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ABSTRACT
Net-zero energy is a popular performance target for build-
ings to reduce energy consumption. While this energy
target is conceptually simple, several different definitions
and calculation methods exist in the literature to deter-
mine net-zero performance. One proposed method is the
determination of source net-zero performance. This tar-
get seeks not only to balance annual building energy con-
sumption to on-site production, but to account for energy
losses incurred by importing energy from the connected
utility. This target is intended to provide a broader scope
of a buildings energy consumption, and promote reduced
utility energy import by increasing consumption of on-
site renewable energy generation. While typically ap-
plied to a single-building, this study considers the net-
zero performance of a community of residential build-
ings located in 4 different climate regions in Canada:
Atlantic, Ontario, Prairies, and British Columbia.
The communities are comprised of existing dwellings
rather than new-builds. Existing dwellings were consid-
ered since they will continue to be a significant portion
of the building stock for decades to come. Consequently,
existing buildings play a major roles in energy consump-
tion reduction in the building sector. Communities of
50 dwellings were modelled in ESP-r for two retrofit
cases, 2.5 and 10 kW rated photovoltaic arrays installed
per dwelling, were modelled. For each case, a source
net-zero balance was determined. The results highlight
the significance of considering source energy in perfor-
mance evaluation, and the regional variation of perfor-
mance due to regional differences in energy sources and
infrastructure.

INTRODUCTION
Compared to larger energy consuming sectors in Canada,
such as industry and transportation, the residential build-
ing sector has specific characteristics which make it de-
sirable for considering broad-scale energy conservation
initiatives. Swan (2010) noted that in the residential sec-
tor there is little variation in secondary energy end-use.
Consequently, Swan (2010) posited that strategies and
technologies demonstrated to reduce energy consump-
tion in one dwelling would have a similar impact on

dwellings in the same geographic location. Often energy
conservation efforts are focused on new-builds. These
efforts are crucial moving forward, but in order to make
a meaningful impact in the short term, the current build-
ing stock needs to be addressed.
One approach to building energy conservation which has
received widespread attention is the use of a “net-zero”
energy target. Net-zero energy buildings (net ZEBs) are
appealing due to their conceptual simplicity; the objec-
tive of a net ZEB is to produce and export as much en-
ergy on-site as it consumes. Often this balance is cal-
culated annually. Some researchers however, such as
Marszal et al. (2011) and Torcellini et al. (2006), have
noted that there is a lack of common formal definition
or understanding of net-zero. There is ambiguity as to
which energy carriers and end-uses to include in a net-
zero balance, and debate on other efficiency and tech-
nical criteria that should be included to qualify for net-
zero.
The simplest and most typical approach is to perform
a “site” net-zero balance, where energy crossing into a
building boundary is offset by energy exported out of
the boundary. The limitation of such a definition is that
it does not consider the inefficiencies of the connected
infrastructure. A single energy unit of natural gas is con-
sidered the same as a single energy unit of electricity for
the energy balance (Torcellini et al., 2006). For build-
ings which consume a considerable amount of natural
gas, a net-zero building designer is encouraged to im-
plement aggressive energy efficiency measures to offset
the gas consumption (Torcellini et al., 2006), and/or in-
crease on-site generation export. Practically, the amount
and timing of export to the infrastructure is dependent on
system load and network topology. Under a simple site
net-zero balance however, these “grid interactions” and
impact on the infrastructure are overlooked.
Another definition which has received increased atten-
tion is “source” net-zero buildings. Under this defini-
tion, the net-zero target not only requires the building to
produce as much energy as it has consumed, but to also
compensate for energy lost converting and delivering the
energy from its source to the building site. In this way an
attempt is made to include the inefficiencies of the con-



