with transmission 

and distribution losses 

Province 
EFel,max 

(gCO2eq/kWh)

Transmission and 
Distribution 
Losses (%) 

BC 375 8.0 
AB 985 8.0 
SK 1139 10.0 
MB 1193 8.0 
ON 954 8.0 
PQ 549 8.0 
NB 807 7.3 
NS 916 8.3 
PEI 1211 7.3 
NF 779 8.7 
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Fuel prices in the Canadian provinces 

 

The prices of natural gas and heating oil used in this study are presented in Tables I.32 
and I.33. 

 

Table I.32 Natural Gas Prices (Obtained from: 
http://www.energyshop.com/es/homes/gas/gas-prices.cfm) 

 

Province 
Retail Price 

(¢/m3) 
Manitoba 51.30 

British Columbia 40.77 
Ontario 49.27 
Alberta 38.68 

Saskatchewan 33.93 
 

Table I.33 Heating Oil Prices (Obtained from: 
http://www.mjervin.com/WPPS_Public.htm) 

 

City 
Retail Price    

(¢/liter) 
Montreal 72.0 
Quebec 64.4 

Saint John 72.3 
Fredericton 73.6 

Halifax 71.4 
Sydney 71.3 

Charlottetown 69.7 
St. Johns 69.7 
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Appendix J 
 

Detailed Results for Base-case and Hybrid-case 

Simulations 
 

 

The detailed results of base-case and hybrid case simulations are presented in this 

appendix.   
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Table J.1 Base-case results for test-case house 1 simulated in Prince George 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 18482 

Demand FUR (GJ/Yr) 283.6 

Demand SH (GJ/Yr) 154.8 

Demand DHW Fuel (GJ/Yr) 26.8 

Demand DHW (GJ/Yr) 13.7 

Cost TOU (CAD/Yr) 1235 

Cost FLAT (CAD/Yr) 1169 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 6.9 

GHG Thermal (Tonnes/Yr) 15.1 

GHG Total ai (Tonnes/Yr) 15.5 

GHG Total hi (Tonnes/Yr) 22 

Fuel Quantity (m3) 8122 

Cost Fuel (CAD)  3311 
 
 

Table J.2 Hybrid-case results for test-case house 1 simulated in Prince George 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4693 4693 4975 4975 

WT (kWh/Yr) 403 562 403 562 

Energy Total (kWh/Yr) 5097 5255 5378 5537 

Import Net (kWh/Yr) 15174 15040 15093 14960 

Energy Surplus (kWh/Yr) 1789 1813 1990 2014 

Cost TOU (CAD/Yr) 999 991 993 985 

Cost FLAT (CAD/Yr) 960 952 955 946 

Credit TOU (CAD/Yr) 132 134 147 149 

Credit FLAT (CAD/Yr) 113 114 126 127 

GHG Elec ai (Tonnes/Yr) 0.4 0.4 0.4 0.4 

GHG Elec hi (Tonnes/Yr) 5.7 5.6 5.6 5.6 

GHG Total ai (Tonnes/Yr) 15.4 15.4 15.4 15.4 

GHG Total hi (Tonnes/Yr) 20.8 20.7 20.7 20.7 
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Table J.3 Base-case results for test-case house 1 simulated in Vancouver 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 18236 

Demand FUR (GJ/Yr) 224.1 

Demand SH (GJ/Yr) 121.8 

Demand DHW Fuel (GJ/Yr) 26.8 

Demand DHW (GJ/Yr) 13.7 

Cost TOU (CAD/Yr) 1219 

Cost FLAT (CAD/Yr) 1154 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 6.8 

GHG Thermal (Tonnes/Yr) 12.2 

GHG Total ai (Tonnes/Yr) 12.7 

GHG Total hi (Tonnes/Yr) 19.1 

Fuel Quantity (m3) 6581 

Cost Fuel (CAD)  2683 
 
 

Table J.4 Hybrid-case results for test-case house 1 simulated in Vancouver 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7212 7212 9375 9375 

WT (kWh/Yr) 672 975 672 975 

Energy Total (kWh/Yr) 7885 8187 10048 10351 

Import Net (kWh/Yr) 12986 12757 12402 12185 

Energy Surplus (kWh/Yr) 2634 2708 4214 4301 

Cost TOU (CAD/Yr) 836 821 794 780 

Cost FLAT (CAD/Yr) 822 807 785 771 

Credit TOU (CAD/Yr) 200 205 319 325 

Credit FLAT (CAD/Yr) 167 171 266 272 

GHG Elec ai (Tonnes/Yr) 0.3 0.3 0.3 0.29 

GHG Elec hi (Tonnes/Yr) 4.8 4.8 4.6 4.6 

GHG Total ai (Tonnes/Yr) 12.5 12.5 12.5 12.5 

GHG Total hi (Tonnes/Yr) 17.1 17.0 16.8 16.8 
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Table J.5 Base-case results for test-case house 2 simulated in Prince George 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 17949 

Demand FUR (GJ/Yr) 141.5 

Demand SH (GJ/Yr) 75.4 

Demand DHW Fuel (GJ/Yr) 30.2 

Demand DHW (GJ/Yr) 15.3 

Cost TOU (CAD/Yr) 1202 

Cost FLAT (CAD/Yr) 1136 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 6.7 

GHG Thermal (Tonnes/Yr) 8.3 

GHG Total ai (Tonnes/Yr) 8.7 

GHG Total hi (Tonnes/Yr) 15.1 

Fuel Quantity (m3) 4492 

Cost Fuel (CAD)  1831 
 
 

Table J.6 Hybrid-case results for test-case house 2 simulated in Prince George 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 3421 3421 5166 5166 

WT (kWh/Yr) 403 562 403 562 

Energy Total (kWh/Yr) 3825 3983 5570 5728 

Import Net (kWh/Yr) 16942 16801 16831 16691 

Energy Surplus (kWh/Yr) 2818 2835 4452 4470 

Cost TOU (CAD/Yr) 1132 1123 1123 1114 

Cost FLAT (CAD/Yr) 1072 1063 1065 1056 

Credit TOU (CAD/Yr) 198 198 313 314 

Credit FLAT (CAD/Yr) 178 179 281 282 

GHG Elec ai (Tonnes/Yr) 0.4 0.4 0.4 0.4 

GHG Elec hi (Tonnes/Yr) 6.3 6.3 6.3 6.2 

GHG Total ai (Tonnes/Yr) 8.7 8.7 8.7 8.7 

GHG Total hi (Tonnes/Yr) 14.7 14.6 14.6 14.6 
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Table J.7 Base-case results for test-case house 2 simulated in Vancouver 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 176125 

Demand FUR (GJ/Yr) 61.5 

Demand SH (GJ/Yr) 32.1 

Demand DHW Fuel (GJ/Yr) 29.9 

Demand DHW (GJ/Yr) 15.1 

Cost TOU (CAD/Yr) 1180 

Cost FLAT (CAD/Yr) 1114 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 6.6 

GHG Thermal (Tonnes/Yr) 4.4 

GHG Total ai (Tonnes/Yr) 4.8 

GHG Total hi (Tonnes/Yr) 11.1 

Fuel Quantity (m3) 2392 

Cost Fuel (CAD)  975 
 
 

Table J.8 Hybrid-case results for test-case house 2 simulated in Vancouver 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4339 4339 6248 6248 

WT (kWh/Yr) 672 975 672 975 

Energy Total (kWh/Yr) 5012 5314 6921 7223 

Import Net (kWh/Yr) 13752 13512 12980 12753 

Energy Surplus (kWh/Yr) 1151 1214 2288 2364 

Cost TOU (CAD/Yr) 898 883 842 827 

Cost FLAT (CAD/Yr) 870 855 821 807 

Credit TOU (CAD/Yr) 86 91 172 178 

Credit FLAT (CAD/Yr) 72 76 144 149 

GHG Elec ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Elec hi (Tonnes/Yr) 5.2 5.1 4.8 4.7 

GHG Total ai (Tonnes/Yr) 4.8 4.7 4.7 4.7 

GHG Total hi (Tonnes/Yr) 9.6 9.5 9.3 9.2 
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Table J.9 Base-case results for test-case house 3 simulated in Prince George 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 15711 

Demand FUR (GJ/Yr) 136 

Demand SH (GJ/Yr) 93.2 

Demand DHW Fuel (GJ/Yr) 24.7 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 1050 

Cost FLAT (CAD/Yr) 994 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 5.9 

GHG Thermal (Tonnes/Yr) 7.8 

GHG Total ai (Tonnes/Yr) 8.2 

GHG Total hi (Tonnes/Yr) 13.7 

Fuel Quantity (m3) 4224 

Cost Fuel (CAD)  1722 
 
 

Table J.10 Hybrid-case results for test-case house 3 simulated in Prince George 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 2504 2504 4709 4709 

WT (kWh/Yr) 403 562 403 562 

Energy Total (kWh/Yr) 2908 3066 5112 5271 

Import Net (kWh/Yr) 13570 13435 12869 12740 

Energy Surplus (kWh/Yr) 767 790 2271 2300 

Cost TOU (CAD/Yr) 903 895 853 845 

Cost FLAT (CAD/Yr) 859 850 814 806 

Credit TOU (CAD/Yr) 47 48 145 147 

Credit FLAT (CAD/Yr) 48 50 143 145 

GHG Elec ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Elec hi (Tonnes/Yr) 5.1 5.0 4.8 4.7 

GHG Total ai (Tonnes/Yr) 8.2 8.1 8.1 8.1 

GHG Total hi (Tonnes/Yr) 12.9 12.8 12.7 12.6 
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Table J.11 Base-case results for test-case house 3 simulated in Vancouver 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 15401 

Demand FUR (GJ/Yr) 61 

Demand SH (GJ/Yr) 41 

Demand DHW Fuel (GJ/Yr) 24 

Demand DHW (GJ/Yr) 13 

Cost TOU (CAD/Yr) 1030 

Cost FLAT (CAD/Yr) 974 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 5.8 

GHG Thermal (Tonnes/Yr) 4.2 

GHG Total ai (Tonnes/Yr) 4.6 

GHG Total hi (Tonnes/Yr) 9.9 

Fuel Quantity (m3) 2258 

Cost Fuel (CAD)  920 
 
 

Table J.12 Hybrid-case results for test-case house 3 simulated in Vancouver 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7794 7794 7950 7950 

WT (kWh/Yr) 672 975 672 975 

Energy Total (kWh/Yr) 8467 8769 8623 8925 

Import Net (kWh/Yr) 10609 10396 10575 10363 

Energy Surplus (kWh/Yr) 3675 3765 3797 3887 

Cost TOU (CAD/Yr) 686 672 684 670 

Cost FLAT (CAD/Yr) 671 658 669 656 

Credit TOU (CAD/Yr) 269 275 278 284 

Credit FLAT (CAD/Yr) 232 238 240 246 

GHG Elec ai (Tonnes/Yr) 0.2 0.2 0.2 0.2 

GHG Elec hi (Tonnes/Yr) 3.9 3.9 3.9 3.8 

GHG Total ai (Tonnes/Yr) 4.4 4.4 4.4 4.4 

GHG Total hi (Tonnes/Yr) 8.2 8.1 8.1 8.0 
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Table J.13 Base-case results for test-case house 4 simulated in Calgary 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10965 

Demand FUR (GJ/Yr) 112.8 

Demand SH (GJ/Yr) 76.4 

Demand DHW Fuel (GJ/Yr) 24.7 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 886 

Cost FLAT (CAD/Yr) 845 

GHG Elec ai (Tonnes/Yr) 9.4 

GHG Elec hi (Tonnes/Yr) 10.8 

GHG Thermal (Tonnes/Yr) 6.7 

GHG Total ai (Tonnes/Yr) 16.1 

GHG Total hi (Tonnes/Yr) 17.5 

Fuel Quantity (m3) 3601 

Cost Fuel (CAD)  1468 
 
 

Table J.14 Hybrid-case results for test-case house 4 simulated in Calgary 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9057 9057 10235 10235 

WT (kWh/Yr) 1124 1774 1124 1774 

Energy Total (kWh/Yr) 10182 10832 11360 12009 

Import Net (kWh/Yr) 6078 5785 5956 5672 

Energy Surplus (kWh/Yr) 5295 5651 6351 6716 

Cost TOU (CAD/Yr) 461 439 451 429 

Cost FLAT (CAD/Yr) 468 446 459 437 

Credit TOU (CAD/Yr) 480 510 576 607 

Credit FLAT (CAD/Yr) 408 435 489 517 

GHG Elec ai (Tonnes/Yr) 5.3 4.9 5.1 4.8 

GHG Elec hi (Tonnes/Yr) 5.9 5.7 5.8 5.6 

GHG Total ai (Tonnes/Yr) 11.9 11.7 11.8 11.6 

GHG Total hi (Tonnes/Yr) 12.7 12.4 12.5 12.3 
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Table J.15 Base-case results for test-case house 4 simulated in Edmonton 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 11027 

Demand FUR (GJ/Yr) 128.1 

Demand SH (GJ/Yr) 86.3 

Demand DHW Fuel (GJ/Yr) 24.7 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 891.6 

Cost FLAT (CAD/Yr) 850 

GHG Elec ai (Tonnes/Yr) 9.5 

GHG Elec hi (Tonnes/Yr) 10.8 

GHG Thermal (Tonnes/Yr) 7.4 

GHG Total ai (Tonnes/Yr) 16.9 

GHG Total hi (Tonnes/Yr) 18.3 

Fuel Quantity (m3) 4000 

Cost Fuel (CAD)  1630 
 
 

Table J.16 Hybrid-case results for test-case house 4 simulated in Edmonton 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 10278 10278 10283 10283 

WT (kWh/Yr) 746 1093 746 1093 

Energy Total (kWh/Yr) 11025 11372 11030 11377 

Import Net (kWh/Yr) 6417 6238 6417 6237 

Energy Surplus (kWh/Yr) 6416 6583 6421 6588 

Cost TOU (CAD/Yr) 487 474 487 474 

Cost FLAT (CAD/Yr) 494 480 494 480 

Credit TOU (CAD/Yr) 582 597 582 597 

Credit FLAT (CAD/Yr) 494 507 495 507 

GHG Elec ai (Tonnes/Yr) 5.5 5.3 5.5 5.3 

GHG Elec hi (Tonnes/Yr) 6.3 6.1 6.3 6.1 

GHG Total ai (Tonnes/Yr) 12.9 12.8 12.9 12.8 

GHG Total hi (Tonnes/Yr) 13.7 13.6 13.7 13.5 
 
 
 



 

 

342

 

Table J.17 Base-case results for test-case house 5 simulated in Calgary 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 11152 

Demand FUR (GJ/Yr) 121.6 

Demand SH (GJ/Yr) 67.5 

Demand DHW Fuel (GJ/Yr) 27.6 

Demand DHW (GJ/Yr) 15.2 

Cost TOU (CAD/Yr) 903 

Cost FLAT (CAD/Yr) 859 

GHG Elec ai (Tonnes/Yr) 9.6 

GHG Elec hi (Tonnes/Yr) 10.9 

GHG Thermal (Tonnes/Yr) 7.2 

GHG Total ai (Tonnes/Yr) 16.8 

GHG Total hi (Tonnes/Yr) 18.2 

Fuel Quantity (m3) 3906 

Cost Fuel (CAD)  1592 
 
 

Table J.18 Hybrid-case results for test-case house 5 simulated in Calgary 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 11730 11730 13254 13254 

WT (kWh/Yr) 1124 1774 1124 1774 

Energy Total (kWh/Yr) 12854 13504 14379 15029 

Import Net (kWh/Yr) 6023 5749 5911 5644 

Energy Surplus (kWh/Yr) 7726 8102 9139 9521 

Cost TOU (CAD/Yr) 457 437 448 427 

Cost FLAT (CAD/Yr) 464 443 455 435 

Credit TOU (CAD/Yr) 700 732 828 860 

Credit FLAT (CAD/Yr) 595 624 704 734 

GHG Elec ai (Tonnes/Yr) 5.2 4.9 5.1 4.8 

GHG Elec hi (Tonnes/Yr) 5.9 5.6 5.8 5.6 

GHG Total ai (Tonnes/Yr) 12.4 12.2 12.3 12.1 

GHG Total hi (Tonnes/Yr) 13.2 12.9 13.1 12.8 
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Table J.19 Base-case results for test-case house 5 simulated in Edmonton 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 11216 

Demand FUR (GJ/Yr) 136.9 

Demand SH (GJ/Yr) 92.3 

Demand DHW Fuel (GJ/Yr) 27.6 

Demand DHW (GJ/Yr) 15.2 

Cost TOU (CAD/Yr) 908 

Cost FLAT (CAD/Yr) 864 

GHG Elec ai (Tonnes/Yr) 9.6 

GHG Elec hi (Tonnes/Yr) 11.1 

GHG Thermal (Tonnes/Yr) 8.0 

GHG Total ai (Tonnes/Yr) 17.6 

GHG Total hi (Tonnes/Yr) 19.0 

Fuel Quantity (m3) 4307 

Cost Fuel (CAD)  1756 
 
 

Table J.20 Hybrid-case results for test-case house 5 simulated in Edmonton 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9940 9940 12028 12028 

WT (kWh/Yr) 746 1093 746 1093 

Energy Total (kWh/Yr) 10687 110342 12775 13121 

Import Net (kWh/Yr) 6642 6466 6432 6263 

Energy Surplus (kWh/Yr) 6113 6284 7990 8168 

Cost TOU (CAD/Yr) 508 495 490 477 

Cost FLAT (CAD/Yr) 512 498 495 482 

Credit TOU (CAD/Yr) 554 569 724 740 

Credit FLAT (CAD/Yr) 471 484 616 629 

GHG Elec ai (Tonnes/Yr) 5.7 5.5 5.5 5.4 

GHG Elec hi (Tonnes/Yr) 6.5 6.3 6.3 6.1 

GHG Total ai (Tonnes/Yr) 13.7 13.5 13.5 13.3 

GHG Total hi (Tonnes/Yr) 14.5 14.4 14.3 14.2 
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Table J.21 Base-case results for test-case house 6 simulated in Calgary 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10051 

Demand FUR (GJ/Yr) 128.2 

Demand SH (GJ/Yr) 86.9 

Demand DHW Fuel (GJ/Yr) 24.8 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 818 

