
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Journal of Building Engineering, 40, August 2021, pp. 1-11, 2021-03-01

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=4b311bb3-4d31-4601-b41b-8b590e5c13ea

https://publications-cnrc.canada.ca/fra/voir/objet/?id=4b311bb3-4d31-4601-b41b-8b590e5c13ea

NRC Publications Archive
Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 
acceptée du manuscrit ou la version de l’éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 
DOI ci-dessous.

https://doi.org/10.1016/j.jobe.2021.102296

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

A modelling approach and a case study to answer the question: what 

does it take to retrofit a community to net-zero energy?
Wills, Adam D.; Beausoleil-Morrison, Ian; Ugursal, V. Ismet



A modelling approach and a case study to answer the question: What
does it take to retrofit a community to net-zero energy?

Adam D. Willsa, Ian Beausoleil-Morrisonb, V. Ismet Ugursalc

aNational Research Council Canada
bCarleton University
cDalhousie University

Abstract

In order to have an immediate impact on building energy-related emissions, existing buildings need

to be addressed. To inform policy and technical decisions, detailed mathematical models are required

which can explore numerous building retrofit solutions and their energy and emissions performance.

This paper describes the adaptation of a hybrid statistical and engineering-based model for residential

building stock in Canada to analyze community-scale energy retrofits. The modelling domain includes

both envelope and mechanical retrofits, as well as district renewable energy systems. This model is

then applied to a case study of converting a community of fifty 1980’s vintage single-detached homes to

achieve net-zero energy. The case study demonstrated that deep envelope retrofits and fuel switching

from natural gas to electric heat pump systems reduce community energy demand by 69%. Saturating

available roof area with photovoltaics was able to achieve net-zero balance. By considering net-zero at

the community-scale, individual buildings that did not achieve net-zero were offset by net-exporting

neighbors. Annual community emissions of the retrofit reduced emissions by 95%. The analysis also

highlights the significant impact on electrical infrastructure due to solar generation and energy demand

mismatch.
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Nomenclature

∆P Pressure difference, Pa

Ėexp,i Rate of export of energy carrier i, GW

Ėimp,i Rate of delivery of energy carrier i,

GW

C0 Flow coefficient, m3/s·Pan

Egen Electric on-site community genera-

tion, kWh

Eload Electric on-site community load, kWh

Enet−zero Net-zero energy balance, GJ

fgrid,i Grid interaction index

flc Load cover factor

fsc Supply cover factor

GM Generation multiple

LOLPb Loss of load probability

N Number of energy carriers

n Flow exponent

Qinf Infiltration flow rate, m3/s

tm Total duration of the net-zero balanc-

ing period, s

wexp,i Weighting factor applied to exported

energy carrier i

wimp,i Weighting factor applied to imported

energy carrier i

A&L Appliance and lighting

ACH Airchanges per hour

ANN Artifical neural network

BPS Building performance simulation

CHREM Canadian Hybrid Residential End-

use Energy and GHG Emissions

Model

CO2e Carbon dioxide equivalent

CSDDRD Canadian Single-Detached and

Double/Row Database

DHW Domestic hot water

EGHD EnerGuide for Houses Database

EIF Emission intensity factor

EUI Energy-use intensity

GHG Greenhouse Gas

GSHP Ground source heat pump

MPP Maximum power point

NRCan Natural Resources Canada

PMV Predicted mean vote

PPD Predicted percentage of dissatisfied

PV Photovoltaic

TMY Typical meteorological year
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1. Introduction1

Canada’s plan to meet the objectives of the 2015 Paris Agreement are encapsulated in the Pan-2

Canadian Framework on Clean Growth and Climate Change (ECCC, 2016). One of the pillars of the3

framework is “complementary actions to reduce emissions.” Several sectors are identified for consider-4

ation, including electrical generation, transportation, agriculture, industry, and the built environment.5

The framework document (ECCC, 2016) notes that, in 2014, 17% of of the national greenhouse gas6

(GHG) emissions were due to heating and cooling the building stock1, and therefore reducing emissions7

from the building stock is a component of meeting Canada’s broader commitment of GHG reductions.8