nected infrastructure. In the site net-zero definition, an
energy unit of natural gas and electricity are equivalent
in the balance. For source net-zero buildings, different
“source energy factors” are applied to each energy car-
rier. These factors are intended to be representative of
the additional energy that was expended to transport the
energy carrier to the site.
Deru and Torcellini (2007) had previously reported U.S.
national annual-average source energy factors of 3.36
and 1.09 for electricity and natural gas respectively. For
each unit of electricity imported to the site, 3.36 units
of energy must be exported to achieve a source net-zero
balance. The relatively low source energy factor for nat-
ural gas makes it a more desirable energy carrier for site
import. This would likely encourage designers to move
towards natural gas to meet end loads, implement cogen-
eration systems on the building site, and reduce reliance
on the electrical grid. Torcellini et al. (2006) state that
source energy factors are applied evenly to import and
export. Electricity is the most practical energy carrier
for export, and typically has a relatively high source en-
ergy factor. This would likely encourage increased elec-
tricity export to meet the net-zero balance, potentially
encountering issues with grid integration. By not apply-
ing a source energy factor to export, the designer of a
net-zero building is not as encouraged to export. Rather
self-consumption of on-site generation and decreased re-
liance on the electrical grid is promoted.
The objective of this paper is to assess and contrast the
source net-zero energy performance of existing Cana-
dian dwellings in different climates. The net-zero perfor-
mances were evaluated at the community-scale, as op-
posed to the more typical single-building evaluation. It
has been argued in the literature that a net-zero energy
“community” (net ZEC) may be more economically vi-
able and benefit from economies of scale (Finkelor et al.,
2010; Managan, 2012). There is also the potential for
synergistic relationships to exist between buildings within
a community, where high energy users may be offset by
energy conservative neighbours (Sartori et al., 2012). To
provide on-site energy generation, roof-mounted solar
photovoltaic (PV) retrofits were considered.

METHODOLOGY
Building Stock Modelling

Given the scale and costs associated with assessing vari-
ous community-scale technology retrofits to achieve source
net-zero, a simulation study was undertaken. The sim-
ulation tool used was the Canadian Hybrid Residential
End-use Energy and GHG Emissions Model (CHREM),
developed by Swan et al. (2013). The CHREM had been
created as a detailed modelling tool to assess the effect
of new technologies and envelope upgrades on residen-

tial sector energy consumption and greenhouse gas emis-
sions. The underlying simulation engine of the CHREM
is the building performance software ESP-r (ESRU, 2015).
To provide the detailed model inputs required by ESP-
r, Swan et al. (2009) developed the Canadian Single-
Detached and Double/Row Housing Database (CSDDRD).
This database contains over 17,000 detailed records of
dwellings from across Canada. All data was collected by
energy auditors accredited by Natural Resources Canada
while conducting on-site energy audits, and included in-
formation such as building envelope geometry and con-
structions, airtightness, and heating, ventilation, and air
conditioning (HVAC) systems. The CHREM uses in-
formation in the CSDDRD to generate simplified model
representations of each dwelling record in ESP-r, shown
in Figure 1.

Figure 1: Simplified ESP-r dwelling representation

To simulate the energy demands of existing residential
dwellings, four “virtual communities” were created. These
virtual communities were defined as a subset of the CS-
DDRD, focusing on single-detached (SD) dwellings lo-
cated in major Canadian cities. The CSDDRD subset
was further sorted by vintage, using a classification scheme
described by Parekh (2005). These vintage periods re-
flected changes to relevant Canadian building codes and
standards.

Photovoltaic System Modelling

The energy performance of roof-mounted PV modules
was simulated using the WATSUN-PV model in ESP-
r. This model was developed previously by Thevenard
et al. (1992), and integrated into ESP-r by Mottillo et al.
(2006). The model uses an equivalent one-diode circuit
to determine module output voltage and current. The el-
ements of the equivalent circuit are characterized using
readily available manufacturers data (Thevenard, 2005),
and inputs to the model include solar irradiance on the
module and ambient temperature. The influence of tem-
perature variations on module current-voltage are also
taken into account by utilizing manufacturer reported short-



circuit current and open-circuit voltage temperature co-
efficients. Throughout this study, the PV modules were
assumed to be operating at their maximum power point
with an unobstructed view of the sky.
All PV modules occupying the same roof surface in the
ESP-r models were represented as a single array, and
were connected to an inverter. Each inverter was then
connected to the dwelling’s AC bus, illustrated in Figure
2. The performance and efficiency of the inverters was
simulated using a power conditioning unit (PCU) model
developed previously by Ulleberg (1998). Input param-
eters for this model, such as nominal power-rating and
idling constant, were taken from the PCU database cre-
ated by Driesse (2009). The rated power of each PV ar-
ray was determined and paired with an appropriate PCU
from a subset of 17 units from the database. This subset
represented PCU nominal power-ratings between 200 W
to 250 kW.