Cost FLAT (CAD/Yr) 774 

GHG Elec ai (Tonnes/Yr) 8.6 

GHG Elec hi (Tonnes/Yr) 9.9 

GHG Thermal (Tonnes/Yr) 7.4 

GHG Total ai (Tonnes/Yr) 16.1 

GHG Total hi (Tonnes/Yr) 17.3 

Fuel Quantity (m3) 4006 

Cost Fuel (CAD)  1633 
 
 

Table J.22 Hybrid-case results for test-case house 6 simulated in Calgary 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9069 9069 10248 10248 

WT (kWh/Yr) 1124 1774 1124 1774 

Energy Total (kWh/Yr) 10194 10844 11373 12023 

Import Net (kWh/Yr) 5390 5121 5285 5023 

Energy Surplus (kWh/Yr) 5533 591 6607 6994 

Cost TOU (CAD/Yr) 413 392 403 383 

Cost FLAT (CAD/Yr) 415 394 407 387 

Credit TOU (CAD/Yr) 501 532 598 630 

Credit FLAT (CAD/Yr) 426 455 509 539 

GHG Elec ai (Tonnes/Yr) 4.6 4.4 4.5 4.3 

GHG Elec hi (Tonnes/Yr) 5.3 5.0 5.2 4.9 

GHG Total ai (Tonnes/Yr) 12.1 11.8 11.9 11.7 

GHG Total hi (Tonnes/Yr) 12.7 12.5 12.6 12.4 
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Table J.23 Base-case results for test-case house 6 simulated in Edmonton 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10109 

Demand FUR (GJ/Yr) 142.7 

Demand SH (GJ/Yr) 95.9 

Demand DHW Fuel (GJ/Yr) 24.8 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 822 

Cost FLAT (CAD/Yr) 779 

GHG Elec ai (Tonnes/Yr) 8.7 

GHG Elec hi (Tonnes/Yr) 9.9 

GHG Thermal (Tonnes/Yr) 8.1 

GHG Total ai (Tonnes/Yr) 16.8 

GHG Total hi (Tonnes/Yr) 18.1 

Fuel Quantity (m3) 4384 

Cost Fuel (CAD)  1787 
 
 

Table J.24 Hybrid-case results for test-case house 6 simulated in Edmonton 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7686 7686 9300 9300 

WT (kWh/Yr) 746 1093 746 1093 

Energy Total (kWh/Yr) 8433 8779 10047 10393 

Import Net (kWh/Yr) 5979 5802 5785 5616 

Energy Surplus (kWh/Yr) 4303 4471 5723 5900 

Cost TOU (CAD/Yr) 461 448 445 432 

Cost FLAT (CAD/Yr) 461 447 446 433 

Credit TOU (CAD/Yr) 390 405 518 534 

Credit FLAT (CAD/Yr) 331 344 441 454 

GHG Elec ai (Tonnes/Yr) 5.1 5.0 4.9 4.8 

GHG Elec hi (Tonnes/Yr) 5.9 5.7 5.7 5.5 

GHG Total ai (Tonnes/Yr) 13.3 13.1 13.1 12.9 

GHG Total hi (Tonnes/Yr) 14.0 13.8 13.8 13.7 
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Table J.25 Base-case results for test-case house 7 simulated in North Battleford 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9084 

Demand FUR (GJ/Yr) 143.9 

Demand SH (GJ/Yr) 92.8 

Demand DHW Fuel (GJ/Yr) 24.9 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 862 

Cost FLAT (CAD/Yr) 816 

GHG Elec ai (Tonnes/Yr) 7.6 

GHG Elec hi (Tonnes/Yr) 10.3 

GHG Thermal (Tonnes/Yr) 8.2 

GHG Total ai (Tonnes/Yr) 15.8 

GHG Total hi (Tonnes/Yr) 18.5 

Fuel Quantity (m3) 4420 

Cost Fuel (CAD)  1802 
 
 

Table J.26 Hybrid-case results for test-case house 7 simulated in North Battleford 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 5814 5814 

WT (kWh/Yr) 966 1496 

Energy Total (kWh/Yr) 6781 7311 

Import Net (kWh/Yr) 6247 5962 

Energy Surplus (kWh/Yr) 3944 4189 

Cost TOU (CAD/Yr) 584 558 

Cost FLAT (CAD/Yr) 561 536 

Credit TOU (CAD/Yr) 396 417 

Credit FLAT (CAD/Yr) 354 376 

GHG Elec ai (Tonnes/Yr) 5.2 5.0 

GHG Elec hi (Tonnes/Yr) 7.1 6.8 

GHG Total ai (Tonnes/Yr) 13.4 13.2 

GHG Total hi (Tonnes/Yr) 15.3 15.0 
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Table J.27 Base-case results for test-case house 7 simulated in Regina 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9030 

Demand FUR (GJ/Yr) 130.5 

Demand SH (GJ/Yr) 86.2 

Demand DHW Fuel (GJ/Yr) 24.9 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 857 

Cost FLAT (CAD/Yr) 811 

GHG Elec ai (Tonnes/Yr) 7.6 

GHG Elec hi (Tonnes/Yr) 10.3 

GHG Thermal (Tonnes/Yr) 7.5 

GHG Total ai (Tonnes/Yr) 15.1 

GHG Total hi (Tonnes/Yr) 17.8 

Fuel Quantity (m3) 4067 

Cost Fuel (CAD)  1658 
 
 

Table J. 28 Hybrid-case results for test-case house 7 simulated in Regina 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 11706 11706 

WT (kWh/Yr) 1638 2675 

Energy Total (kWh/Yr) 13345 14381 

Import Net (kWh/Yr) 4403 4000 

Energy Surplus (kWh/Yr) 8717 9351 

Cost TOU (CAD/Yr) 393 358 

Cost FLAT (CAD/Yr) 395 359 

Credit TOU (CAD/Yr) 912 974 

Credit FLAT (CAD/Yr) 783 840 

GHG Elec ai (Tonnes/Yr) 3.7 3.4 

GHG Elec hi (Tonnes/Yr) 5.0 4.6 

GHG Total ai (Tonnes/Yr) 11.2 10.9 

GHG Total hi (Tonnes/Yr) 12.6 12.1 
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Table J.29 Base-case results for test-case house 8 simulated in North Battleford 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10151 

Demand FUR (GJ/Yr) 144.1 

Demand SH (GJ/Yr) 97.5 

Demand DHW Fuel (GJ/Yr) 24.9 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 964.3 

Cost FLAT (CAD/Yr) 912.6 

GHG Elec ai (Tonnes/Yr) 8.5 

GHG Elec hi (Tonnes/Yr) 11.6 

GHG Thermal (Tonnes/Yr) 8.2 

GHG Total ai (Tonnes/Yr) 16.7 

GHG Total hi (Tonnes/Yr) 19.7 

Fuel Quantity (m3) 4422 

Cost Fuel (CAD)  1803 
 
 

Table J.30 Hybrid-case results for test-case house 8 simulated in North Battleford 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 6902 6902 

WT (kWh/Yr) 966 1496 

Energy Total (kWh/Yr) 7868 8398 

Import Net (kWh/Yr) 7029 6741 

Energy Surplus (kWh/Yr) 4746 4989 

Cost TOU (CAD/Yr) 657 631 

Cost FLAT (CAD/Yr) 631 606 

Credit TOU (CAD/Yr) 478 499 

Credit FLAT (CAD/Yr) 426 448 

GHG Elec ai (Tonnes/Yr) 5.9 5.6 

GHG Elec hi (Tonnes/Yr) 8.0 7.7 

GHG Total ai (Tonnes/Yr) 14.1 13.8 

GHG Total hi (Tonnes/Yr) 16.2 15.9 
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Table J.31 Base-case results for test-case house 8 simulated in Regina 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10091 

Demand FUR (GJ/Yr) 129.2 

Demand SH (GJ/Yr) 87.5 

Demand DHW Fuel (GJ/Yr) 24.8 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 958 

Cost FLAT (CAD/Yr) 907 

GHG Elec ai (Tonnes/Yr) 8.5 

GHG Elec hi (Tonnes/Yr) 11.5 

GHG Thermal (Tonnes/Yr) 7.5 

GHG Total ai (Tonnes/Yr) 15.9 

GHG Total hi (Tonnes/Yr) 18.9 

Fuel Quantity (m3) 4030 

Cost Fuel (CAD)  1643 
 
 

Table J.32 Hybrid-case results for test-case house 8 simulated in Regina 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 11693 11693 

WT (kWh/Yr) 1638 2675 

Energy Total (kWh/Yr) 13331 14368 

Import Net (kWh/Yr) 5132 4711 

Energy Surplus (kWh/Yr) 8373 8989 

Cost TOU (CAD/Yr) 460 422 

Cost FLAT (CAD/Yr) 461 423 

Credit TOU (CAD/Yr) 876 937 

Credit FLAT (CAD/Yr) 752 808 

GHG Elec ai (Tonnes/Yr) 4.3 3.9 

GHG Elec hi (Tonnes/Yr) 5.8 5.4 

GHG Total ai (Tonnes/Yr) 11.8 11.4 

GHG Total hi (Tonnes/Yr) 13.3 12.8 
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Table J.33 Base-case results for test-case house 9 simulated in North Battleford 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8585 

Demand FUR (GJ/Yr) 173.1 

Demand SH (GJ/Yr) 115.6 

Demand DHW Fuel (GJ/Yr) 21.9 

Demand DHW (GJ/Yr) 12.0 

Cost TOU (CAD/Yr) 822 

Cost FLAT (CAD/Yr) 771 

GHG Elec ai (Tonnes/Yr) 7.2 

GHG Elec hi (Tonnes/Yr) 9.8 

GHG Thermal (Tonnes/Yr) 9.5 

GHG Total ai (Tonnes/Yr) 16.7 

GHG Total hi (Tonnes/Yr) 19.3 

Fuel Quantity (m3) 5107 

Cost Fuel (CAD)  2082 
 
 

Table J.34 Hybrid-case results for test-case house 9 simulated in Battleford 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 5813 5813 

WT (kWh/Yr) 966 1496 

Energy Total (kWh/Yr) 6780 7310 

Import Net (kWh/Yr) 5825 5555 

Energy Surplus (kWh/Yr) 4020 4281 

Cost TOU (CAD/Yr) 550 526 

Cost FLAT (CAD/Yr) 523 499 

Credit TOU (CAD/Yr) 402 425 

Credit FLAT (CAD/Yr) 361 384 

GHG Elec ai (Tonnes/Yr) 4.9 4.7 

GHG Elec hi (Tonnes/Yr) 6.6 6.3 

GHG Total ai (Tonnes/Yr) 14.4 14.1 

GHG Total hi (Tonnes/Yr) 16.1 15.8 
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Table J.35 Base-case results for test-case house 9 simulated in Regina 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8511 

Demand FUR (GJ/Yr) 154.5 

Demand SH (GJ/Yr) 103.1 

Demand DHW Fuel (GJ/Yr) 21.9 

Demand DHW (GJ/Yr) 12.0 

Cost TOU (CAD/Yr) 814 

Cost FLAT (CAD/Yr) 765 

GHG Elec ai (Tonnes/Yr) 7.1 

GHG Elec hi (Tonnes/Yr) 9.7 

GHG Thermal (Tonnes/Yr) 8.6 

GHG Total ai (Tonnes/Yr) 15.7 

GHG Total hi (Tonnes/Yr) 18.3 

Fuel Quantity (m3) 4618 

Cost Fuel (CAD)  1882 
 
 

Table J.36 Hybrid-case results for test-case house 9 simulated in Regina 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 11705 11705 

WT (kWh/Yr) 1638 2675 

Energy Total (kWh/Yr) 13343 14380 

Import Net (kWh/Yr) 3987 3609 

Energy Surplus (kWh/Yr) 8820 9478 

Cost TOU (CAD/Yr) 361 327 

Cost FLAT (CAD/Yr) 358 324 

Credit TOU (CAD/Yr) 923 986 

Credit FLAT (CAD/Yr) 792 852 

GHG Elec ai (Tonnes/Yr) 3.3 3.0 

GHG Elec hi (Tonnes/Yr) 4.5 4.1 

GHG Total ai (Tonnes/Yr) 11.9 11.6 

GHG Total hi (Tonnes/Yr) 13.1 12.7 
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Table J.37 Base-case results for test-case house 10 simulated in Le Pas 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10336 

Demand FUR (GJ/Yr) 152.1 

Demand SH (GJ/Yr) 108.1 

Demand DHW Fuel (GJ/Yr) 25.1 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 623 

Cost FLAT (CAD/Yr) 588 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 12.3 

GHG Thermal (Tonnes/Yr) 8.6 

GHG Total ai (Tonnes/Yr) 8.9 

GHG Total hi (Tonnes/Yr) 20.9 

Fuel Quantity (m3) 4637 

Cost Fuel (CAD)  1890 
 
 

Table J.38 Hybrid-case results for test-case house 10 simulated in Le Pas 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4765 4765 4955 4955 

WT (kWh/Yr) 888 1289 888 1289 

Energy Total (kWh/Yr) 5654 6054 5844 6245 

Import Net (kWh/Yr) 7421 7074 7396 7050 

Energy Surplus (kWh/Yr) 2738 2792 2904 2958 

Cost TOU (CAD/Yr) 440 418 438 417 

Cost FLAT (CAD/Yr) 422 402 420 401 

Credit TOU (CAD/Yr) 177 181 188 191 

Credit FLAT (CAD/Yr) 155 158 165 168 

GHG Elec ai (Tonnes/Yr) 0.2 0.2 0.2 0.2 

GHG Elec hi (Tonnes/Yr) 8.8 8.4 8.8 8.4 

GHG Total ai (Tonnes/Yr) 8.8 8.8 8.8 8.8 

GHG Total hi (Tonnes/Yr) 17.5 17.1 17.4 17.0 
 
 
 



 

 

353

 

Table J.39 Base-case results for test-case house 10 simulated in Winnipeg 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10208 

Demand FUR (GJ/Yr) 121.6 

Demand SH (GJ/Yr) 87.0 

Demand DHW Fuel (GJ/Yr) 25.1 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 615 

Cost FLAT (CAD/Yr) 580 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 12.2 

GHG Thermal (Tonnes/Yr) 7.1 

GHG Total ai (Tonnes/Yr) 7.4 

GHG Total hi (Tonnes/Yr) 19.3 

Fuel Quantity (m3) 3839 

Cost Fuel (CAD)  1565 
 
 

Table J.40 Hybrid-case results for test-case house 10 simulated in Winnipeg 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8001 8001 10210 10210 

WT (kWh/Yr) 1289 2050 1289 2050 

Energy Total (kWh/Yr) 9291 10052 11499 12261 

Import Net (kWh/Yr) 5694 5306 5488 5119 

Energy Surplus (kWh/Yr) 4777 5150 6780 7171 

Cost TOU (CAD/Yr) 327 305 313 293 

Cost FLAT (CAD/Yr) 324 301 312 291 

Credit TOU (CAD/Yr) 318 341 451 475 

Credit FLAT (CAD/Yr) 271 293 385 408 

GHG Elec ai (Tonnes/Yr) 0.2 0.2 0.2 0.2 

GHG Elec hi (Tonnes/Yr) 6.8 6.3 6.5 6.1 

GHG Total ai (Tonnes/Yr) 7.3 7.3 7.3 7.2 

GHG Total hi (Tonnes/Yr) 13.9 13.5 13.7 13.2 
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Table J.41 Base-case results for test-case house 11 simulated in Le Pas 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9086 

Demand FUR (GJ/Yr) 192.9 

Demand SH (GJ/Yr) 137.3 

Demand DHW Fuel (GJ/Yr) 23.3 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 546 

Cost FLAT (CAD/Yr) 517 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 10.8 

GHG Thermal (Tonnes/Yr) 10.5 

GHG Total ai (Tonnes/Yr) 10.8 

GHG Total hi (Tonnes/Yr) 21.3 

Fuel Quantity (m3) 5658 

Cost Fuel (CAD)  2306 
 
 

Table J.42 Hybrid-case results for test-case house 11 simulated in Le Pas 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4765 4765 4965 4965 

WT (kWh/Yr) 888 1355 888 1355 

Energy Total (kWh/Yr) 5654 6120 5854 6321 

Import Net (kWh/Yr) 6391 6095 6370 6076 

Energy Surplus (kWh/Yr) 2958 3129 3138 3310 

Cost TOU (CAD/Yr) 377 360 376 359 

Cost FLAT (CAD/Yr) 363 346 362 345 

Credit TOU (CAD/Yr) 191 201 203 213.3 

Credit FLAT (CAD/Yr) 168 178 178 188.4 

GHG Elec ai (Tonnes/Yr) 0.2 0.19 0.2 0.19 

GHG Elec hi (Tonnes/Yr) 7.6 7.3 7.6 7.2 

GHG Total ai (Tonnes/Yr) 10.7 10.7 10.7 10.7 

GHG Total hi (Tonnes/Yr) 18.1 17.8 18.1 17.7 
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Table J.43 Base-case results for test-case house 11 simulated in Winnipeg 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8960 

Demand FUR (GJ/Yr) 162.8 

Demand SH (GJ/Yr) 116.7 

Demand DHW Fuel (GJ/Yr) 23.2 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 539 

Cost FLAT (CAD/Yr) 509 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 10.7 

GHG Thermal (Tonnes/Yr) 9.1 

GHG Total ai (Tonnes/Yr) 9.3 

GHG Total hi (Tonnes/Yr) 19.7 

Fuel Quantity (m3) 4869 

Cost Fuel (CAD)  1985 
 
 

Table J.44 Hybrid-case results for test-case house 11 simulated in Winnipeg 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 3891 3891 4965 4965 