Figure 2: PV system network for each dwelling, from
Wills (2015)

Throughout this study the “grid”, illustrated in Figure 2,
was assumed to be an infinite sink and source of electri-
cal power. On-site PV power generated by an individual
dwelling was first used to meet any instantaneous on-site
electricity demands. Any excess power was exported to
the grid where it may be consumed by other members of
the community, or exported to the larger infrastructure.
PV arrays were added to eligible surfaces via a Perl script.
Model surface eligibility criteria for PV mounting was
defined as:

• Model surface was a component of the “roof” zone;
• The surface slope, β, was greater than 0◦;
• The surface azimuth, γ, was between 90◦ and 270◦.

To determine the number of modules that could fit onto
an eligible surface, a finite bin packing procedure was
used, based on the methods described by Berkey and
Wang (1987).

Figure 3: PV module orientations

Occupancy Modelling

Domestic hot water (DHW) consumption modelling was
included in the CHREM using the detailed DHW profiles
from Jordan and Vajen (2001). These profiles were gen-
erated using European DHW usage data, and contained
profiles for average consumption of 100, 200, 400, and
800 litres/day. An annual DHW consumption value for
each dwelling in the CSDDRD was estimated using the
artificial neural network (ANN) model developed previ-
ously by Aydinalp et al. (2004). Based on this annual
consumption estimate, each dwelling in the CSDDRD
was then paired with an appropriate detailed DHW pro-
file and scaled to match the annual consumption.
For appliance and lighting loads, a new model was de-
veloped and implemented in the CHREM for this study.
The model is introduced here, and will be described in
detail in a future publication. Since this study required
the analysis of community-scale PV deployment, it was
essential that the model capture the variations in elec-
trical demand seen in practice. The challenge of this is
that there is very little residential electrical data available
in the literature. It is even more challenging to obtain
electrical data which has disaggregated HVAC, and ap-
pliance and lighting consumption. Since ESP-r is explic-
itly modelling the electrical demand, only appliance and
lighting data is required. There have been some efforts
at collecting residential non-HVAC electrical loads in
Canada. For example, Saldanha and Beausoleil-Morrison
(2012) measured annual whole-house and non-HVAC elec-
trical consumption of 12 Ottawa area single-detached
and double/row dwellings at 1-minute intervals. Johnson
and Beausoleil-Morrison (2015) extended this set with
11 additional Ottawa double/row dwellings.
To address the lack of available residential electrical data,
synthetic electrical load profile generation models have
been developed in the literature. Armstrong et al. (2009)
generated 3 synthetic non-HVAC residential load pro-
files for Canadian dwellings at a 5-minute timestep. These
profiles were generated using time of use curves, and ap-
pliance power ratings and average monthly usage. Richard-
son et al. (2010) developed an open-source domestic en-
ergy use model capable of producing residential appli-
ance and lighting profiles at a 1-minute resolution. In
that model, dwelling occupancy is first simulated using



the Markov-chain based occupancy model of Richardson
et al. (2008). The transition probability matrices used in
the occupancy model were developed from Time-of-Use
(TOU) survey data collected in the UK. The occupancy
model outputs an annual profile for the number of active
occupants every 10-minutes, and is used as an input to
both the appliance and lighting models. Lighting is mod-
elled using a method previously developed by Richard-
son et al. (2009). To create the appliance profiles, a
dwelling is first randomly assigned appliances based on
UK appliance ownership distributions. Each appliance is
assigned a power rating about a normal distribution us-
ing a Monte Carlo method. The mean of the distribution
is a defined nominal power rating for the specific appli-
ance, and the standard deviation is approximated as 10%
of the nominal rating. Trigger on events for each appli-
ance are stochastically determined using the occupancy
profile and TOU data.
For this work, the model of Richardson et al. (2010) was
integrated into the CHREM. Canadian appliance char-
acteristics were determined using data from local dis-
tribution companies (Toronto Hydro, 2016; Hydro One,
2016) and NRCan (2012). Unfortunately, Canada does
not conduct TOU surveys similar to those done in Eu-
rope. It was assumed that the original UK TOU data
from Richardson et al. (2010) was sufficiently represen-
tative of Canadian occupant behaviour. Appliance and
lighting stock for each dwelling was determined using
the stock information contained within the CSDDRD.
An additional general appliance, “base load”, was also
incorporated into the model. Widén et al. (2009) noted
that when they constructed synthetic data from TOU data,
the major energy end-uses were captured. However, they
noted there was an unspecified category of energy use
found in measured data that was unaccounted for in their
mode. They found this unspecified demand was approxi-
mately constant, and defined an additional constant mis-
cellaneous electric load in their model. For this work,
single-detached dwellings were assumed to have a nom-
inal base load of 125 W, and double/row dwellings 70 W.
These values were estimated from the repetitively small
set of measured data from Saldanha and Beausoleil-Morrison
(2012) and Johnson and Beausoleil-Morrison (2015).
Richardson et al. (2010) incorporated two calibration scalars
into their domestic energy model which enabled users
to adjust the annual lighting and appliance energy con-
sumption of the output profiles. These calibration scalars
are multiplied to trigger ON probabilities for all appli-
ances (except fridges) and lighting equipment. Four sets
of calibration scalars were determined for four of the
Canadian regions represented in the CSDDRD: Atlantic,
Ontario, Prairies, and British Columbia. Québec was
omitted in this study, the reason for which is discussed in
the next subsection. Also for this study, only calibration