WT (kWh/Yr) 888 1355 888 1355 

Energy Total (kWh/Yr) 4780 5247 5854 6321 

Import Net (kWh/Yr) 6398 6102 6270 5982 

Energy Surplus (kWh/Yr) 2218 2389 3164 3343 

Cost TOU (CAD/Yr) 378 361 370 353 

Cost FLAT (CAD/Yr) 364 347 356 340 

Credit TOU (CAD/Yr) 143 153 204 215 

Credit FLAT (CAD/Yr) 126 135 180 190 

GHG Elec ai (Tonnes/Yr) 0.2 0.2 0.2 0.2 

GHG Elec hi (Tonnes/Yr) 7.6 7.3 7.5 7.1 

GHG Total ai (Tonnes/Yr) 9.2 9.2 9.2 9.2 

GHG Total hi (Tonnes/Yr) 16.7 16.3 16.5 16.2 
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Table J.45 Base-case results for test-case house 12 simulated in Le Pas 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8294 

Demand FUR (GJ/Yr) 226.1 

Demand SH (GJ/Yr) 161.3 

Demand DHW Fuel (GJ/Yr) 20.1 

Demand DHW (GJ/Yr) 11.8 

Cost TOU (CAD/Yr) 503 

Cost FLAT (CAD/Yr) 471 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 9.9 

GHG Thermal (Tonnes/Yr) 11.9 

GHG Total ai (Tonnes/Yr) 12.2 

GHG Total hi (Tonnes/Yr) 21.8 

Fuel Quantity (m3) 6442 

Cost Fuel (CAD)  2626 
 
 

Table J.46 Hybrid-case results for test-case house 12 simulated in Le Pas 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 3490 3490 4964 4964 

WT (kWh/Yr) 888 1355 888 1355 

Energy Total (kWh/Yr) 4379 4846 5853 6320 

Import Net (kWh/Yr) 5905 5620 5734 5461 

Energy Surplus (kWh/Yr) 1990 2172 3294 3487 

Cost TOU (CAD/Yr) 353 337 342 326 

Cost FLAT (CAD/Yr) 336 319 326 310 

Credit TOU (CAD/Yr) 128 138 213 224 

Credit FLAT (CAD/Yr) 113 123 187.4 198.4 

GHG Elec ai (Tonnes/Yr) 0.18 0.17 0.18 0.17 

GHG Elec hi (Tonnes/Yr) 7.1 6.7 6.8 6.5 

GHG Total ai (Tonnes/Yr) 12.1 12.1 12.1 12.1 

GHG Total hi (Tonnes/Yr) 19.0 18.7 18.8 18.5 
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Table J.47 Base-case results for test-case house 12 simulated in Winnipeg 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8128 

Demand FUR (GJ/Yr) 186.6 

Demand SH (GJ/Yr) 134.2 

Demand DHW Fuel (GJ/Yr) 20.0 

Demand DHW (GJ/Yr) 11.8 

Cost TOU (CAD/Yr) 493 

Cost FLAT (CAD/Yr) 462 

GHG Elec ai (Tonnes/Yr) 0.2 

GHG Elec hi (Tonnes/Yr) 9.7 

GHG Thermal (Tonnes/Yr) 10.0 

GHG Total ai (Tonnes/Yr) 10.3 

GHG Total hi (Tonnes/Yr) 19.7 

Fuel Quantity (m3) 5408 

Cost Fuel (CAD)  2205 
 
 

Table J.48 Hybrid-case results for test-case house 12 simulated in Winnipeg 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 3345 3345 4271 4271 

WT (kWh/Yr) 1289 2050 1289 2050 

Energy Total (kWh/Yr) 4635 5396 5560 6321 

Import Net (kWh/Yr) 5897 5413 5841 5363 

Energy Surplus (kWh/Yr) 2404 2680 3273 3556 

Cost TOU (CAD/Yr) 353 324 349 320 

Cost FLAT (CAD/Yr) 335 308 332 305 

Credit TOU (CAD/Yr) 165 182 225 242 

Credit FLAT (CAD/Yr) 136 152 186 202 

GHG Elec ai (Tonnes/Yr) 0.2 0.2 0.2 0.2 

GHG Elec hi (Tonnes/Yr) 7.1 6.5 6.9 6.4 

GHG Total ai (Tonnes/Yr) 10.2 10.2 10.2 10.2 

GHG Total hi (Tonnes/Yr) 17.1 16.5 17.0 16.4 
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Table J.49 Base-case results for test-case house 13 simulated in Ottawa 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10065 

Demand FUR (GJ/Yr) 102 

Demand SH (GJ/Yr) 77.9 

Demand DHW Fuel (GJ/Yr) 24.4 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 1070 

Cost FLAT (CAD/Yr) 1006 

GHG Elec ai (Tonnes/Yr) 2.2 

GHG Elec hi (Tonnes/Yr) 9.6 

GHG Thermal (Tonnes/Yr) 6.1 

GHG Total ai (Tonnes/Yr) 8.4 

GHG Total hi (Tonnes/Yr) 15.7 

Fuel Quantity (m3) 3309 

Cost Fuel (CAD)  1349 
 
 

Table J.50 Hybrid-case results for test-case house 13 simulated in Ottawa 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 6761 6761 

WT (kWh/Yr) 967 1480 

Energy Total (kWh/Yr) 7729 8241 

Import Net (kWh/Yr) 6132 5878 

Energy Surplus (kWh/Yr) 3795 4054 

Cost TOU (CAD/Yr) 622 595 

Cost FLAT (CAD/Yr) 613 587 

Credit TOU (CAD/Yr) 445 473 

Credit FLAT (CAD/Yr) 379 405 

GHG Elec ai (Tonnes/Yr) 1.4 1.3 

GHG Elec hi (Tonnes/Yr) 5.8 5.6 

GHG Total ai (Tonnes/Yr) 7.5 7.4 

GHG Total hi (Tonnes/Yr) 11.9 11.7 
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Table J.51 Base-case results for test-case house 13 simulated in Toronto 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9993 

Demand FUR (GJ/Yr) 85.7 

Demand SH (GJ/Yr) 65.3 

Demand DHW Fuel (GJ/Yr) 24.4 

Demand DHW (GJ/Yr) 13.6 

Cost TOU (CAD/Yr) 1063 

Cost FLAT (CAD/Yr) 999 

GHG Elec ai (Tonnes/Yr) 2.2 

GHG Elec hi (Tonnes/Yr) 9.5 

GHG Thermal (Tonnes/Yr) 5.3 

GHG Total ai (Tonnes/Yr) 7.6 

GHG Total hi (Tonnes/Yr) 14.9 

Fuel Quantity (m3) 2883 

Cost Fuel (CAD)  1175 
 
 

Table J.52 Hybrid-case results for test-case house 13 simulated in Toronto 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 6646 6646 

WT (kWh/Yr) 1073 1685 

Energy Total (kWh/Yr) 7720 8332 

Import Net (kWh/Yr) 6066 5783 

Energy Surplus (kWh/Yr) 3793 4122 

Cost TOU (CAD/Yr) 617 589 

Cost FLAT (CAD/Yr) 606 578 

Credit TOU (CAD/Yr) 445 481 

Credit FLAT (CAD/Yr) 379 412 

GHG Elec ai (Tonnes/Yr) 1.3 1.2 

GHG Elec hi (Tonnes/Yr) 5.8 5.5 

GHG Total ai (Tonnes/Yr) 6.7 6.6 

GHG Total hi (Tonnes/Yr) 11.1 10.8 
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Table J.53 Base-case results for test-case house 14 simulated in Ottawa 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8122 

Demand FUR (GJ/Yr) 156.9 

Demand SH (GJ/Yr) 119.2 

Demand DHW Fuel (GJ/Yr) 23.6 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 861 

Cost FLAT (CAD/Yr) 812 

GHG Elec ai (Tonnes/Yr) 1.8 

GHG Elec hi (Tonnes/Yr) 7.7 

GHG Thermal (Tonnes/Yr) 8.8 

GHG Total ai (Tonnes/Yr) 10.6 

GHG Total hi (Tonnes/Yr) 16.5 

Fuel Quantity (m3) 4723 

Cost Fuel (CAD)  1925 
 
 

Table J.54 Hybrid-case results for test-case house 14 simulated in Ottawa 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4451 4451 4860 4860 

WT (kWh/Yr) 967 1480 967 1480 

Energy Total (kWh/Yr) 5418 5931 5827 6340 

Import Net (kWh/Yr) 5002 4743 4914 4661 

Energy Surplus (kWh/Yr) 2298 2552 2620 2879 

Cost TOU (CAD/Yr) 508 481 498 472 

Cost FLAT (CAD/Yr) 500 474 491 466 

Credit TOU (CAD/Yr) 270 297 307 336 

Credit FLAT (CAD/Yr) 229 255 262 287 

GHG Elec ai (Tonnes/Yr) 1.1 1.0 1.1 1.0 

GHG Elec hi (Tonnes/Yr) 4.8 4.5 4.7 4.4 

GHG Total ai (Tonnes/Yr) 9.9 9.8 9.9 9.8 

GHG Total hi (Tonnes/Yr) 13.5 13.3 13.5 13.2 
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Table J.55 Base-case results for test-case house 14 simulated in Toronto 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8122 

Demand FUR (GJ/Yr) 156.9 

Demand SH (GJ/Yr) 119.2 

Demand DHW Fuel (GJ/Yr) 23.6 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 861 

Cost FLAT (CAD/Yr) 812 

GHG Elec ai (Tonnes/Yr) 1.8 

GHG Elec hi (Tonnes/Yr) 7.7 

GHG Thermal (Tonnes/Yr) 8.8 

GHG Total ai (Tonnes/Yr) 10.6 

GHG Total hi (Tonnes/Yr) 16.5 

Fuel Quantity (m3) 4723 

Cost Fuel (CAD)  1925 
 
 

Table J.56 Hybrid-case results for test-case house 14 simulated in Toronto 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4378 4378 4775 4775 

WT (kWh/Yr) 1073 1685 1073 1685 

Energy Total (kWh/Yr) 5452 6064 5849 6461 

Import Net (kWh/Yr) 4961 4672 4882 4598 

Energy Surplus (kWh/Yr) 2290 2614 2608 2937 

Cost TOU (CAD/Yr) 505 476 496 467 

Cost FLAT (CAD/Yr) 496 467 488 459 

Credit TOU (CAD/Yr) 269 304 306 342 

Credit FLAT (CAD/Yr) 229 261 260 294 

GHG Elec ai (Tonnes/Yr) 1.1 1 1.1 1 

GHG Elec hi (Tonnes/Yr) 4.7 4.5 4.7 4.4 

GHG Total ai (Tonnes/Yr) 9.8 9.8 9.8 9.8 

GHG Total hi (Tonnes/Yr) 13.5 13.2 13.4 13.2 
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Table J.57 Base-case results for test-case house 15 simulated in Ottawa 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 9010 

Demand FUR (GJ/Yr) 132.3 

Demand SH (GJ/Yr) 97.3 

Demand DHW Fuel (GJ/Yr) 23.7 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 958 

Cost FLAT (CAD/Yr) 901 

GHG Elec ai (Tonnes/Yr) 2.0 

GHG Elec hi (Tonnes/Yr) 8.6 

GHG Thermal (Tonnes/Yr) 7.6 

GHG Total ai (Tonnes/Yr) 9.6 

GHG Total hi (Tonnes/Yr) 16.2 

Fuel Quantity (m3) 4084 

Cost Fuel (CAD)  1665 
 
 

Table J.58 Hybrid-case results for test-case house 15 simulated in Ottawa 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8912 8912 9709 9709 

WT (kWh/Yr) 967 1480 967 1480 

Energy Total (kWh/Yr) 9879 10392 10677 11190 

Import Net (kWh/Yr) 4987 4762 4913 4693 

Energy Surplus (kWh/Yr) 5856 6144 6580 6873 

Cost TOU (CAD/Yr) 501 478 492 470 

Cost FLAT (CAD/Yr) 498 476 491 469 

Credit TOU (CAD/Yr) 689 720 774 806 

Credit FLAT (CAD/Yr) 585 614 658 687 

GHG Elec ai (Tonnes/Yr) 1.1 1.1 1.1 1 

GHG Elec hi (Tonnes/Yr) 4.8 4.5 4.7 4.5 

GHG Total ai (Tonnes/Yr) 8.7 8.6 8.7 8.6 

GHG Total hi (Tonnes/Yr) 12.3 12.1 12.3 12.1 
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Table J.59 Base-case results for test-case house 15 simulated in Toronto 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8917 

Demand FUR (GJ/Yr) 111.2 

Demand SH (GJ/Yr) 81.6 

Demand DHW Fuel (GJ/Yr) 23.7 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 949 

Cost FLAT (CAD/Yr) 891 

GHG Elec ai (Tonnes/Yr) 1.9 

GHG Elec hi (Tonnes/Yr) 8.5 

GHG Thermal (Tonnes/Yr) 6.6 

GHG Total ai (Tonnes/Yr) 8.5 

GHG Total hi (Tonnes/Yr) 15.1 

Fuel Quantity (m3) 3531 

Cost Fuel (CAD)  1439 
 
 

Table J.60 Hybrid-case results for test-case house 15 simulated in Toronto 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8771 8771 9544 9544 

WT (kWh/Yr) 1073 1685 1073 1685 

Energy Total (kWh/Yr) 9845 10457 10618 11230 

Import Net (kWh/Yr) 4918 4662 4848 4596 

Energy Surplus (kWh/Yr) 5846 6202 6549 6909 

Cost TOU (CAD/Yr) 496 471 489 463 

Cost FLAT (CAD/Yr) 491 466 484 459 

Credit TOU (CAD/Yr) 688 726 770 809 

Credit FLAT (CAD/Yr) 584 620 654 690 

GHG Elec ai (Tonnes/Yr) 1.1 1.0 1.1 1 

GHG Elec hi (Tonnes/Yr) 4.7 4.4 4.6 4.4 

GHG Total ai (Tonnes/Yr) 7.6 7.6 7.6 7.6 

GHG Total hi (Tonnes/Yr) 11.2 11 11.2 10.9 
 
 
 



 

 

364

 

Table J.61 Base-case results for test-case house 16 simulated in Montreal 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 44421 

Demand SH (GJ/Yr) 116.9 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 2348 

Cost FLAT (CAD/Yr) 2318 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 24.4 
 
 
 

Table J.62 Hybrid-case results for test-case house 16 simulated in Montreal 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8511 8511 9113 9113 

WT (kWh/Yr) 847 1287 847 1287 

Energy Total (kWh/Yr) 9358 9799 9960 10401 

Import Net (kWh/Yr) 38067 37684 37825 37444 

Energy Surplus (kWh/Yr) 3004 3062 3364 3423 

Cost TOU (CAD/Yr) 1969 1948.6 1954 1934 

Cost FLAT (CAD/Yr) 1987 1967.1 1974 1954 

Credit TOU (CAD/Yr) 191 194.9 213 217 

Credit FLAT (CAD/Yr) 156 159.8 175 178 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 20.9 20.7 20.8 20.6 
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Table J.63 Base-case results for test-case house 16 simulated in Quebec 

 
Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 45728 

Demand SH (GJ/Yr) 121.7 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 2401 

Cost FLAT (CAD/Yr) 2387 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 25.1 
 
 
 

Table J.64 Hybrid-case results for test-case house 16 simulated in Quebec 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9129 9129 9539 9539 

WT (kWh/Yr) 917 1420 917 1420 

Energy Total (kWh/Yr) 10046 10550 10457 10960 

Import Net (kWh/Yr) 38859 38446 38692 38282 

Energy Surplus (kWh/Yr) 3178 3268 3421 3514 

Cost TOU (CAD/Yr) 1993 1971 1983 1962 

Cost FLAT (CAD/Yr) 2028 2006 2019 1998 

Credit TOU (CAD/Yr) 196 202 211 217 

Credit FLAT (CAD/Yr) 165 170 178 183 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 21.3 21.1 21.2 21 
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Table J.65 Base-case results for test-case house 17 simulated in Montreal 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 45364 

Demand SH (GJ/Yr) 116.6 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 2397 

Cost FLAT (CAD/Yr) 2368 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 24.9 
 
 

Table J.66 Hybrid-case results for test-case house 17 simulated in Montreal 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8511 8511 9113 9113 

WT (kWh/Yr) 847 1287 847 1287 

Energy Total (kWh/Yr) 9358 9799 9960 10401 

Import Net (kWh/Yr) 38900 38516 38651 38269 

Energy Surplus (kWh/Yr) 2894 2951 3247 3306 

Cost TOU (CAD/Yr) 2011 1991 1996 1976 

Cost FLAT (CAD/Yr) 2030 2010 2017 1997 

Credit TOU (CAD/Yr) 184 188 206 210 

Credit FLAT (CAD/Yr) 151 154 169 172 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 21.4 21.1 21.2 21 
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Table J.67 Base-case results for test-case house 17 simulated in Quebec 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 46737 

Demand SH (GJ/Yr) 121.2 

Demand DHW (GJ/Yr) 13.3 

Cost TOU (CAD/Yr) 2453 

Cost FLAT (CAD/Yr) 2439 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 25.7 
 
 

Table J.68 Hybrid-case results for test-case house 17 simulated in Quebec 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9129 9129 9539 9539 

WT (kWh/Yr) 917 1420 917 1420 

Energy Total (kWh/Yr) 10046 10549 10457 10960 

Import Net (kWh/Yr) 39763 39348 39592 39180 

Energy Surplus (kWh/Yr) 3072 3161 3312 3403 

Cost TOU (CAD/Yr) 2038 2017 2028 2006 

Cost FLAT (CAD/Yr) 2075 2054 2066 2045 

Credit TOU (CAD/Yr) 190 195 204 210 

Credit FLAT (CAD/Yr) 160 165 172 177 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 21.8 21.6 21.7 21.5 
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Table J.69 Base-case results for test-case house 18 simulated in Montreal 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 46304 

Demand SH (GJ/Yr) 116.4 

Demand DHW (GJ/Yr) 14.7 

Cost TOU (CAD/Yr) 2443 

Cost FLAT (CAD/Yr) 2417 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 25.4 
 
 

Table J.70 Hybrid-case results for test-case house 18 simulated in Montreal 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8511 8511 9113 9113 

WT (kWh/Yr) 847 1287 847 1287 

Energy Total (kWh/Yr) 9358 9799 9960 10401 

Import Net (kWh/Yr) 39765 39380 39512 39128 

Energy Surplus (kWh/Yr) 2819 2874 3168 3225 

Cost TOU (CAD/Yr) 2052 2031 2037 2016 

Cost FLAT (CAD/Yr) 2075 2055 2062 2042 

Credit TOU (CAD/Yr) 179 183 201 205 

Credit FLAT (CAD/Yr) 147 150 165 168 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 21.8 21.6 21.7 21.5 
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Table J.71 Base-case results for test-case house 18 simulated in Quebec 
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 47568 