scalars for single-detached dwellings were determined.
The domestic energy use model was calibrated such that
it output comparable annual average electrical appliance
and lighting energy consumption [kWh/single-detached
dwelling] to values reported by NRCan (2015). The tar-
get values from NRCan (2015) were determined by tak-
ing a weighted average of the consumption data from
2010 to 2012. The calibration method is omitted here
for clarity, and the results of the model calibration are
summarized in Tables 1 and 2. Further details of the
domestic energy use model are omitted here for clarity,
however the interested reader may find the source code
of the model located at Wills (2016).

Table 1: Average annual lighting energy consumption
per single-detached dwelling

Annual Lighting Energy
[kWh/dwelling]

Region NRCan (2015) Model
Atlantic 1265 1252
Ontario 1101 1110
Prairies 1837 1848
British Columbia 1846 1877

Table 2: Average annual appliance electrical energy
consumption per single-detached dwelling

Annual Appliance Electrical
Energy [kWh/dwelling]

Region NRCan (2015) Model
Atlantic 4357 3882
Ontario 2663 3018
Prairies 4616 3815
British Columbia 4181 3822

Source Net-Zero Balance

The CHREM model outputs annual secondary energy
consumption for each dwelling sorted by both type of en-
ergy carrier and end-use, such as electricity or propane.
The energy end-uses categorized in the CHREM include
space heating and cooling, DHW production, and appli-
ance and lighting loads. All of these end-uses are con-
sidered in the net-zero energy balance used in this study.
The annual net-zero balance,NZE , may be expressed as:

NZE = Qexport,elec −
∑
i

Qimport,i (1)

where Qexport,elec is the annual exported energy to the
grid, and Qimport,i is the imported energy of fuel type i
into the community. Imported energy may be expressed
in terms of site or source energy.
To express energy imported to the community as source
energy, the NREL annual-averaged site-to-source fac-



tors from Deru and Torcellini (2007) were used. These
factors represent a ratio of source-to-site energy. Deru
and Torcellini (2007) recognized that there are varia-
tions in fuels used in electricity generation across dif-
ferent geographic regions. To address this, Deru and
Torcellini (2007) subdivided North America into elec-
trical “interconnects”, each with their own set of source
factors for different fuels. The Eastern and Western in-
terconnects cover every province in Canada with the ex-
ception of Québec. Deru and Torcellini (2007) defined
this province as its own interconnect. Since source en-
ergy factors were not made available for Québec in their
report, the province was omitted from this study. The
source factors relevant to this study are summarized in
Table 3:

Table 3: NREL annual-average source energy factors,
from Deru and Torcellini (2007)

Interconnect
site-to-source factor

Energy carrier Eastern Western
Electricity 3.443 2.894
Natural Gas1 1.103 1.103
Oil1 1.162 1.162

1factors adjusted to reflect ESP-r heating values

SIMULATIONS
Virtual Communities

Four sets of 50 single-detached dwellings were gener-
ated in the CHREM. Each set represented a community
in a major Canadian metropolitan centre within each of
the Canadian regions defined in the CSDDRD (with the
exception of Québec). The specific dwelling locations
are listed in Table 4:

Table 4: Cities considered in the study

Region City Latitude [◦]
Atlantic Halifax, NS 44.8
Ontario Toronto, ON 43.67
Prairies Calgary, AB 51.12
British Columbia Vancouver, BC 49.18

The vintage period considered for each community was
1971 to 1980. As of 2011, this vintage period was the
largest segment of Canadian single-detached dwellings
at 17.5% (Statistics Canada, 2011). The relevant CS-
DDRD records were parsed out, and randomly selected
from to populate the virtual communities. For Halifax,
Toronto, Calgary, and Vancouver this translated to sub-
sets of 54, 361, 136, and 163 CSDDRD records respec-
tively.

PV Module and Parameters

The Canadian Solar CSP-250P polycrystalline silicon PV
module was selected for this study (Canadian Solar Inc.,
2014). The model inputs are summarized in Table 5.
Stated previously, only sloped roof surfaces were con-
sidered eligible for PV. The CHREM assumes all sloped
roof surfaces are 23◦ (Swan, 2010).

Table 5: PV model inputs for the CSP-250P module

Parameter Value
Rated Power 250 W
Open-circuit voltage 37.2 V
Short-circuit current 8.87 A
Max. power-point voltage 30.1 V
Max. power-point current 8.3 A
Short-circuit current temp. coeff. 6.5E-4 ◦C−1

Open-circuit voltage temp. coeff. -3.4E-3 ◦C−1

Number of cells 60
Idealty factor 1.047

Case Studies

Two different PV retrofit scenarios were considered:
1. Up to 2.5 kW of rated PV power per dwelling;
2. Up to 10 kW of rated PV power per dwelling.

Tonkoski et al. (2012) previously simulated the poten-
tial voltage rise issues from integrating distributed PV
residential PV systems in Canada. As a rule of thumb,
they suggested that an average PV penetration of 2.5 kW
per dwelling connected to a local distribution system will
most likely not push the system beyond acceptable volt-
age ranges. They acknowledged however, that this was
a conservative estimate. The second case considered a
maximum PV retrofit of up to 10 kW per dwelling. This
is the maximum PV system rating for eligibility in the
Ontario micro feed-in tariff (microFIT) program in On-
tario (IESO, 2016). It is important to restate here that
the distribution systems were not explicitly modelled in
this study. Given the diverse topology of electrical dis-
tribution networks, it was assumed that the distribution
system was an infinite sink/source capable of all loads
imposed by the simulated PV systems.

RESULTS
Base Case

The four sets of virtual communities were first simu-
lated without any PV retrofits applied to form the base
case. The secondary energy consumption characteris-
tics of the communities were normalized with respect to
heated floor area, and are summarized in Figures 4 and
5. The total heated floor space for the Halifax, Toronto,
Calgary, and Vancouver virtual communities were 9,150
m2, 12,500 m2, 10,000 m2, and 11,200 m2 respectively.



It was found that 4 dwellings in the Halifax, and 1 in the
Vancouver, virtual communities used mixed wood as a
fuel for space heating. For the purposes of this study,
wood was not considered in the net-zero balance. It was
assumed that the wood was both produced and consumed
on-site, and had no contribution to the net-zero balance.

0.0

100.0

200.0

300.0

400.0

500.0

600.0

Appliance/
Lighting

Space
Heating

DHW Space
Cooling

Se
co

nd
ar

y 
En

er
gy

 C
on

su
m

pt
io

n 
pe

r 
flo

or
 a

re
a 

[M
J/

m
2 ]

End-Use

Halifax
Toronto
Calgary
Vancouver

Figure 4: Community secondary energy consumption by
energy end-use

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

Electric Natural Gas Oil Mixed wood

Se
co

nd
ar

y 
En

er
gy

 C
on

su
m

pt
io

n 
pe

r 
flo

or
 a

re
a 

[M
J/

m
2 ]

Fuel Type

Halifax
Toronto
Calgary
Vancouver

Figure 5: Community secondary energy consumption by
fuel type

It can be seen in Figure 4 that for each location the dis-
tribution of secondary energy end-uses are similar across
all four communities. It was interesting to note that the
Vancouver community had higher space heating inten-
sity compared to the Toronto community. The average
annual heating degree days (HDDs) for Toronto, at 3600
HDDs, were higher than Vancouver, with an average an-
nual HDDs of 2790 HDDs1 (BizEE , 2015). Further in-
vestigation found that the Vancouver community had av-
erage lower airtightness compared to the other commu-
nities. The average dwelling air changes per hour (ACH)
at 50 Pa, N50, are provided in Table 6.