Demand SH (GJ/Yr) 121.1 

Demand DHW (GJ/Yr) 14.6 

Cost TOU (CAD/Yr) 2494 

Cost FLAT (CAD/Yr) 2483 

GHG Elec ai (Tonnes/Yr) 0.4 

GHG Elec hi (Tonnes/Yr) 26.1 
 
 

Table J.72 Hybrid-case results for test-case house 18 simulated in Quebec 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 9129 9129 9539 9539 

WT (kWh/Yr) 917 1420 917 1420 

Energy Total (kWh/Yr) 10046 10550 10457 10960 

Import Net (kWh/Yr) 40519 40103 40345 39931 

Energy Surplus (kWh/Yr) 2998 3085 3235 3324 

Cost TOU (CAD/Yr) 2075 2053 2065 2043 

Cost FLAT (CAD/Yr) 2115 2093 2106 2084 

Credit TOU (CAD/Yr) 185 190 200 205 

Credit FLAT (CAD/Yr) 156 161 168 173 

GHG Total ai (Tonnes/Yr) 0.3 0.3 0.3 0.3 

GHG Total hi (Tonnes/Yr) 22.2 22 22.1 21.9 
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Table J.73 Base-case results for test-case house 19 simulated in Fredericton  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 13159 

Demand FUR (GJ/Yr) 251.8 

Demand SH (GJ/Yr) 175.1 

Demand DHW Fuel (GJ/Yr) 16.9 

Demand DHW (GJ/Yr) 13.3 

Cost TOU (CAD/Yr) 1262 

Cost FLAT (CAD/Yr) 1189 

GHG Elec ai (Tonnes/Yr) 5.7 

GHG Elec hi (Tonnes/Yr) 10.6 

GHG Thermal (Tonnes/Yr) 18.6 

GHG Total ai (Tonnes/Yr) 24.3 

GHG Total hi (Tonnes/Yr) 29.2 

Fuel Quantity (m3) 6560 

Cost Fuel (CAD)  4828 
 
 

Table J.74 Hybrid-case results for test-case house 19 simulated in Fredericton 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4845 4845 

WT (kWh/Yr) 799 1214 

Energy Total (kWh/Yr) 5644 6060 

Import Net (kWh/Yr) 10211 9957 

Energy Surplus (kWh/Yr) 2696 2858 

Cost TOU (CAD/Yr) 964 941 

Cost FLAT (CAD/Yr) 923 900 

Credit TOU (CAD/Yr) 280 295 

Credit FLAT (CAD/Yr) 243 258 

GHG Elec ai (Tonnes/Yr) 4.4 4.3 

GHG Elec hi (Tonnes/Yr) 8.2 8 

GHG Total ai (Tonnes/Yr) 23 22.9 

GHG Total hi (Tonnes/Yr) 26.8 26.6 
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Table J.75 Base-case results for test-case house 19 simulated in Saint John  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 13160 

Demand FUR (GJ/Yr) 251.2 

Demand SH (GJ/Yr) 174.2 

Demand DHW Fuel (GJ/Yr) 17 

Demand DHW (GJ/Yr) 13.3 

Cost TOU (CAD/Yr) 1262 

Cost FLAT (CAD/Yr) 1189 

GHG Elec ai (Tonnes/Yr) 5.7 

GHG Elec hi (Tonnes/Yr) 10.6 

GHG Thermal (Tonnes/Yr) 18.6 

GHG Total ai (Tonnes/Yr) 24.2 

GHG Total hi (Tonnes/Yr) 29.2 

Fuel Quantity (m3) 6546 

Cost Fuel (CAD)  4818 
 
 

Table J.76 Hybrid-case results for test-case house 19 simulated in Saint John 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 5058 5058 

WT (kWh/Yr) 1507 2464 

Energy Total (kWh/Yr) 6566 7523 

Import Net (kWh/Yr) 9522 8942 

Energy Surplus (kWh/Yr) 2928 3305 

Cost TOU (CAD/Yr) 903 850 

Cost FLAT (CAD/Yr) 860 808 

Credit TOU (CAD/Yr) 293 325 

Credit FLAT (CAD/Yr) 264 298 

GHG Elec ai (Tonnes/Yr) 4.1 3.8 

GHG Elec hi (Tonnes/Yr) 7.7 7.2 

GHG Total ai (Tonnes/Yr) 22.7 22.4 

GHG Total hi (Tonnes/Yr) 26.2 25.8 
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Table J.77 Base-case results for test-case house 20 simulated in Fredericton  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 39270 

Demand SH (GJ/Yr) 92.8 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 3766 

Cost FLAT (CAD/Yr) 3550 

GHG Elec ai (Tonnes/Yr) 17 

GHG Elec hi (Tonnes/Yr) 31.7 
 
 
 
 
 

Table J.78 Hybrid-case results for test-case house 20 simulated in Fredericton 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4748 4748 

WT (kWh/Yr) 799 1214 

Energy Total (kWh/Yr) 5547 5963 

Import Net (kWh/Yr) 35177 34827 

Energy Surplus (kWh/Yr) 1454 1519 

Cost TOU (CAD/Yr) 3354 3323 

Cost FLAT (CAD/Yr) 3180 3148 

Credit TOU (CAD/Yr) 150 156 

Credit FLAT (CAD/Yr) 131 137 

GHG Total ai (Tonnes/Yr) 15.2 15.1 

GHG Total hi (Tonnes/Yr) 28.4 28.1 
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Table J.79 Base-case results for test-case house 20 simulated in Saint John  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 39254 

Demand SH (GJ/Yr) 92.7 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 3755 

Cost FLAT (CAD/Yr) 3548 

GHG Elec ai (Tonnes/Yr) 17 

GHG Elec hi (Tonnes/Yr) 31.7 
 
 
 
 
 

Table J.80 Hybrid-case results for test-case house 20 simulated in Saint John 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4958 4958 

WT (kWh/Yr) 1507 2464 

Energy Total (kWh/Yr) 6466 7423 

Import Net (kWh/Yr) 34287 33434 

Energy Surplus (kWh/Yr) 1499 1603 

Cost TOU (CAD/Yr) 3267 3192 

Cost FLAT (CAD/Yr) 3099 3022 

Credit TOU (CAD/Yr) 147 157 

Credit FLAT (CAD/Yr) 135 144 

GHG Total ai (Tonnes/Yr) 14.8 14.5 

GHG Total hi (Tonnes/Yr) 27.7 26.9 
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Table J.81 Base-case results for test-case house 21 simulated in Fredericton  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 39563 

Demand SH (GJ/Yr) 92.8 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 3794 

Cost FLAT (CAD/Yr) 3576 

GHG Elec ai (Tonnes/Yr) 17.1 

GHG Elec hi (Tonnes/Yr) 31.9 
 
 
 
 
 

Table J.82 Hybrid-case results for test-case house 21 simulated in Fredericton 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4748 4748 

WT (kWh/Yr) 799 1214 

Energy Total (kWh/Yr) 5547 5963 

Import Net (kWh/Yr) 35446 35095 

Energy Surplus (kWh/Yr) 1431 1495 

Cost TOU (CAD/Yr) 3380 3349 

Cost FLAT (CAD/Yr) 3204 3172 

Credit TOU (CAD/Yr) 147 154 

Credit FLAT (CAD/Yr) 129 135 

GHG Total ai (Tonnes/Yr) 15.3 15.2 

GHG Total hi (Tonnes/Yr) 28.6 28.3 
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Table J.83 Base-case results for test-case house 21 simulated in Saint John  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 39546 

Demand SH (GJ/Yr) 92.7 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 3784 

Cost FLAT (CAD/Yr) 3575 

GHG Elec ai (Tonnes/Yr) 17.1 

GHG Elec hi (Tonnes/Yr) 31.9 
 
 
 
 
 

Table J.84 Hybrid-case results for test-case house 21 simulated in Saint John 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4958 4958 

WT (kWh/Yr) 1507 2464 

Energy Total (kWh/Yr) 6466 7423 

Import Net (kWh/Yr) 34555 33700 

Energy Surplus (kWh/Yr) 1475 1577 

Cost TOU (CAD/Yr) 3293 3218 

Cost FLAT (CAD/Yr) 3123 3046 

Credit TOU (CAD/Yr) 145 154 

Credit FLAT (CAD/Yr) 133 142 

GHG Total ai (Tonnes/Yr) 14.9 14.6 

GHG Total hi (Tonnes/Yr) 27.9 27.2 
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Table J.85 Base-case results for test-case house 22 simulated in Halifax  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10335 

Demand FUR (GJ/Yr) 121.9 

Demand SH (GJ/Yr) 80.2 

Demand DHW Fuel (GJ/Yr) 24.1 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 693 

Cost FLAT (CAD/Yr) 1046 

GHG Elec ai (Tonnes/Yr) 7.8 

GHG Elec hi (Tonnes/Yr) 9.5 

GHG Thermal (Tonnes/Yr) 10.8 

GHG Total ai (Tonnes/Yr) 18.6 

GHG Total hi (Tonnes/Yr) 20.3 

Fuel Quantity (m3) 3178 

Cost Fuel (CAD)  2266 
 
 

Table J.86 Hybrid-case results for test-case house 22 simulated in Halifax 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8047 8047 9123 9123 

WT (kWh/Yr) 1002 1543 1002 1543 

Energy Total (kWh/Yr) 9050 9591 10126 10666 

Import Net (kWh/Yr) 5778 5504 5635 5369 

Energy Surplus (kWh/Yr) 4494 4759 5426 5701 

Cost TOU (CAD/Yr) 386 366 376 357 

Cost FLAT (CAD/Yr) 585 557 570 543 

Credit TOU (CAD/Yr) 282 299 342 360 

Credit FLAT (CAD/Yr) 455 482 549 577 

GHG Elec ai (Tonnes/Yr) 4.4 4.2 4.3 4.1 

GHG Elec hi (Tonnes/Yr) 5.3 5 5.2 4.9 

GHG Total ai (Tonnes/Yr) 15.2 14.9 15.1 14.8 

GHG Total hi (Tonnes/Yr) 16.1 15.8 15.9 15.7 
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Table J.87 Base-case results for test-case house 22 simulated in Sydney  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10335 

Demand FUR (GJ/Yr) 121.9 

Demand SH (GJ/Yr) 90.3 

Demand DHW Fuel (GJ/Yr) 24.1 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 693 

Cost FLAT (CAD/Yr) 1046 

GHG Elec ai (Tonnes/Yr) 7.8 

GHG Elec hi (Tonnes/Yr) 9.5 

GHG Thermal (Tonnes/Yr) 10.8 

GHG Total ai (Tonnes/Yr) 18.6 

GHG Total hi (Tonnes/Yr) 20.3 

Fuel Quantity (m3) 3178 

Cost Fuel (CAD)  2266 
 
 

Table J.88 Hybrid-case results for test-case house 22 simulated in Sydney 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4269 4269 5091 5091 

WT (kWh/Yr) 1846 3051 1846 3051 

Energy Total (kWh/Yr) 6115 7320 6938 8143 

Import Net (kWh/Yr) 6821 6128 6713 6033 

Energy Surplus (kWh/Yr) 2601 3113 3316 3841 

Cost TOU (CAD/Yr) 463 416 456 409 

Cost FLAT (CAD/Yr) 691 620 680 611 

Credit TOU (CAD/Yr) 158 189 203 234 

Credit FLAT (CAD/Yr) 263 315 335 389 

GHG Elec ai (Tonnes/Yr) 5.2 4.6 5.1 4.6 

GHG Elec hi (Tonnes/Yr) 6.2 5.6 6.1 5.5 

GHG Total ai (Tonnes/Yr) 15.9 15.4 15.9 15.4 

GHG Total hi (Tonnes/Yr) 17 16.4 16.9 16.3 
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Table J.89 Base-case results for test-case house 23 simulated in Halifax  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 8178 

Demand FUR (GJ/Yr) 219.2 

Demand SH (GJ/Yr) 131.7 

Demand DHW Fuel (GJ/Yr) 21.9 

Demand DHW (GJ/Yr) 13.4 

Cost TOU (CAD/Yr) 552 

Cost FLAT (CAD/Yr) 828 

GHG Elec ai (Tonnes/Yr) 6.2 

GHG Elec hi (Tonnes/Yr) 7.5 

GHG Thermal (Tonnes/Yr) 17.8 

GHG Total ai (Tonnes/Yr) 24 

GHG Total hi (Tonnes/Yr) 25.3 

Fuel Quantity (m3) 5711 

Cost Fuel (CAD)  4072 
 
 

Table J.90 Hybrid-case results for test-case house 23 simulated in Halifax 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 8046 8046 9119 9119 

WT (kWh/Yr) 1002 1543 1002 1543 

Energy Total (kWh/Yr) 9049 9590 10122 10662 

Import Net (kWh/Yr) 4288 4043 4195 3958 

Energy Surplus (kWh/Yr) 5159 5455 6139 6442 

Cost TOU (CAD/Yr) 287 270 280 263 

Cost FLAT (CAD/Yr) 434 409 425 401 

Credit TOU (CAD/Yr) 325 344 388 408 

Credit FLAT (CAD/Yr) 522 552 621 652 

GHG Elec ai (Tonnes/Yr) 3.2 3.1 3.2 3 

GHG Elec hi (Tonnes/Yr) 3.9 3.7 3.84 3.6 

GHG Total ai (Tonnes/Yr) 21.1 20.9 20.9 20.8 

GHG Total hi (Tonnes/Yr) 21.7 21.5 21.6 21.4 
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Table J.91 Base-case results for test-case house 23 simulated in Sydney  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 10335 

Demand FUR (GJ/Yr) 121.9 

Demand SH (GJ/Yr) 90.3 

Demand DHW Fuel (GJ/Yr) 24.1 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 693 

Cost FLAT (CAD/Yr) 1046 

GHG Elec ai (Tonnes/Yr) 7.8 

GHG Elec hi (Tonnes/Yr) 9.5 

GHG Thermal (Tonnes/Yr) 10.8 

GHG Total ai (Tonnes/Yr) 18.6 

GHG Total hi (Tonnes/Yr) 20.3 

Fuel Quantity (m3) 3178 

Cost Fuel (CAD)  2266 
 
 

Table J.92 Hybrid-case results for test-case house 23 simulated in Sydney 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4269 4269 5091 5091 

WT (kWh/Yr) 1846 3051 1846 3051 

Energy Total (kWh/Yr) 6115 7320 6938 8143 

Import Net (kWh/Yr) 6821 6128 6713 6033 

Energy Surplus (kWh/Yr) 2601 3113 3316 3841 

Cost TOU (CAD/Yr) 463 416 456 409 

Cost FLAT (CAD/Yr) 691 621 680 611 

Credit TOU (CAD/Yr) 158 189 203 235 

Credit FLAT (CAD/Yr) 263 315 335 389 

GHG Elec ai (Tonnes/Yr) 5.2 4.6 5.1 4.6 

GHG Elec hi (Tonnes/Yr) 6.2 5.6 6.1 5.5 

GHG Total ai (Tonnes/Yr) 15.9 15.4 15.9 15.4 

GHG Total hi (Tonnes/Yr) 17 16.4 16.9 16.3 
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Table J.93 Base-case results for test-case house 24 simulated in Halifax  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 30337 

Demand SH (GJ/Yr) 57.4 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 2213 

Cost FLAT (CAD/Yr) 3073 

GHG Elec ai (Tonnes/Yr) 23 

GHG Elec hi (Tonnes/Yr) 27.8 
 
 
 
 
 

Table J.94 Hybrid-case results for test-case house 24 simulated in Halifax 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 4073 4073 4604 4604 

WT (kWh/Yr) 1002 1543 1002 1543 

Energy Total (kWh/Yr) 5076 5617 5607 6147 

Import Net (kWh/Yr) 25777 25278 25421 24928 

Energy Surplus (kWh/Yr) 517 558 691 739 

Cost TOU (CAD/Yr) 1910 1875 1885 1851 

Cost FLAT (CAD/Yr) 2611 2560 2575 2525 

Credit TOU (CAD/Yr) 28.8 31.1 38.8 41.4 

Credit FLAT (CAD/Yr) 52.4 56.6 70.1 74.9 

GHG Total ai (Tonnes/Yr) 19.6 19.2 19.3 18.9 

GHG Total hi (Tonnes/Yr) 23.6 23.2 23.3 22.8 
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Table J.95 Base-case results for test-case house 24 simulated in Sydney  

 
Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 34799 

Demand SH (GJ/Yr) 73.2 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 2535 

Cost FLAT (CAD/Yr) 3525 

GHG Elec ai (Tonnes/Yr) 26.4 

GHG Elec hi (Tonnes/Yr) 31.9 
 
 
 
 

Table J.96 Hybrid-case results for test-case house 24 simulated in Sydney 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 2460 2460 2555 2555 

WT (kWh/Yr) 1846 3051 1846 3051 

Energy Total (kWh/Yr) 4306 5511 4402 5607 

Import Net (kWh/Yr) 30958 29857 30900 29802 

Energy Surplus (kWh/Yr) 465 568 503 609 

Cost TOU (CAD/Yr) 2285 2214 2282 2210 

Cost FLAT (CAD/Yr) 3136 3024 3130 3018 

Credit TOU (CAD/Yr) 26 32 28.5 34.7 

Credit FLAT (CAD/Yr) 47 57 50.9 61.7 

GHG Total ai (Tonnes/Yr) 23.5 22.7 23.4 22.6 

GHG Total hi (Tonnes/Yr) 28.4 27.3 28.3 27.3 
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Table J.97 Base-case results for test-case house 25 simulated in Charlottetown  

 
Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 7506 

Demand FUR (GJ/Yr) 85.4 

Demand SH (GJ/Yr) 85.4 

Demand DHW Fuel (GJ/Yr) 28.1 

Demand DHW (GJ/Yr) 12.9 

Cost TOU (CAD/Yr) 853 

Cost FLAT (CAD/Yr) 801 

GHG Elec ai (Tonnes/Yr) 8.4 

GHG Elec hi (Tonnes/Yr) 9.1 

GHG Thermal (Tonnes/Yr) 8.4 

GHG Total ai (Tonnes/Yr) 16.8 

GHG Total hi (Tonnes/Yr) 17.5 

Fuel Quantity (m3) 2225 

Cost Fuel (CAD)  1551 
 
 

Table J.98 Hybrid-case results for test-case house 25 simulated in Charlottetown 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7567 7567 9326 9326 

WT (kWh/Yr) 1366 2185 1366 2185 

Energy Total (kWh/Yr) 8933 9752 10693 11512 

Import Net (kWh/Yr) 3704 3371 3579 3261 

Energy Surplus (kWh/Yr) 5131 5618 6766 7267 

Cost TOU (CAD/Yr) 401 365 386 352 

Cost FLAT (CAD/Yr) 395 360 382 348 

Credit TOU (CAD/Yr) 647 701 853 909 

Credit FLAT (CAD/Yr) 548 600 722 776 

GHG Elec ai (Tonnes/Yr) 4.1 3.8 4 3.6 

GHG Elec hi (Tonnes/Yr) 4.5 4.1 4.3 3.9 

GHG Total ai (Tonnes/Yr) 12.5 12.2 12.4 12 

GHG Total hi (Tonnes/Yr) 12.9 12.5 12.7 12.3 
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Table J.99 Base-case results for test-case house 26 simulated in Charlottetown  

 
Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 7962 

Demand FUR (GJ/Yr) 102.7 

Demand SH (GJ/Yr) 76.1 

Demand DHW Fuel (GJ/Yr) 22.7 

Demand DHW (GJ/Yr) 11.2 

Cost TOU (CAD/Yr) 903 

Cost FLAT (CAD/Yr) 850 

GHG Elec ai (Tonnes/Yr) 8.9 

GHG Elec hi (Tonnes/Yr) 9.6 

GHG Thermal (Tonnes/Yr) 9.3 

GHG Total ai (Tonnes/Yr) 18.2 

GHG Total hi (Tonnes/Yr) 18.9 

Fuel Quantity (m3) 2675 

Cost Fuel (CAD)  1865 
 
 

Table J.100 Hybrid-case results for test-case house 26 simulated in Charlottetown 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7565 7565 9325 9325 

WT (kWh/Yr) 1366 2185 1366 2185 

Energy Total (kWh/Yr) 8931 9751 10691 11510 

Import Net (kWh/Yr) 3988 3635 3848 3510 

Energy Surplus (kWh/Yr) 4957 5423 6577 7058 

Cost TOU (CAD/Yr) 431 393 414 378 

Cost FLAT (CAD/Yr) 425 388 411 374 

Credit TOU (CAD/Yr) 626 678 830 884 

Credit FLAT (CAD/Yr) 529 579 702 753 

GHG Elec ai (Tonnes/Yr) 4.5 4.1 4.3 3.9 

GHG Elec hi (Tonnes/Yr) 4.8 4.4 4.7 4.2 

GHG Total ai (Tonnes/Yr) 13.7 13.3 13.6 13.2 

GHG Total hi (Tonnes/Yr) 14.1 13.7 13.9 13.5 
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Table J.101 Base-case results for test-case house 27 simulated in Charlottetown  

 
Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 7642 

Demand FUR (GJ/Yr) 207.4 

Demand SH (GJ/Yr) 152.4 

Demand DHW Fuel (GJ/Yr) 24.9 

Demand DHW (GJ/Yr) 13.5 

Cost TOU (CAD/Yr) 864 

Cost FLAT (CAD/Yr) 816 

GHG Elec ai (Tonnes/Yr) 8.6 

GHG Elec hi (Tonnes/Yr) 9.3 

GHG Thermal (Tonnes/Yr) 17.2 

GHG Total ai (Tonnes/Yr) 25.7 

GHG Total hi (Tonnes/Yr) 26.4 

Fuel Quantity (m3) 5405 

Cost Fuel (CAD)  3767 
 
 

Table J.102 Hybrid-case results for test-case house 27 simulated in Charlottetown 
 

East Facing West Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV and 
600W 

PV and 
1kW 

PV (kWh/Yr) 7571 7570 9318 9318 

WT (kWh/Yr) 1366 2185 1366 2185 

Energy Total (kWh/Yr) 8937 9756 10685 11504 

Import Net (kWh/Yr) 3800 3442 3677 3334 

Energy Surplus (kWh/Yr) 5095 5555 6720 7196 

Cost TOU (CAD/Yr) 409 371 394 358 

Cost FLAT (CAD/Yr) 405 367 392 356 

Credit TOU (CAD/Yr) 644 696 848 902 

Credit FLAT (CAD/Yr) 544 593 717 768 

GHG Elec ai (Tonnes/Yr) 4.3 3.8 4.1 3.7 

GHG Elec hi (Tonnes/Yr) 4.6 4.2 4.4 4 

GHG Total ai (Tonnes/Yr) 21.4 21 21.3 20.9 

GHG Total hi (Tonnes/Yr) 21.7 21.3 21.6 21.2 
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Table J.103 Base-case results for test-case house 28 simulated in Goose Bay  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 15717 

Demand FUR (GJ/Yr) 160.6 

Demand SH (GJ/Yr) 118.1 

Demand DHW Fuel (GJ/Yr) 20.3 

Demand DHW (GJ/Yr) 13.7 

Cost TOU (CAD/Yr) 1484 

Cost FLAT (CAD/Yr) 1401 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 12.2 

GHG Thermal (Tonnes/Yr) 11.86 

GHG Total ai (Tonnes/Yr) 12.2 

GHG Total hi (Tonnes/Yr) 24.1 

Fuel Quantity (m3) 4183 

Cost Fuel (CAD)  2916 
 
 

Table J.104 Hybrid-case results for test-case house 28 simulated in Goose Bay 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4355 4355 

WT (kWh/Yr) 1207 1904 

Energy Total (kWh/Yr) 5562 6259 

Import Net (kWh/Yr) 12238 11757 

Energy Surplus (kWh/Yr) 2083 2300 

Cost TOU (CAD/Yr) 1141 1098 

Cost FLAT (CAD/Yr) 1091 1048 

Credit TOU (CAD/Yr) 207 226 

Credit FLAT (CAD/Yr) 185 205 

GHG Elec ai (Tonnes/Yr) 0.26 0.25 

GHG Elec hi (Tonnes/Yr) 9.5 9.2 

GHG Total ai (Tonnes/Yr) 12.1 12.1 

GHG Total hi (Tonnes/Yr) 21.4 21.0 
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Table J.105 Base-case results for test-case house 28 simulated in Saint John’s  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 15504 

Demand FUR (GJ/Yr) 110.5 

Demand SH (GJ/Yr) 80.9 

Demand DHW Fuel (GJ/Yr) 20.3 

Demand DHW (GJ/Yr) 13.7 

Cost TOU (CAD/Yr) 1463 

Cost FLAT (CAD/Yr) 1383 

GHG Elec ai (Tonnes/Yr) 0.3 

GHG Elec hi (Tonnes/Yr) 12.1 

GHG Thermal (Tonnes/Yr) 8.2 

GHG Total ai (Tonnes/Yr) 8.5 

GHG Total hi (Tonnes/Yr) 20.2 

Fuel Quantity (m3) 2879 

Cost Fuel (CAD)  2007 
 
 

Table J.106 Hybrid-case results for test-case house 28 simulated in Saint John’s 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4433 4433 

WT (kWh/Yr) 2209 3710 

Energy Total (kWh/Yr) 6643 8144 

Import Net (kWh/Yr) 11313 10334 

Energy Surplus (kWh/Yr) 2452 2974 

Cost TOU (CAD/Yr) 1062 973 

Cost FLAT (CAD/Yr) 1009 922 

Credit TOU (CAD/Yr) 235 278 

Credit FLAT (CAD/Yr) 218 265 

GHG Elec ai (Tonnes/Yr) 0.24 0.22 

GHG Elec hi (Tonnes/Yr) 8.8 8.0 

GHG Total ai (Tonnes/Yr) 8.4 8.3 

GHG Total hi (Tonnes/Yr) 16.9 16.2 
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Table J.107 Base-case results for test-case house 29 simulated in Goose Bay  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 44362 

Demand SH (GJ/Yr) 108.1 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 4112 

Cost FLAT (CAD/Yr) 3957 

GHG Elec ai (Tonnes/Yr) 0.9 

GHG Elec hi (Tonnes/Yr) 34.6 
 
 
 

Table J.108 Hybrid-case results for test-case house 29 simulated in Goose Bay 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4412 4412 

WT (kWh/Yr) 1207 1904 

Energy Total (kWh/Yr) 5619 6316 

Import Net (kWh/Yr) 39737 39105 

Energy Surplus (kWh/Yr) 993 1059 

Cost TOU (CAD/Yr) 3659 3603 

Cost FLAT (CAD/Yr) 3544 3488 

Credit TOU (CAD/Yr) 98 104 

Credit FLAT (CAD/Yr) 88 94 

GHG Total ai (Tonnes/Yr) 0.83 0.82 

GHG Total hi (Tonnes/Yr) 31 30 
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Table J.109 Base-case results for test-case house 29 simulated in Saint John’s  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 44146 

Demand SH (GJ/Yr) 108.1 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.2 

Cost TOU (CAD/Yr) 4092 

Cost FLAT (CAD/Yr) 3937 

GHG Elec ai (Tonnes/Yr) 0.9 

GHG Elec hi (Tonnes/Yr) 34.4 
 
 
 

Table J.110 Hybrid-case results for test-case house 29 simulated in Saint John’s 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 4430 4430 

WT (kWh/Yr) 2209 3711 

Energy Total (kWh/Yr) 6640 8141 

Import Net (kWh/Yr) 38904 37535 

Energy Surplus (kWh/Yr) 1399 1531 

Cost TOU (CAD/Yr) 3593 3472 

Cost FLAT (CAD/Yr) 3470 3348 

Credit TOU (CAD/Yr) 136 148 

Credit FLAT (CAD/Yr) 124 136 

GHG Total ai (Tonnes/Yr) 0.82 0.79 

GHG Total hi (Tonnes/Yr) 30.3 29.2 
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Table J.111 Base-case results for test-case house 30 simulated in Goose Bay  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 47789 

Demand SH (GJ/Yr) 115.8 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.1 

Cost TOU (CAD/Yr) 4435 

Cost FLAT (CAD/Yr) 4263 

GHG Elec ai (Tonnes/Yr) 1.0 

GHG Elec hi (Tonnes/Yr) 37.2 
 
 
 

Table J.112 Hybrid-case results for test-case house 30 simulated in Goose Bay 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 3122 3122 

WT (kWh/Yr) 1207 1904 

Energy Total (kWh/Yr) 4329 5027 

Import Net (kWh/Yr) 43937 43291 

Energy Surplus (kWh/Yr) 478 529 

Cost TOU (CAD/Yr) 4062 4004 

Cost FLAT (CAD/Yr) 3919 3861 

Credit TOU (CAD/Yr) 48 52 

Credit FLAT (CAD/Yr) 43 47 

GHG Total ai (Tonnes/Yr) 0.92 0.91 

GHG Total hi (Tonnes/Yr) 34.2 33.7 
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Table J.113 Base-case results for test-case house 30 simulated in Saint John’s  
 

Base Case Annual Simulation Results 

Consumption Elec (kWh/Yr) 38265 

Demand SH (GJ/Yr) 82.2 

Demand DHW Fuel (GJ/Yr) 16.1 

Demand DHW (GJ/Yr) 13.1 

Cost TOU (CAD/Yr) 3570 

Cost FLAT (CAD/Yr) 3413 

GHG Elec ai (Tonnes/Yr) 0.8 

GHG Elec hi (Tonnes/Yr) 29.8 
 
 
 

Table J.114 Hybrid-case results for test-case house 30 simulated in Saint John’s 
 

South Facing 
Hybrid case results PV and 

600W 
PV and 

1kW 
PV (kWh/Yr) 3133 3133 

WT (kWh/Yr) 2209 3711 

Energy Total (kWh/Yr) 5343 6845 

Import Net (kWh/Yr) 33599 32229 

Energy Surplus (kWh/Yr) 678 809 

Cost TOU (CAD/Yr) 3131 3009 

Cost FLAT (CAD/Yr) 2997 2874 

Credit TOU (CAD/Yr) 67 78 

Credit FLAT (CAD/Yr) 60 72 

GHG Total ai (Tonnes/Yr) 0.7 0.6 

GHG Total hi (Tonnes/Yr) 26.2 25.1 
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APPENDIX K 

End Use Energy and GHG Results for Halifax, 
Calgary, and Vancouver 
 

K.1 Halifax 
 

The results of the end-use energy comparison for a building in Halifax, Nova Scotia are 

given in Tables K.1 and K.2, where operation of the two energy systems was simulated 

for an entire year. 

Table K.1: End-use Energy Consumption Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Halifax, N.S.) 

Base Case Proposed 
Halifax, (Jan 1st  – Dec 31st ) 

Regular Temperature 
Setting 

Regular Temperature 
Setting 

Reduced Temperature 
Setting 

 (GJ)  (GJ)  (GJ) 

-- -- 3520 kWh 12.67 3810 kWh 13.73 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- -- 870 kWh 3.12 880 kWh 3.17 

      Baseboard Heaters 

 Elec. Baseboard Heaters -- -- 1090 kWh 3.91 0 kWh 0.00 

      

 -- -- -- -- -- 

630 L 26.33 -- -- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation. Fans 150 kWh 0.55 -- -- -- -- 

      

-- -- -- -- -- -- 

610 L 25.39 -- -- -- -- 

Domestic Hot Water 

 NG DHW Heater 

 Oil DHW Heater 

 Elec. Instantaneous  
DHW Heater 

-- -- 1600 kWh 5.76 1600 kWh 5.76 

      Heat Recovery Ventilator 

 Elec. Fans & Preheat 1030 kWh 3.69 1030 kWh 3.69 1030 kWh 3.69 

      

-- 55.96 -- 29.15 -- 26.35 

HVAC & DHW TOTAL 

 Energy Consumption 
 Energy Savings -- -- -- 47.9 % -- 52.9 % 
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Table K.2: End-use Energy Consumption Comparison for Entire Building; Base Case and Proposed 

Hybrid System (Halifax, N.S.) 
 

Base Case 

(GJ) 

Proposed 

(GJ) Halifax, (Jan 1st – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Occupant Driven – Elec. 32.18 32.18 32.18 

HVAC & DHW – Elec. 4.24 29.15 26.35 

HVAC & DHW – Non Elec. 51.72 0 0 

PV Generation – Elec. -- - 22.13 - 22.13 

Net Electrical  
36.42 39.21 36.40 

Net Non-Electrical  51.72 0 0 

88.14 39.21 36.40 Net  

 Net Energy Savings -- 55.5% 58.7 % 

 

Transferring to the proposed low-temperature HVAC and DHW system results in 

HVAC-related end-use energy savings of 48% (regular temperature setting) to 53% 

(reduced temperature setting). When the photovoltaic electricity production is 

incorporated as well, the net end-use energy savings for the simulated residence rise to 

levels of 56 and 59% for the two setting methods. 

 

K.2 Calgary 

 

The results of the end-use energy comparison are given in Tables K.3 and K.4 for 

Calgary, Alberta where operation of the two systems was simulated for an entire year. 
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Table  K.3: End-use Energy Consumption Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Calgary, AB.) 

 

Base Case Proposed 
Calgary, (Jan 1st  – Dec 31st ) 

Regular Temperature 
Setting 

Regular Temperature 
Setting 

Reduced Temperature 
Setting 

 (GJ)  (GJ)  (GJ) 

-- -- 4490 kWh 16.18 4960 kWh 17.85 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- -- 1020 kWh 3.67 1030 kWh 3.72 

      Baseboard Heaters 

 Elec. Baseboard Heaters -- -- 1600 kWh 5.75 3 kWh 0.01 

      

960 m3 35.66 -- -- -- -- 

-- -- -- -- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation. Fans 190 kWh 0.69 -- -- -- -- 

      

680 m3 25.39 -- -- -- -- 

-- -- -- -- -- -- 

Domestic Hot Water 

 NG DHW Heater 

 Oil DHW Heater 

 Elec. Instantaneous  
DHW Heater 

-- -- 1620 kWh 5.83 1610 kWh 5.78 

      Heat Recovery Ventilator 

 Elec. Fans & Preheat 1030 kWh 3.70 1030 kWh 3.70 1030 kWh 3.70 

      

-- 65.44 -- 35.13 -- 31.06 

HVAC & DHW TOTAL 

 Energy Consumption 

 Energy Savings -- -- -- 46.3 % -- 52.5 % 
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Table K.4: End-use Energy Consumption Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Calgary, AB.) 

 
Base Case 

(GJ) 

Proposed 

(GJ) Calgary, (Jan 1st– Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Occupant Driven – Elec. 32.18 32.18 32.18 

HVAC & DHW – Elec. 4.40 35.13 31.06 

HVAC & DHW – Non Elec. 61.05 0 0 

PV Generation – Elec. -- - 26.55 - 26.55 

Net Electrical  
36.58 40.76 36.69 

Net Non-Electrical  61.05 0 0 

96.63 40.76 36.69 Net  

 Net Energy Savings -- 57.8 % 62.0 % 

 

 
Replacing the base case HVAC system with the proposed low-temperature HVAC and 

DHW system results in annual end-use energy savings of 47% for the regular temperature 

setting (DBT) to 53% for the reduced temperature setting. When the photovoltaic 

electricity production is incorporated as well, the net end-use energy savings for the 

simulated residence raise to levels of 58% for the regular setting and 62% for the reduced 

setting. 

 

K.3 Vancouver 

 

The results of the end-use energy comparison are given in Tables K.5 and K.6, where 

operation of the two systems was simulated for an entire year. 
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Table K.5: End-use Energy Consumption Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Vancouver, B.C.) 