1Calculated with a base temperature of 18 ◦C

Table 6: Average dwelling ACH at 50 Pa

Community Average N50 [ACH]
Halifax, NS 6.68
Toronto, ON 5.80
Calgary, AB 4.27
Vancouver, BC 10.53

PV Retrofits

PV modules were added to eligible roof surfaces in the
community following the criteria introduced previously.
Dwellings with a flat roof were not considered eligible
for PV mounting. The Halifax, Calgary, and Vancouver
communities had 2, 2, and 11 dwellings with a flat roof
respectively. When the algorithm was determining eligi-
bility of a surface, preference was given to south-facing
surfaces which receive the longest exposure of solar ir-
radiance per day. The distribution of PV module orien-
tations for each community are provided for both the 2.5
kW and 10 kW per dwelling retrofit cases in Figures 6
and 7 respectively.
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Figure 6: Distribution of collector module orientations
for the 2.5 kW/dwelling retrofit

For the 2.5 kW retrofit case, each dwelling without a flat
roof was able to achieve a PV roof-mounted retrofit of
2.5 kW. For the 10 kW case however, the eligible surface
in the community became saturated. The rated power
for the community-level PV systems for both cases are
provided in Table 7. For the 10 kW per dwelling case,
the achieved average PV rating per dwelling is provided
in Table 8.

Table 7: Community PV System Rated Power

Total Rated Power [kW]
Community 2.5 kW Case 10 kW Case
Halifax, NS 120 342
Toronto, ON 125 421.5
Calgary, AB 120 413.2
Vancouver, BC 97.5 366.2



Table 8: Average PV system rating per dwelling for 10
kW case, exuding flat roof dwellings

Community Average Power Rating
[kW/dwelling]

Halifax, NS 6.8
Toronto, ON 8.4
Calgary, AB 8.6
Vancouver, BC 9.4
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Figure 7: Distribution of collector module orientations
for the 10 kW/dwelling retrofit

Source Net-Zero Performance

The source net-zero annual energy balances were deter-
mined using Equation 1 for both retrofit cases and all
communities. The numerical results are summarized in
Table 9. The negative values ofNZE represent the quan-
tity of additional energy export that is required to achieve
source net-zero. Despite the relatively large increase in
annual PV generation when increasing from the 2.5 kW
to 10 kW case, shown in Table 10, there was no appre-
ciable increase inNZE observed. For example, when the
Halifax community’s annual PV energy generation was
increased by 182%, the increase in NZE was only 17%.

Table 9: Community source net-zero performance

Source NZE [TJ]
Community 2.5 kW 10 kW
Halifax, NS -10.2 -8.4
Toronto, ON -9.2 -7.3
Calgary, AB -8.0 -6.3
Vancouver, BC -9.3 -7.9

Table 9 shows that all communities achieved a similar
source NZE performance. Figure 4 had shown previ-
ously that the energy end-use characteristics of commu-
nities were similar, and the only significant difference
in fuel usage was that the Halifax community primarily
used oil for space heating, shown previously in Figure
5. In terms of source net-zero however, both natural gas

(NG) and oil had similar source factors and were both
penalized in source net-zero energy balances in a similar
way.

Table 10: Annual community PV systems energy output

Community PV System
Annual Energy

Generation [GJ]
Community 2.5 kW 10 kW
Halifax, NS 627 1767
Toronto, ON 677 2249
Calgary, AB 711 2404
Vancouver, BC 482 1645

Figure 8 illustrates the energy balance for the 10 kW
PV retrofit case. The additional “source” energy to be
offset in the net-zero balance are indicated in Figure 8
as a “penalty”. Figure 8 highlights the significance of
considering connected fuel sources in designing source
net-zero buildings or communities. The Calgary com-
munity had the lowest base case total secondary energy
consumption of 7.1 TJ, compared to the lowest consum-
ing, Halifax, at 6.4 TJ. When the 10 kW per dwelling PV
retrofit was applied, Calgary was found to have the best
source net-zero performance at NZE = −8.0 compared
to Halifax, which performed the worst atNZE = −10.2.
The Calgary community was able to benefit from its rel-
atively low electrical consumption compared to the other
communities, since import of electricity has a higher penalty
compared to oil and NG. Figure 4 previously illustrated
that the Halifax community had the largest annual elec-
trical energy demand.