 

Base Case Proposed Vancouver 

(Jan 1st  – Dec 31st ) Regular Temperature 
Setting 

Regular Temperature 
Setting 

Reduced Temperature 
Setting 

 (GJ)  (GJ)  (GJ) 

-- -- 2890 kWh 10.41 3050 kWh 10.97 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- -- 520 kWh 1.87 530 kWh 1.90 

      Baseboard Heaters 

 Elec. Baseboard Heaters -- -- 610 kWh 2.20 0 kWh 0.00 

      

470 m3 17.44 -- -- -- -- 

-- -- -- -- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation. Fans 130 kWh 0.45 -- -- -- -- 

      

680 kWh 25.39 -- -- -- -- 

-- -- -- -- -- -- 

Domestic Hot Water 

 NG DHW Heater 

 Oil DHW Heater 

 Elec. Instantaneous  
DHW Heater 

-- -- 1600 kWh 5.76 1600 kWh 5.76 

      Heat Recovery Ventilator 

 Elec. Fans & Preheat 1030 kWh 3.69 1030 kWh 3.69 1030 kWh 3.69 

      

-- 46.97 -- 23.93 -- 22.31 

HVAC & DHW TOTAL 

 Energy Consumption 

 Energy Savings -- -- -- 49.1 % -- 52.5 % 
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Table K.6: End-use Energy Consumption Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Vancouver, B.C.) 

 
Base Case 

(GJ) 

Proposed 

(GJ) 
Vancouver 

(Jan 1st - Dec 31st ) 
Regular Temp. 

Setting 
Regular Temp. 

Setting 
Reduced Temp. 

Setting 
Occupant Driven – Elec. 32.18 32.18 32.18 

HVAC & DHW – Elec. 4.14 23.93 22.31 

HVAC & DHW – Non Elec. 42.83 0 0 

PV Generation – Elec. -- - 21.02 - 21.02 

Net Electrical  
36.32 35.08 33.47 

Net Non-Electrical  42.83 0 0 

79.15 35.08 33.47 Net  

 Net Energy Savings -- 55.7 % 57.7 % 

 

 

Adopting the proposed low-temperature HVAC and DHW system in a Vancouver 

building results end-use energy savings of 49% (regular temperature setting) to 53% 

(reduced temperature setting) compared with the base case. When the photovoltaic 

electricity production is incorporated as well, the net end-use energy savings increase to 

56 and 58%, depending on the temperature setting methods. 

 
K.4 Halifax 

 

The resulting GHG emissions for the two residential energy systems, as simulated in 

Halifax, are shown in Tables K.7 and K.8. 
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Table K.7: Greenhouse Gas Emission Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Halifax, N.S.) 

 

Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Halifax, (Jan 1st  – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

   

-- 2.67 2.89 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- 0.66 0.67 

   Baseboard Heaters 

 Elec. Baseboard Heaters -- 0.82 0.00 

   

-- -- -- 

2.06 -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation Fans 0.12 -- -- 

   

-- -- -- 

1.98 -- -- 

Domestic Hot Water 

 NG DHW Heating Tank 

 Oil DHW Heating Tank 

 Elec. Instantaneous DHW 
Heater 

-- 1.21 1.21 

   Heat Recovery Ventilator 

 Elec. Fans & Preheat 0.78 0.78 0.78 

   

4.94 6.14 5.55 HVAC & DHW TOTAL 

 GWP 

 Emission Savings 
-- -24.3 % -12.3 % 
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Table K.8: Greenhouse Gas Emission Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Halifax, N.S.) 

 
Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Halifax, (Jan 1st- Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Net Electrical Emissions 7.68 8.27 7.67 

Net Non-Elec. Emissions 4.04 0 0 

11.72 8.27 7.67 Net GHG Emissions 

 Net Emission Savings -- 29.4 % 34.6 % 

 

 

The end-use energy savings that were achieved by incorporating the proposed HVAC and 

DHW system (48 to 53%) do not translate into GHG emission savings for Halifax. In 

fact, the HVAC and DHW modifications result in increased emissions. The reason that 

end-use energy savings are not translated into emission reductions is due to the electrical 

utility generation mix in Nova Scotia. The transfer from predominantly fossil-fuel based 

consumption to a system based solely on electricity places increased demands on the 

electrical grid, if this electricity is not produced in a “clean” manner emission savings are 

not realized. In Nova Scotia the electricity generation system relies heavily on the 

combustion of coal (58%) and oil or natural gas (25%) (NSPI 2005). This reliance on 

production methods with heavy GHG emissions results in an increase of HVAC related 

GHG emissions for the proposed system despite cutting the end-use energy consumption 

in half compared with the base case.   

 

Once photovoltaic electricity generation is added to the on-site generation mix to reduce 

the reliance on grid electricity for Halifax, modest GHG emission savings of 29 to 35%, 

or 3.5 to 4 tonnes of CO2 equivalent emissions per year. 

 

K.5 Calgary 
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The resulting GHG emissions for the two residential energy systems, as simulated in 

Calgary, are shown in Tables K.9 and K.10. 

Table K.9: Greenhouse Gas Emission Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Calgary, AB.) 

 

Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Calgary, (Jan 1st  – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

   

-- 3.96 4.37 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- 0.90 0.91 

   Baseboard Heaters 

 Elec. Baseboard Heaters -- 1.41 0.00 

   

2.01 -- -- 

-- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation Fans 0.17 -- -- 

   

1.43 -- -- 

-- -- -- 

Domestic Hot Water 

 NG DHW Heating Tank 

 Oil DHW Heating Tank 

 Elec. Instantaneous DHW 
Heater 

-- 1.43 1.41 

   Heat Recovery Ventilator 

 Elec. Fans & Preheat 0.91 0.91 0.91 

   

4.52 8.61 7.60 HVAC & DHW TOTAL 

 GWP 

 Emission Savings 
-- -90.5 % -68.1 % 
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Table K.10: Greenhouse Gas Emission Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Calgary, AB.) 

 

Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Calgary, (Jan 1st- Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Net Electrical Emissions 8.96 9.99 8.99 

Net Non-Elec. Emissions 3.45 0 0 

12.41 9.99 8.99 Net GHG Emissions 

 Net Emission Savings -- 19.5 % 27.6 % 

 

Similar to the results found for Halifax, the end-use energy savings do not translate into 

HVAC and DHW system GHG emission savings for the Calgary model. In fact, the 

modifications result in increased emissions; nearly double that of the base case (an 

increase of 91%). This discrepancy can be attributed to the generation mix of Alberta’s 

electric utilities. In Alberta, the generation system also relies heavily on the combustion 

of fossil fuels, with 66 % of the annual generation met by the combustion of coal and 

30% by natural gas (AEUB 2003). Once again, this reliance on heavy GHG emitters for 

electricity generation results in an increase of HVAC related GHG emissions for the 

proposed system despite cutting the end-use energy consumption in half compared with 

the base case.  

 

Once photovoltaic electricity generation is added, reducing the reliance on grid 

electricity, GHG emission savings of 20% (regular temperature setting) to 28% (reduced 

temperature setting), or 2.4 to 3.4 tonnes of CO2 equivalent emissions are realized per 

year. 

 

K.6 Vancouver 

 

The resulting GHG emissions for the two residential energy systems, as simulated in 

Vancouver, are shown in Tables K.11 and K.12. 
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Table K.11: Greenhouse Gas Emission Comparison for HVAC and DHW Heating; Base Case and 
Proposed Hybrid System (Vancouver, B.C.) 

 
Base Case 

(Tonnes CO2) 

Proposed  

(Tonnes CO2) Vancouver, (Jan 1st  – Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

   

-- 0.10 0.11 

GSHP 

 Elec. Heat Pump 

 Elec. Circulation Pumps -- 0.02 0.02 

   Baseboard Heaters 

 Elec. Baseboard Heaters -- 0.02 0.00 

   

0.99 -- -- 

-- -- -- 

Furnace 

 Natural Gas 

 Oil 

 Elec. Circulation Fans 0.00 -- -- 

   

1.43 -- -- 

-- -- -- 

Domestic Hot Water 

 NG DHW Heating Tank 

 Oil DHW Heating Tank 

 Elec. Instantaneous DHW 
Heater 

-- 0.06 0.06 

   Heat Recovery Ventilator 

 Elec. Fans & Preheat 0.04 0.04 0.04 

   

2.46 0.24 0.23 HVAC & DHW TOTAL 

 GWP 

 Emission Savings 
-- 90.2 % 90.7  % 
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Table K.12: Greenhouse Gas Emission Comparison for Entire Building; Base Case and Proposed 
Hybrid System (Vancouver, B.C.) 

 

Base Case 

(Tonnes* 

CO2) 

Proposed  

(Tonnes CO2) Vancouver  

(Jan 1st - Dec 31st ) 

Regular Temp. 
Setting 

Regular Temp. 
Setting 

Reduced Temp. 
Setting 

Net Electrical Emissions 0.36 0.35 0.33 

Net Non-Elec. Emissions 2.42 0 0 

2.78 0.35 0.33 Net GHG Emissions 

 Net Emission Savings -- 87.4 % 88.1 % 

 

For a residential building in Vancouver, the conversion to the proposed low-temperature, 

HVAC and DHW system results in emission savings (91) that nearly double the end-use 

energy savings previously noted for this location. Once again this disproportionate 

savings (when compared with the end-use energy savings of the proposed system) is a 

result of the provincial utility’s generation mix. British Columbia’s electricity generation 

is predominantly met with hydroelectric power (80%) (BC Hydro 2005), resulting in very 

low associated GHG emissions. This generation mix results in high emission savings 

when a transition is made to an electricity dominant HVAC system. 

 

By incorporating renewable electricity generation as well, via photovoltaic panels, a total 

of 2.4 tonnes of annual savings are possible (an emission reduction of 88%), for both 

temperature setting cases. 
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APPENDIX L 

GHX Configuration Sensitivity Analysis 
 

This appendix includes the details of the sensitivity analysis performed for each of the 

GHX configurations. The analysis involved the varying of heat exchanger pipe length to 

determine the resulting effects on EWT and thus, heat pump performance (COP). The 

results were plotted for a sample week in the heating season (Jan 9th –15th). 

 

Vertical U-tube Configuration 
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Figure L-1: Vertical GSHX Pipe Length vs. EWT 
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Horizontal Slinky Configuration 
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Figure L-2: Horizontal Slinky GSHX Pipe Length vs. EWT 

 

 

 

Horizontal 2-pipe Configuration 
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Figure L-3: Horizontal 2-Pipe GSHX Pipe Length vs. EWT 
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It can be seen for all three GHX configurations considered for this analysis that as the 

heat exchanger (pipe) length is increased the EWTs increase and the temperature 

fluctuations decrease. Both of these factors result in increased GSHP performance, and 

are therefore favoured when making a GHX selection. However, as the pipe length is 

increased the cost of the GHX system also increases, a decision on pipe length therefore 

requires a balance of these two factors. Since this work does not include any economic 

analysis, this balance was not found. However, some natural breaks revealed by the GHX 

performance results did allow for some intuitive preliminary selection. For the vertical U-

tube configuration (Figure L-39) the EWT values begin to oscillate significantly for pipe 

lengths less than 400m while 600m appears to be a similar cut-off point for the horizontal 

2-pipe configuration (Figure L-41). The horizontal slinky configuration (Figure L-40) has 

more stable EWT values over varying pipe lengths allowing for comparable performance 

for shorter pipe lengths, for this reason a heat exchanger length of 400m was deemed 

acceptable with this preliminary analysis. 

 

For the vertical U-tube configuration a second sensitivity analysis was also performed to 

determine the effects on borehole depth and number on the resulting EWT. The pipe 

length was maintained at a constant 400m and the number of boreholes was varied from 4 

to 15 (the corresponding depths were set to maintain the constant pipe length). The 

results are not shown because it was found that there was no discernable difference 

between the performances of these varying scenarios. 
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APPENDIX M 

Code Modifications for ESP-r DHW Module 
 

This appendix includes further description of the modelling procedure employed for the 

DHW system with GSHP preheat as well as the model code for which significant changes 

were made in the development of the DHW module.   

 

M.1 DHW System Modelling Procedure 

Initially, the preheat function within the DHW module imports the current time step 

heating load required by the building’s HVAC system from the HVAC module 

(hvacsim.F). The amount of energy available to the DHW system from the GSHP is then 

determined by subtracting the HVAC load from the heat pump’s capacity, which itself 

varies with the EWT. If there is more capacity available from the GSHP system than is 

needed for DHW preheat, the preheat energy is limited to achieve a maximum preheat 

set-point temperature of 40C. The preheat set point temperature is added to the code 

because the GSHP module is unable to calculate the temperature of the heat pump’s 

outlet temperature, therefore 40C was set as the maximum temperature to realistically 

reflect the maximum temperature achieved by GSHP systems. Once the preheat energy is 

determined the total DHW load is reduced by this amount and the remaining load is 

satisfied by the instantaneous DHW heater. The preheat energy is then exported to the 

HVAC module and added to the total end-use energy consumed by the GSHP for that 

particular time step. 

 

M.2 DHW System Model Code 

All code modifications from the original are highlighted in italics.   

 

Module:  DHW_Module.F 

Subroutine:   fDHW_Energy Required 

 
c ********************************************************************* 
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c FUNCTION fDHW_EnergyRequired 
c Estimate Determine the Energy Required per Timestep 
c Created by: Phylroy A. Lopez 
c Initial Creation Date:  March 23th 2001 
c Copyright 2000: NRCan Buildings Group 
c INPUTS: 
c OUTPUTS: 
c     REAL      fDHW_EnergyRequired            (J) 
 
c Modifications made by JG (12/14/04) 
c Included provision for a gshp preheat of the DHW 
c In case of preheat, fDHW_Required represents electrical draw from 
c   instantaneous heater and preheat energy from gshp is passed to the total 
c   energy consumption of the gshp system. 
 
 
c----56--1---------2---------3---------4---------5---------6---------7---------8 
 
      FUNCTION fDHW_EnergyRequired() 
c Variables Use from Modules       
       
      IMPLICIT NONE 
#include "dhw_parameters.h" 
#include "dhw_common.h" 
#include "gshp_common.h" 
 
      common/DHW_PREHEAT/DHW_Preheat_GSHP 
      REAL DHW_Preheat_GSHP 
 
      common/simtim/ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
      INTEGER ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
 
      REAL   fWaterDrawGreaterThanTank 
 
c This determines if the water draw is greater than the tank. 
#ifdef buildCETC 
      fWaterDrawGreaterThanTank = fWaterDraw - 
     &                            fTankSize 
c If the water draw is less than the tank size then set it to zero    
      IF (fWaterDrawGreaterThanTank < 0.0) then 
          fWaterDrawGreaterThanTank = 0 
      END IF 
         
 
c Checks to see if it is still in the dead band. 
      IF (fDHW_StartTemp() 
     &    .ge. 
     &    fHotSupplyTemp-fTemperatureBand) THEN 
        fDHW_EnergyRequired = 0.0 
      ELSE 
c If not, it determines how much burner energy is required. 
        fDHW_EnergyRequired = 
     &         fDHW_WaterEnergyFromTemp( fHotSupplyTemp ,  
     &                                       (ftankSize)) 
     &         - fDHW_WaterEnergyFromTemp(fDHW_StartTemp(),  
     &                                     ftanksize) 
     &         +fDHW_WaterEnergyFromTemp(fHotSupplyTemp, 
     &                                  fWaterDrawGreaterThanTank) 
     &         -fDHW_WaterEnergyFromTemp(fDHW_ColdMainTemp(), 
     &                                  fWaterDrawGreaterThanTank) 
          
        fEnergyRequired = fDHW_EnergyRequired 
       
      ENDIF 
 
c modification by JG (12/07/04)  
c For the case of Elec_Tankless_Heatpump, determine preheat contribution from GSHP, 
c call DHW_GSHP_Preheat subroutine 
 
      SELECT CASE (iTankType) 
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      CASE (Elec_Tankless_Heatpump) 
            
      call DHW_GSHP_Preheat(fEnergyRequired) 
       
      fDHW_EnergyRequired = fEnergyRequired - (DHW_Preheat_GSHP * 
     &                  GSHP_COP) 
      
      fEnergyRequired = fDHW_EnergyRequired 
       
      END SELECT 
 
c end of modification (JG) 
 
#else 
      call CETC_error_notice('CETC code not supported in this binary') 
#endif 
      END  FUNCTION 
 
c ********************************************************************* 
 

Module:  DHW_Module.F 

Subroutine: DHW_GSHP_Preheat 

 
c ********************************************************************* 
c REAL SUBROUTINE sDHW_GSHP_Preheat 
c This subroutine is for use with a DHW tank type Elec_Tankless_Heatpump 
c Determines if there is preheat available from a ground source heat pump 
c The subroutine checks that there is available GSHP capacity to meet preheat 
c The preheat is for temp range between the coldmain temp and a preheat set point 
c The preheat setpoint is chosen as a typical output temperature for a GSHP 
c If the entire preheat cannot be achieved, the GSHP will meet a portion 
c The subroutine outputs (as a common) the portion of the DHW load met by the GSHP 
c Created by: Joel Good 
c Initial Creation Date:  December 07 2004 
 
c INPUTS: 
c     REAL      fEnergyRequired      DHW energy requirement  
 
c OUTPUTS: 
c     common/DHW_PREHEAT/DHW_Preheat_GSHP 
    
c----56--1---------2---------3---------4---------5---------6---------7---------8 
 
      SUBROUTINE DHW_GSHP_Preheat(DHW_EnergyRequired) 
!Variables Used From Module 
         
 IMPLICIT NONE 
 
#include "hvac_parameters.h" 
#include "building.h" 
#include "ashp_common.h" 
#include "hvac_common.h" 
#include "gshp_common.h" 
#include "dhw_parameters.h" 
#include "dhw_common.h" 
 
c Common for DHW Preheat Values 
 
      common/DHW_PREHEAT/DHW_Preheat_GSHP 
  
      REAL DHW_Preheat_GSHP 
 
c Use common for HVAC system energy consumption 
 
      common/HVAC_OUTPUT/fan_energy(max_sys), 
     & draft_energy(max_sys), sys_energy(max_sys), 
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     & backup_energy(max_sys), pilot_energy(max_sys), 
     & GSHP_pump_energy, GCEP_pump_energy 
 
c Real variables in HVAC system energy consumption common 
 
      REAL fan_energy, draft_energy, sys_energy, backup_energy, 
     & pilot_energy, GSHP_pump_energy, GCEP_pump_energy 
          
      common/simtim/ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
      INTEGER ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
 
c     Common for the number of time steps per hour 
      COMMON/PERS/ISD1,ISM1,ISD2,ISM2,ISDS,ISDF,NTSTEP 
 
      INTEGER ISD1,ISM1,ISD2,ISM2,ISDS,ISDF,NTSTEP 
 
C Common block containing miscellaneous zone data. 
      common/bctl/              ! MISC zond data: 
     &     ncf,ibsn(mcf,4),     ! not used  
     &     iban(mcf,3),         ! zone control data 
     &     nbcdt(mcf),ibcdv(mcf,mbcdt,2),nbcdp(mcf,mbcdt), ! not used  
     &     tbcps(mcf,mbcdt,mbcdp),                         ! not used  
     &     ibctyp(mcf,mbcdt,mbcdp),ibclaw(mcf,mbcdt,mbcdp),! not used  
     &     bmiscd(mcf,mbcdt,mbcdp,misc)                    ! not used  
      integer ncf, ibsn, iban, idcdtl, ibcdv, nbcdp, ibctyp, ibclaw 
      integer nbcdt 
      real tbcps, bmiscd 
 
C Construction heat injection and temperature commons. 
      COMMON/FVALC/             ! FUTURE:  
     &     TFC(MCOM,MS,MN),     ! - construction temperature (oC) 
     &     QFC(MCOM)            ! - construction heat injection (W) 
      REAL TFC, QFC 
 
      COMMON/PVALC/             ! PRESENT:  
     &     TPC(MCOM,MS,MN),     ! - construction temperature (oC) 
     &     QPC(MCOM)            ! - construction heat injection (W) 
      REAL TPC, QPC 
 
C Zone control data 
      common/cctl/icascf(mcom)  ! Zone control type  
      integer icascf 
  
c Common for the present and the future zone temperatures and convective 
c heat injections. 
      common/pvala/tpa(mcom),qpa(mcom) 
      common/fvala/tfa(mcom),qfa(mcom) 
 
      REAL tpa,qpa,tfa,qfa       
       
c Local variables 
 
      INTEGER isys,GSHP_HP_mode,j 
 
      REAL ss_heat_pump_cap,GSHP_CAP,heat_pump_energy,plrhp,PLR, 
     & plfhp,ASHP_PLF,plfhp2,ASHP_PLF_OFFCYC_CORR,time_step, 
     & GSHP_energy_preheat, 
     & write_count,req_load,heating_load,cooling_load, 
     & DHW_EnergyRequired,preheat_set_temp,set_temp_energy             
 
#ifdef buildCETC 
 
      isys = 2      !hardwired to 2 to represent the gshp in my gshp.hvac file 
 
c First, must determine the heating load required of the hvac system 
c        from zone information (very similar to routine found in hvacsim.F, 
c        perhaps they could be combined in future) 
 
c     Determine the total heating or cooling requirement of the zones  
c     associated with the HVAC system. This load is passed on to the  
c     equipment simulation subroutine to determine the energy consumption. 
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         heating_load = 0. 
         cooling_load = 0. 
c     The load for the current time step associated with the hvac system considered is  
c     the sum of the loads for the zones served by the hvac system. The load for each 
c     of the zones is the average of the load at the present and future time steps, qpa  
c     and qfa respectively 
         do 20 j=1,num_sys_zones(isys) 
            if ( iban(icascf( isys_zone_num(isys,j)),2) .gt. 0 ) then  
C...........PIN is within construction 
 
               req_load =( QPC(isys_zone_num(isys,j)) +  
     &              QFC((isys_zone_num(isys,j)) )) / 2.0 
 
            else 
               req_load = 0.5 * (qfa(isys_zone_num(isys,j)) +  
     &              qpa(isys_zone_num(isys,j))) 
 
            endif   
     if(req_load.gt.0) then 
               heating_load = heating_load + req_load 
            elseif(req_load.lt.0) then 
               cooling_load = cooling_load + abs(req_load) 
            endif 
      
 20      continue 
 
      time_step = 3600. / float(NTSTEP)  
  
c Determine if there is excess energy available from the GSHP 
 
c     determine the heatpump capacity at current time step in Joules 
 
      GSHP_HP_mode = iunit_function(isys) 
      ss_heat_pump_cap = GSHP_CAP(ss_capacity(isys),EWT,GSHP_HP_mode) 
       
c     determine the heatpump energy (J) already used at current time step 
 
      heat_pump_energy = sys_energy(isys) * GSHP_COP 
 
      plrhp = PLR(heating_load,ss_heat_pump_cap,fan_power(isys), 
     &            ifan_operation(isys)) 
 
      plfhp = ASHP_PLF(isys,plrhp) 
      plfhp2 = ASHP_PLF_OFFCYC_CORR(isys_type(isys),plrhp,plfhp) 
       
      IF(plrhp.gt.1.)THEN 
        plrhp = 1. 
 plfhp2 = 1. 
      ENDIF  
       
c calculate the gshp energy available to the preheat function 
 
      GSHP_energy_preheat = (ss_heat_pump_cap * time_step) -  
     &                      (sys_energy(isys) * GSHP_COP) 
  
c determine energy required for DHW to reach set point temp 
c this temp is the output temperature of a water-to-water gshp 
c initially hardwired to 40 degrees Celsius 
 
      preheat_set_temp = 40.      
       
      set_temp_energy = fDHW_WaterEnergyFromTemp( 
     &                    preheat_set_temp,fDHW_WaterDraw()) 
     &                - fDHW_WaterEnergyFromTemp( 
     &                    fDHW_ColdMainTemp(),fDHW_WaterDraw()) 
      
c if gshp plr is 1 then no preheat available from gshp       
      IF(plrhp.eq.1.)THEN  
         
 DHW_Preheat_GSHP = 0. 
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      ELSE 
 
c if energy to reach set_temp exceeds the gshp energy available 
c the gshp contribution is set to the gshp energy available             
        IF(set_temp_energy.gt.GSHP_energy_preheat)THEN 
  
          DHW_Preheat_GSHP = GSHP_energy_preheat 
         
 ELSE 
  
c if energy to reach set_temp does not exceed the gshp energy available 
c the gshp contribution is set to the gshp energy available    
 
   DHW_Preheat_GSHP = set_temp_energy  
       
        ENDIF         
        
      ENDIF   
       
c the GHSP energy currently represents the load attributed to the gshp 
c to find gshp energy consumption the COP must be considered 
 
      DHW_Preheat_GSHP = DHW_Preheat_GSHP / GSHP_COP       
       
#else 
      call CETC_error_notice('CETC code not supported in this binary') 
#endif 
      END  SUBROUTINE 
        
c ********************************************************************* 
 

 

Module:  DHW_Module.F 

Subroutine: fDHW_FinalWaterTemp 

 
c ********************************************************************* 
c FUNCTION fDHW_FinalWaterTemp 
c Determine the Final water temperature at te end of the timestep.. 
c Created by: Phylroy A. Lopez 
c Initial Creation Date:  March 23th 2001 
c Copyright 2000: NRCan Buildings Group 
c OUTPUTS: 
c     REAL       fDHW_FinalWaterTemp          (C) 
c----56--1---------2---------3---------4---------5---------6---------7---------8 
 
      FUNCTION fDHW_FinalWaterTemp() 
!Variables Used From Module 
   
 IMPLICIT NONE 
#include "dhw_parameters.h" 
#include "dhw_common.h" 
  
 common/simtim/ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
        INTEGER ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
 
 
!Local Variables  
      REAL   fTotalEnergyInTank 
      REAL   fEnergyInHotWaterPortion 
      REAL   fEnergyInColdWaterPortion 
      REAL   fEnergyInTank 
      REAL   fHotWaterVolumeRemaining 
       
C Determine if volume of draw was greater than tank volume. 
#ifdef buildCETC 
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      fHotWaterVolumeRemaining =  
     &              fTankSize-fWaterDraw 
      IF (fHotWaterVolumeRemaining <= 0.0) then 
c If so set Hot water volume remaining to zero.        
        fHotWaterVolumeRemaining  = 0.0 
c Determine energy in volume of water draw after heat injection for burner 
 fEnergyInTank  =  
     &  fDHW_WaterEnergyFromTemp(fDHW_ColdMainTemp(), 
     &                             fWaterDraw) 
     &    + fDHW_EnergyInputWater() 
c Determine temperature in volume of water.     
 fDHW_FinalWaterTemp =  
     &    fDHW_WaterTempFromEnergy(fEnergyInTank, 
     &                             fWaterDraw) 
      ELSE   
c Sum Energy in the tank     
      fTotalEnergyInTank = 
     &   fDHW_WaterEnergyFromTemp(  
     &                            fDHW_StartTemp(), 
     &                            fTankSize 
     &        ) 
     &    + fDHW_EnergyInputWater() 
c Get final temp from energy and volume       
      fDHW_FinalWaterTemp =  
     &  fDHW_WaterTempfromEnergy(fTotalEnergyInTank, 
     &                           fTankSize) 
c      write(55,*) nsinc,idyp,' Tank_temp_final = ',fDHW_FinalWaterTemp 
      END IF 
       
c  JG--12/07/04 
c Determines the resulting temperature, after energy input, for a tankless DHW heater 
c only Elec_Tankless_Heatpump case currently considered, copying IF statement will envoke 
c others 
 
      SELECT CASE (iTankType) 
!Propane and NGas non tank systems 
      CASE (Tankless) 
                  
      CASE (Instantaneous)  
             
      CASE (Instantaneous_pilot) 
       
!Oil non tank system 
      CASE (Oil_tankless) 
       
!Elec non tank systems 
      CASE (Elec_Tankless_Heatpump) 
       
      IF (fDHW_EnergyInputWater() > 0.0) THEN 
        fDHW_FinalWaterTemp =  
     &    fDHW_StartTemp() + 
     &    fDHW_WaterTempfromEnergy(fDHW_EnergyInputWater(), 
     &                             fDHW_WaterDraw()) 
      ELSE 
 fDHW_FinalWaterTemp = 0.0 
      END IF 
             
      CASE (Elec_Heatpump) 
       
      CASE (Elec_Instantaneous) 
       
      END SELECT 
       
#else 
      call CETC_error_notice('CETC code not supported in this binary') 
#endif 
      END  FUNCTION 
 
c ********************************************************************* 
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Module:  hvacsim.F 

Subroutine: HVACSIM (only gshp related portion of code is shown) 

 
c     ********************************************************************* 
c     HVACSIM 
 
c     Created by: Kamel Haddad 
c     Initial Creation Date: February 17th 2000 
c     Copyright 2000: NRCan Buildings Group 
 
c     Controlling routine for the simulation of the energy consumption of 
c     the HVAC system. This subroutine is called from MZNUMA each simulation 
c     time-step following the simulation of the zones, in which the 
c     building's heating or cooling requirements are determined. 
c     The appropriate simulation subroutine is called based on  
c     the HVAC system type. 
 
c     INPUTS: 
c     HVAC_INPUT_DATA 
c                       common for hvac systems input data 
c     UNDER_HEAT_COOL_HOURS 
c                       common for total number of hours there is under 
c                       heating or under cooling 
c     HEAT_PUMP_INPUT_DATA 
c                       common for heat pump data 
c     pvala          common for the present time step loads 
c     fvala          common for the future time step loads 
c     GCEP_INPUT        common for parameters for GCEP 
c     hvacinfo          common for hvac simulation flag 
 
c     OUTPUTS: 
c     HVAC_OUTPUT common for system energy consumption for time 
c     FC_ctl_h3khvacloads 
c                       common for electrical draws of hvac systems  
c     step 
c     ********************************************************************* 
      SUBROUTINE HVACSIM 
 
      IMPLICIT NONE 
 
#include "hvac_parameters.h" 
 
#include "building.h" 
 
#include "hvac_common.h" 
 
#include "ashp_common.h" 
 
#include "SOFC.h" 
 
#include "gcep_common.h" 
 
 
c hvac system file and flag:   ihvacflag=1 there is hvac file 
c ihvacflag=0 no hvac file 
      common/hvacinfo/ihvacflag,hvacfile 
 
      INTEGER ihvacflag 
      CHARACTER*72 hvacfile 
 
c Use common for HVAC system energy consumption 
      common/HVAC_OUTPUT/fan_energy(max_sys), 
     &draft_energy(max_sys), sys_energy(max_sys), 
     &backup_energy(max_sys), pilot_energy(max_sys), 
     &GSHP_pump_energy, GCEP_pump_energy 
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c Real variables in HVAC system energy consumption common 
      REAL fan_energy, draft_energy, sys_energy, backup_energy, 
     &pilot_energy, GSHP_pump_energy, GCEP_pump_energy 
 
C Common block containing miscellaneous zone data. 
      common/bctl/              ! MISC zond data: 
     &     ncf,ibsn(mcf,4),     ! not used  
     &     iban(mcf,3),         ! zone control data 
     &     nbcdt(mcf),ibcdv(mcf,mbcdt,2),nbcdp(mcf,mbcdt), ! not used  
     &     tbcps(mcf,mbcdt,mbcdp),                         ! not used  
     &     ibctyp(mcf,mbcdt,mbcdp),ibclaw(mcf,mbcdt,mbcdp),! not used  
     &     bmiscd(mcf,mbcdt,mbcdp,misc)                    ! not used  
      integer ncf, ibsn, iban, idcdtl, ibcdv, nbcdp, ibctyp, ibclaw 
      integer nbcdt 
      real tbcps, bmiscd 
 
C Construction heat injection and temperature commons. 
      COMMON/FVALC/             ! FUTURE:  
     &     TFC(MCOM,MS,MN),     ! - construction temperature (oC) 
     &     QFC(MCOM)            ! - construction heat injection (W) 
      REAL TFC, QFC 
 
      COMMON/PVALC/             ! PRESENT:  
     &     TPC(MCOM,MS,MN),     ! - construction temperature (oC) 
     &     QPC(MCOM)            ! - construction heat injection (W) 
      REAL TPC, QPC 
 
C Zone control data 
      common/cctl/icascf(mcom)  ! Zone control type  
      integer icascf 
  
c Common for the present and the future zone temperatures and convective 
c heat injections. 
      common/pvala/tpa(mcom),qpa(mcom) 
      common/fvala/tfa(mcom),qfa(mcom) 
 
      REAL tpa,qpa,tfa,qfa 
 
c Common for the current and future hours of the simulation 
      common/simtim/ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
 
      INTEGER ihrp,ihrf,idyp,idyf,idwp,idwf,nsinc,its 
 
c Common for simulation start and finish days 
      common/simsdy/iss,isf 
 
      INTEGER iss,isf 
 
c Common for the number of time steps per hour 
      COMMON/PERS/ISD1,ISM1,ISD2,ISM2,ISDS,ISDF,NTSTEP 
 
      INTEGER ISD1,ISM1,ISD2,ISM2,ISDS,ISDF,NTSTEP 
 
c Common for DHW Preheat 
 
      common/DHW_PREHEAT/DHW_Preheat_GSHP 
      real DHW_Preheat_GSHP 
 
c Variables for HOT3000 save level 5                                 
      real fPPLR, fBPLR, fb_pilot_energy, fP_pilot_energy,  
     &     fHeat_energy, fCool_energy 
 
c Local real variables 
      REAL plr_furnace, plr_backup, plr_heat_pump, plr_boiler, 
     &plr_baseboard, plf_backup, plf_heat_pump, plf_furnace, 
     &plf_boiler, plf_baseboard, heating_load, cooling_load,  
     &req_load, time_step, FAN_ENERGY_CON, DRAFT_FAN_ENERGY, 
     &heat_pump_cap, GSHP_pump_power, GCEP_pump_power, 
     &heat_pump_cooling_cap 
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c Local integer variables 
      INTEGER i, j, month, iday, icomp 
 
C.....H3Kreports.(HVAC_ELEC_DEC).start...................... 
C.....DECLARATIONS for H3Kreporting object 
      CHARACTER*128 H3K_rep_NAME 
      CHARACTER*12  H3K_format 
      REAL H3K_ASHP_elec 
      REAL H3K_GCEP_elec 
      REAL H3K_GSHP_elec 
      REAL H3K_fan_elec 
      REAL H3K_HRV_elec 
      REAL H3K_Current_elec 
      INTEGER LNBLNK 
C.....H3Kreports.(HVAC_ELEC_DEC).end........................ 
    
   
NOTE: large section of code not displayed in appendix as no alterations were made, refer  

to ESP-r/Hot3000 (Copyright CANMET Energy Technology Centre Natural Resources  
Canada, Government of Canada 2004) for original code in its entirety. 