Figure 8: Annual source energy balances for the 10 kW
retrofit case

Both the Toronto and Calgary communities were able to
produce more on-site annual PV electricity than was im-
ported from the connected distribution systems. How-
ever, there was no storage systems considered in this



retrofit study. On-site electrical generation could only be
consumed if the instantaneous production of PV power
coincided an instantaneous demand within the commu-
nity. Over night, and during periods of low solar avail-
ability, the communities were required to draw from the
infrastructure to satisfy demands. Each period of import
incurred source energy penalties which then needed to be
compensated for in the source net-zero energy balance.
In this way, source net-zero energy targets promote in-
creased self-consumption of on-site energy production.

CONCLUDING REMARKS
This paper described a simulation study which compared
the source net-zero performance of four different exist-
ing Canadian residential communities which utilized roof-
mounted PV retrofits. The four communities were mod-
elled in four different distinct Canadian regions: Hali-
fax, NS, Toronto, ON, Calgary, AB, and Vancouver, BC.
Québec was omitted from this study, since there were
no source energy factors available for this region. All
dwellings considered had a vintage between 1971 and
1980, and were randomly selected from the CSDDRD.
Two different PV retrofit cases were considered, a max-
imum of 2.5 kW and 10 kW per dwelling.
Using the source energy factors published by Deru and
Torcellini (2007), import of electrical energy into the
community incurred the largest source energy penalties.
Consequently communities with relatively large electri-
cal demands performed poorly in terms of source net-
zero. In the absence of energy storage, the communi-
ties simulated were unable to fully utilize on-site energy
production, and were penalized for importing electric-
ity. This was shown by comparing the source net-zero
performance of the Calgary and Halifax communities.
These were the highest and lowest energy consumers re-
spectively, however the Calgary community was found
to have the best source net-zero performance due to its
relatively low electricity demand and relatively high PV
energy production. The Halifax community had the largest
electricity demand of those considered in this study, and
in combination with low PV production had the lowest
source net-zero performance. Conversely, communities
such as the Calgary community which use primarily NG
as an energy fuel, are less capable to utilize on-site elec-
tricity consumption.
Shown in Table 9, either on-site energy production and/or
reduction in energy demand from the connected infras-
tructure is required to achieve source net-zero in existing
Canadian communities. The intervention of PV systems
alone was insufficient. It should be noted that the esti-
mates of eligible roof-area were optimistic. Stated pre-
viously, for the 10 kW per dwelling case the available
roof area had become saturated. This indicates that in

order to achieve a net-zero energy balance in an existing
Canadian communities, additional retrofits, energy stor-
age, controls, and energy conservation initiatives need
to be undertaken, similar to what was observed in Wills
(2015).

FUTURE WORK
This work demonstrated that the application of PV alone
was insufficient for achieving source net-zero in an exist-
ing Canadian communities. Future work will investigate
other dwelling upgrade measures and community-scale
technologies such as central heating plants. Energy stor-
age systems will also be considered in order to match
periods of high energy demand to periods of high so-
lar energy production. It was noted in this study that
improved utilization of on-site power generation would
improve source net-zero performance.
A method for residential appliance and lighting demand
modelling was introduced in this paper. Given the large
penalty factor applied to import electricity, it is essential
to have the ability to reliably estimate the self-consumption
for a community targeting source net-zero. The PV sys-
tem model used in this study permitted the instantaneous
sharing of PV production to satisfy the demands of all
members of the community. In practice, there is some di-
versity in the residential electrical load. This study used
the stochastic Markov chain domestic energy model of
Richardson et al. (2010) to approximate this variation.
Future work will compare this model to the variances ob-
served in measured electrical data. Similarly, the DHW
profiles used within the CHREM are based upon Eu-
ropean data from Jordan and Vajen (2001). Recently,
Edwards et al. (2015) developed an annual DHW pro-
file dataset containing four consumption levels and three
temporal consumption patterns. These profiles were based
upon data measured from 73 houses in Qubec. These
profiles will also be integrated into the CHREM.
Finally, the province of Québec was not considered in
this study, since no source energy factors for this re-
gion was provided by Deru and Torcellini (2007). Future
work will develop appropriate source energy factors to
reflect the electrical transmission and generation system
in Québec. It will be interesting to consider the source
net-zero performance of retrofitted existing dwellings given
the relatively large amount of electricity consumption
per dwelling in the province compared to other Canadian
locations.
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