 
 
c HOT3000: GSHP (begin) 
c For a ground-source heat pump system in the heating mode, first call the  
c subroutine to calculate the correlation coefficients for the GSHP in heating 
c mode. Once GSHP_HEAT_COEFF is called, the same ASHP heating routines are used - 
c for both the primary system and the backup systems. 
 
         elseif((ihvac_type(i).eq.8).and.(iunit_function(i).eq.1). 
     &         and.(ipriority(i).eq.1)) then 
 
 
c If the HVAC system under consideration (do 10 loop) is a GSHP, then 
c call to the GSHP_load subroutine to sum the daily heating and cooling 
c loads. These daily loads are needed by the ground heat exchanger to  
c determine the entering water temperature. 
           CALL GSHP_load(heating_load,cooling_load) 
 
c Call the air-source heat pump subroutine 
           call GSHP_HEAT_COEFF(i) 
           call ASHP_HEATING(i,heating_load,sys_energy(i), 
     &                      plr_heat_pump,plr_backup,plf_heat_pump) 
      
           fPPLR = plr_heat_pump   
           fHeat_Energy = sys_energy(i) 
 
c          if GSHP provided preheat energy for the DHW, add to total 
 
           fHeat_Energy = fHeat_Energy + DHW_Preheat_GSHP 
 
 
         
c The amount of pumping power required for the circulation of the fluid  
c through the ground loop and into the heat pump must be calculated. 
           heat_pump_cap = ss_capacity(i) 
           GSHP_pump_energy = GSHP_pump_power(heat_pump_cap) 
 
 
c In case the backup heat source is a furnace and there is a load on the backup 
c source  
 
           if((plr_backup.gt.0.0001).and. 
     &       (ibackup_heat(i).eq.1)) then 
             call FURNACE(ibackup_sys_num(i),heating_load, 
     &                    backup_energy(i),pilot_energy(i),plr_backup, 
     &                    plf_backup) 
             fBPLR = plr_backup 
             fB_pilot_energy = pilot_energy(i) 
c If the furnace draft fan power is > 0, then calculate the draft fan power  
c consumption for the time step. 
             if(draft_fan_power(ibackup_sys_num(i)).gt.0.) then 
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                draft_energy(i) =  
     &                   DRAFT_FAN_ENERGY(i, 
     &                   draft_fan_power(ibackup_sys_num(i)),plr_backup, 
     &                   plf_backup) 
C Record electric draw of backup furnace for use by fuel cell controller 
                FCctl_furnace_draft = draft_energy(i) / time_step 
             endif   
 
c In case the backup heat source is a boiler. The model for a boiler is the  
c same as that for a furnace 
           elseif((plr_backup.gt.0.0001).and. 
     &           (ibackup_heat(i).eq.2)) then 
             call FURNACE(ibackup_sys_num(i),heating_load, 
     &       backup_energy(i),pilot_energy(i),plr_backup,plf_backup) 
             fBPLR = plr_backup 
             fB_pilot_energy = pilot_energy(i) 
c If the boiler draft fan power is > 0, then calculate the draft fan power  
c consumption for the time step. 
             if(draft_fan_power(ibackup_sys_num(i)).gt.0.) then 
                draft_energy(i) =  
     &                   DRAFT_FAN_ENERGY(i, 
     &                   draft_fan_power(ibackup_sys_num(i)),plr_backup, 
     &                   plf_backup) 
C Record electric draw of backup boiler for use by fuel cell controller 
                FCctl_boiler_draft = draft_energy(i) / time_step 
             endif   
 
c In case the backup heat source is Baseboards/Plenum Heaters/Hydronic 
           elseif((plr_backup.gt.0.0001).and. 
     &           (ibackup_heat(i).eq.3)) then 
             call BASEBOARD(ibackup_sys_num(i),heating_load, 
     &       backup_energy(i),plr_backup,plf_backup)              
             fBPLR = plr_backup 
             fB_pilot_energy = 0. 
           endif 
c System circulation fan energy consumption in J 
           fan_energy(i) = FAN_ENERGY_CON(i,plr_heat_pump,plr_backup, 
     &                     plf_heat_pump,plf_backup) 
 
C Record electric draw of circulating fan, pump and compressor  
c for use by fuel cell controller 
           FCctl_gshp_pump = GSHP_pump_energy / time_step 
           FCctl_ashp_compressor = sys_energy(i) / time_step 
           FCctl_ashp_circfan = fan_energy(i) / time_step 
 
c GSHP: end 
 
 
NOTE: large section of code not displayed in appendix as no alterations were made, refer  

to ESP-r/Hot3000 (Copyright CANMET Energy Technology Centre Natural Resources  
Canada, Government of Canada 2004) for original code in its entirety. 

 
 
c     ******************************************************************** 
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Appendix N 

PV and Wind-Turbine Size Selection  
 

This chapter describes the methodology adopted for the size selection of PV and wind-

turbine energy systems for all test-case houses in this study.  

  

N.1 Size Selection of PV Systems 

 

To estimate the required sizes of the PV systems, the following information is required 

(NRCan, 2002): 

 The type of application for which the systems to be installed is intended 

 Information on what needs to be powered 

 How much energy (in watt-hours per day) is required 

 If the required system is autonomous, hybrid or grid connected 

 

For the size selection of the PV array for residential use there are many studies available, 

ranging from simple rules of thumbs to very sophisticated mathematical optimization 

models. Some examples of very detailed studies done in this area by Bhuiyan et al. 

(2003), Borowy et al. (1994), Shrestha et al. (1998), Sontag et al. (2003) and Markvart et 

al. (1996). For this study, the sizing methodology of PV array was adopted from 

guidelines by Generation Solar (2006) and NRCan (2002). According to this 

methodology the daily electric watt-hour requirements of a house is divided by the 

number of hours in a day during which the panels are expected to be exposed to full 

sunlight. This calculation determines the peak watt requirement (Wp) of the PV system. 

The total annual electrical consumption of all test-case houses was calculated by adding 

their non-HVAC (appliance and lighting) and HVAC (furnace fan) electrical 

consumptions. Table N.1 shows the total annual electrical consumption of all test-case 

houses.  
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Table N.1 Annual HVAC and non-HVAC electrical consumption of test-case houses excluding DHW 

electrical consumption, where applicable 

 

Test-case 
House 

Number 
Simulation City 

Total HVAC and non-
HVAC annual electric 
consumption (kWh) 

Prince George  18482 
1 

Vancouver  18236 

Prince George  17949 
2 

Vancouver  17612 

Prince George  15711 
3 

Vancouver  15401 

Calgary  10965 
4 

Edmonton  11027 

Calgary  11152 
5 

Edmonton  11216 

Calgary  10051 
6 

Edmonton  10109 

North Battleford  9084 
7 

Regina  9030 

North Battleford  10151 
8 

Regina  10091 

North Battleford  8585 
9 

Regina  8511 

Le Pas 10336 
10 

Winnipeg  10208 

Le Pas 9086 
11 

Winnipeg  8960 

Le Pas 8294 
12 

Winnipeg  8128 

Ottawa  10065 
13 

Toronto  9993 

Ottawa  8214 
14 

Toronto  8122 
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Table N.1 Continued Annual HVAC and non-HVAC electrical consumption of test-case houses 

excluding DHW electrical demand, where applicable 

 

Test-case 
House 

Number 
Simulation City 

Total HVAC and non-
HVAC annual electric 
consumption (kWh) 

Ottawa  9010 
15 

Toronto  8917 

Montreal  7475 
16 

Quebec  7500 

Montreal  8523 
17 

Quebec  8548 

Montreal  8976 
18 

Quebec  9000 

Fredericton  8440 
19 

Saint John  8438 

Fredericton  9038 
20 

Saint John  9038 

Fredericton  9330 
21 

Saint John  9330 

Halifax  10299 
22 

Sydney  10335 

Halifax  8178 
23 

Sydney  8345 

Halifax  9911 
24 

Sydney  9994 
25 Charlottetown  7506 
26 Charlottetown  7962 
27 Charlottetown  7642 

Goose Bay  10068 
28 

St. John's  9856 

Goose Bay  9857 
29 

St. John's  9641 

Goose Bay  11129 
30 

St. John's  10952 
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The annual watt-hour values were divided by 365 to get the daily electricity consumption 

of each house. The daily watt-hour values thus obtained were divided by 0.9 to account 

for the losses in the inverter (NRCan, 2002).  Note that the DHW electricity 

consumption, where applicable, was not included in the annual electricity consumption 

estimation to design PV systems. It was found that the DHW electrical consumption for 

test-case houses 16 to 21 was between 4000-5000 kWh per year and the roof sizes were 

not big enough to install the PV systems capable to meet the total demand in such cases. 

Canadian solar maps were consulted to get the average daily values of peak sunlight 

hours for various cities of Canada.  

 

For the hybrid system the yearly average peak sunlight hours were used to determine the 

PV size (Generation Solar, 2006) and are presented in Table N.2. This approach results in 

a PV system that is undersized for winter and oversized for summer, i.e. a system that is 

neither oversized nor undersized for most of the year. Once the average yearly peak 

sunshine hours were estimated, the average daily electricity consumption of every house 

was divided by the average yearly sunshine hours of that city to get the required capacity 

of PV system.  
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Table N.2 Average peak sunlight hours for summer and winter for different Canadian cities, 

(Generation Solar, 2006 and NRCan, 2002) 

 
Province, City September Winter Yearly 

AB, Calgary 4.4 2.2 3.66 

AB, Edmonton 4.95 2.13 3.75 

BC, Prince George 4.15 1.7 3.76 

BC, Vancouver 4.23 1.33 3.14 

MB, Le Pas 3.6 2.2 3.45 

MB, Winnipeg 5.23 2.77 4.02 

NB, Fredericton 4.23 2.54 3.56 

NB, Saint John 4.4 2.5 3.45 

NF, Goose Bay 4.65 2.02 3.33 

NF, St. John’s 3.89 1.83 3.15 

NS, Halifax 4.02 2.16 3.38 

NS, Sydney 4.4 2.2 3.3 

ON, Ottawa 4.63 2.35 3.7 

ON, Toronto 3.98 2.13 3.44 

PEI, Charlottetown 4.31 2.29 3.56 

PQ, Montreal 4.21 2.29 3.5 

PQ, Québec 4.15 2.5 3.33 

SK, North Battleford 4.8 2.5 3.65 

SK, Regina 5.25 2.77 4.23 
 

 

The values of daily electricity consumption were divided by 0.9 to account for inverter 

losses (NRCan, 2002). The required array sizes for test-case houses were estimated by 

dividing their daily average electrical consumption by the average peak sunlight hours of 

the city they were simulated in. Once the required array capacity was estimated, the array 

size for BP_saturn_36cell type solar module in square meters was calculated. Each 

module of this type has the area of 0.621m2 with the power output of 85 Watts. The 

sample calculation of array size estimation for test-case house 1 simulated in Prince 

George has been presented below.  
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The annual electric consumption is 18482 kWh. The daily consumption is calculated by 

dividing the total consumption by 365 giving daily consumption value as shown in 

Equation N.1.  

 

  Daily electrical consumption = 
365

18482
= 50.64 kWh/day                         [N.1] 

 

To account for inverter losses, the daily load is divided by 0.9 as shown in Equation N.2.  

 

Daily electric consumption, accounting for inverter losses = 
9.0

64.50
= 56.26 kWh    [N.2] 

 

The average yearly peak sunshine hours in Prince George is 3.76. Hence, the estimated 

capacity of PV array is obtained by dividing the daily electrical consumption by the 

average yearly peak sunshine hours as shown in Equation N.3.  

 

Estimated capacity of PV array = 
76.3

26.56
= 14.96 kWp       [N.3] 

 

To meet this capacity, the required number of BP_saturn_36 modules is calculated by 

dividing estimated PV array capacity calculated in Equation N.3 by the power output of 

one module (85 watts) as shown in Equation N.4.  

 

Number of modules =
85

14690
= 176                 [N.4] 

 

The total area of this array is obtained by multiplying calculated number of modules by 

the area of one module (0.621 m2) as shown in Equation N.5.  

 

Array size = 176×0.621=109.3 m2            [N.5] 
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In some cases, the roof side area had less space than was required by the PV array. In 

such cases, the maximum possible available roof side area was used. For example, in test-

case house 1 the roof area is 59.9 m2 allowing only 59.9/0.621= 96.45 or 96 modules to 

be installed compared to the required number of modules of 176. The limitations imposed 

in this case resulted in designing the system of 95*85=8.16 kWp instead of required 

14.96 kWp system. Table N.3 lists the PV systems designed for all test-case houses. The 

terms ‘Required PV array size’ shows the required PV array capacity based on the 

electricity consumption of the house, while the term ‘Installed system’ shows the actual 

number of modules installed system due to the limitations of roof size.  

 

As shown in Appendix D, test-case house 16 to 21, 24 and 28 to 30 use electricity for 

DHW heating. To exploit maximum potential of PV in these houses, whole roof side area 

was utilized to install PV arrays, if roof side area permitted. Hence for test-case houses 

16, 17, 18, 19, 20 and 21 the PV systems were designed to maximum permissible 

capacity as shown in Table N.3. Other houses with electric DHW system did not have 

roof-side area to install system any bigger than already designed based on their annual 

HVAC and non-HVAC electric consumption (excluding electric DHW consumption).  
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Table N.3 The calculated PV system size and the installed system size 

 

Test-
case 

House  

Simulation 
City 

Required 
PV array 

size 
(kWp) 

Required 
number 

of 
modules 

Area of 
roof 
side 
(m2) 

Allowable 
number 

of 
modules  

Installed 
system 
(kWp) 

Prince George 14.96 176 59.9 96 8.1 
1 

Vancouver 17.68 208 59.9 96 8.1 
Prince George 14.53 170 41.94 67 5.6 

2 
Vancouver 17.07 200 41.94 67 5.6  

Prince George 12.72 149 59.9 96 8.1 
3 

Vancouver 14.93 175 59.9 96 8.1 
Calgary 9.12 107 59.9 96 8.1 

4 
Edmonton 8.95 105 59.9 96 8.1 
Calgary 9.28 109 83.77 134 9.2 

5 
Edmonton 9.11 107 83.77 134 9.1 
Calgary 8.36 98 59.9 96 8.1 

6 
Edmonton 8.21 96 59.9 96 8.1 

North 
Battleford 

7.58 89 59.9 96 7.6 
7 

Regina 6.50 76 59.9 96 6.4 
North 

Battleford 
8.47 99 83.77 134 8.4 

8 
Regina 7.26 85 83.77 134 7.2 
North 

Battleford 
7.16 84 59.9 96 7.1 

9 
Regina 6.13 72 59.9 96 6.1 
Le Pas 9.12 107 59.9 96 8.1 

10 
Winnipeg 7.73 90 59.9 96 7.8 

Le Pas 8.02 94 59.9 96 7.9 
11 

Winnipeg 6.79 79 59.9 96 6.7 
Le Pas 7.32 86 59.9 96 7.3 

12 
Winnipeg 6.16 72 59.9 96 6.1 

Ottawa 8.28 97 41.94 67 5.6 
13 

Toronto 8.84 104 41.94 67 5.6 
Ottawa 6.76 79 29.92 48 4.1 

14 
Toronto 7.19 84 29.92 48 4.1 
Ottawa 7.41 87 59.9 96 7.3 

15 
Toronto 7.89 92 59.9 96 7.8 
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Table N.3 Continued The calculated PV system size and the installed system size 

 

Test-
case 

House  

Simulation 
City 

Required 
PV array 

size 
(kWp) 

Required 
number 

of 
modules 

Area of 
roof 
side 
(m2) 

Allowable 
number 

of 
modules  

Installed 
system 
(kWp) 

Montreal 6.50 76 59.9 96 8.1 
16 

Quebec 6.86 80 59.9 96 8.1 
Montreal 7.41 87 59.9 96 8.1 

17 
Quebec 7.81 91 59.9 96 8.1 

Montreal 7.81 91 59.9 96 8.1 
18 

Quebec 8.23 96 59.9 96 8.1 
Fredericton 7.22 84 59.9 96 8.1 

19 
Saint John 7.45 87 59.9 96 8.1 
Fredericton 7.73 90 59.9 96 8.1 

20 
Saint John 7.98 93 59.9 96 8.1 
Fredericton 7.98 93 59.9 96 8.1 

21 
Saint John 8.23 96 59.9 96 8.1 

Halifax 9.28 109 59.9 96 8.1 
22 

Sydney 9.53 112 59.9 96 8.1 
Halifax 7.37 86 59.9 96 7.3 

23 
Sydney 7.70 90 59.9 96 7.8 
Halifax 8.93 105 29.92 48 4.1 

24 
Sydney 9.22 108 29.92 48 4.1 

25 Charlottetown 6.42 75 59.9 96 6.3 
26 Charlottetown 6.81 80 59.9 96 6.8 
27 Charlottetown 6.54 76 59.9 96 6.4 

Goose Bay 9.20 108 59.9 96 8.1 
28 

St. John's 9.53 112 59.9 96 8.1 
Goose Bay 9.01 106 59.9 96 8.1 

29 
St. John's 9.32 109 59.9 96 8.1 

Goose Bay 10.17 119 41.94 67 5.7 
30 

St. John's 10.58 124 41.94 67 5.7 
 

 

An important factor in PV power output is its orientation and south facing arrays are 

considered optimal in direction. As shown in Appendix D, only a few houses have the 

roof sides facing south while most of them face either East or West. For all houses with 
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roof sides not facing South, the simulations were run with the same PV system fixed 

firstly on East and then on West facing roof. The comparative results of simulations 

showing the impact of PV array orientation on electricity generation and potential GHG 

reductions, with PV array facing east and west facing roofs are presented in Chapter 10.    

                                                                                                                                                                       

N.2 Wind-turbine Model Size Selection 

 

Canadian Wind Energy Association defines a range of sizes of wind-turbines for the 

residential sector between 500W to 10KW (CanWEA, 2006). There are certain 

limitations to be considered in designing a roof-mounted wind turbine energy system. 

Most manufacturers claim that for turbines up to 1kW capacity, a 2 inch steel pipe is 

sufficient for the turbine installation, but beyond 1kW the turbines need more robust 

mounting structures and needed typically a tower of around 18 to 40 m, with an average 

rotor diameter range from 2.5 m or above (CanWEA, 2006). Turbines above 1kW are 

generally more expensive and are more suitable for remote homes and cabins.  Hence, 

systems within a range of 500W to 1kW capacity had to be selected for the simulations 

based on CanWEA (2006). Each test-case house was thus simulated with 600 W and 

1kW capacity wind-turbines to study the impact on electricity generation and potential 

GHG reductions.  

 

Bornay and Whisper wind-turbines are used in this study. These turbines are 

commercially available in Canada and the manufacturers offer detailed wind-speed to 

power output curves of these products. The wind-speed to power output profiles and 

other specifications of these turbines are presented in Tables N.4 and N.5. 
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 Table N.4 Technical specifications and wind-speed to power output ratio of 600W Bornay wind-

turbine (Source: http://www.bornay.com/indexe.html) 

  
Manufacturer Bornay 

Model 600 
Rated Power 0.6kW 

Rotor Diameter 2.00m 
Wind Speed (m/s) Output (kW) 

0 0 
2 0 
4 0.075 
6 0.175 
8 0.35 
10 0.501 
12 0.6 
14 0.62 
16 0.52 
18 0.53 
20 0.54 

 

Table N.5 Technical specifications and wind-speed to power output ratio of 1kW Whisper wind-

turbine (Source: http://www.alpinesurvival.com/whisper100_wind-turbine.html) 

 
Manufacturer Whisper 

Model 200 
Rated Power 1kW 

Rotor diameter 2.7m 
Wind speed m/s Output (kW) 

2.3 0 
4.5 0.1 
6.8 0.4 
9 0.8 

11.3 0.975 
13.5 1 
15.8 0.985 
18 0.9 

20.3 0.8 
 