In a global context, the 2018 existing building stock was directly and indirectly responsible for 28% of9

global annual energy-related CO2 emissions (IEA, 2018).10

The Pan-Canadian Framework identified four approaches to reducing emissions in the building11

sector: (1) make new buildings more energy efficient, (2) retrofit the existing building stock, (3)12

improve energy efficiency of building appliances and equipment, and (4) support building codes and13

energy efficient housing in indigenous communities. The Pan-Canadian Framework also states that 75%14

of the 2030 Canadian building stock will be comprised of buildings built in 2016 or earlier. Therefore,15

in order to achieve immediate significant improvements in sector energy efficiency, addressing and16

improving the existing building stock needs to be prioritized. To support this effort, there needs to be17

accurate and detailed mathematical models that can be used to explore retrofit solutions, and inform18

policymakers.19

There also needs to be concrete energy and emissions performance goals. The Pan-Canadian20

Framework identifies the “net-zero” energy target as a way for the building sector to reduce energy21

consumption and emissions. Net-zero buildings may be broadly defined as a “grid-connected building22

that generates as much energy as it uses over a year” (Salom et al., 2011). This balance of energy23

flow is achieved through on-site renewable energy generation which may be used to directly meet the24

energy demands of the building, or may be exported to the connected energy infrastructure to offset25

prior energy imports. By requiring a building to “produce as much as it consumes,” designers are26

incentivized to implement energy conservation measures in order to minimize on-site renewable energy27

system size and cost. Therefore, net-zero has the potential effect of both increasing renewable energy28

generation in the energy supply mix, and reduce energy demands of the building stock.29

There is a growing body of literature which considers the feasibility, design, and performance mod-30

elling of net-zero communities; for example Norton et al. (2013), Bucking & Cotton (2015), Polly et al.31

(2016), and Hachem-Vermette et al. (2019). The bulk of the research, however, focuses primarily on32

1Includes emissions to generate electricity for space heating and cooling.
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new construction. This paper presents the development and utilization of a detailed energy model33

capable of simulating the performance of deep energy retrofits, and community-scale renewable gen-34

eration systems, for the purpose of reducing energy consumption and GHG emissions, and achieving35

net-zero energy at a community-level. The model produces realistic estimates of both sub-hourly ther-36

mal and electrical demands of the building stock, which are used to size renewable generation systems,37

assess electrical grid impacts, and explore novel strategies for energy supply and demand control.38

A formal definition of “net-zero” as considered in this work first provided. The paper then describes39

the modelling approaches employed for considering the community scale impact of building energy40

retrofits as well as those used to assessing the performance of community energy conversion, storage,41

and distribution systems striving to achieve net-zero. Finally, the paper concludes with a case study42

wherein the new modelling tools are applied to examine strategies for achieving net-zero performance43

in a community of 50 single-detached houses.44

2. What Does Net-Zero Really Mean?45

A particular challenge of analyzing and building net-zero communities is identifying a formal def-46

inition of net-zero. The most notable reports on formally defining net-zero are from Marszal et al.47

(2011) and Torcellini et al. (2006). Both state that despite the popularity of net-zero internationally,48

there is a lack of common understanding and definition. The “net” implies there is the existence of in-49

teractions between a building, or buildings, and connected energy infrastructure. It is also understood50

that energy consumed by net-zero buildings is offset by the export of locally generated energy over51

some balancing period, typically taken as one year (Marszal et al., 2011). What remains unclear is52

what energy carriers, such as natural gas or electricity, and what end-uses should be considered when53

calculating a net-zero balance. There is also a question of whether minimum energy efficiency require-54

ments should be adopted. For example, Marszal et al. (2011) pointed out that commercially used55

definitions of net-zero may be limited or biased in scope, leading to, for example, potential scenarios56

where energy inefficient buildings reach net-zero via an over-sized solar photovoltaic (PV) system.57

Torcellini et al. (2006) described four different well-documented definitions of net-zero: net-zero58

site energy, net-zero source energy, net-zero energy costs, and net-zero energy emissions. Site net-zero59

is the simplest definition, and considers the consumption and export of energy at the building site.60

There is no consideration of the generation mix (coal, hydro, etc.) and its related efficiencies when61

calculating the net-zero balance. It is therefore the most generalizable definition which can be easily62

adopted and calculated across several jurisdictions. Achievement of site net-zero may also be readily63

determined by on-site measurements. Neglecting the generation mix, as well as time varying costs64

of energy, may also be considered as disadvantages. Without proper peak energy management, site65
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net-zero buildings may incur considerable energy costs and GHG emissions if energy is imported during66

peak price periods. Large volumes of export during off-peak demands may also lead to issues managing67

the local electrical distribution system.68

Source net-zero has a broader scope, where on-site energy production is balanced with imported69

energy as measured at the source. This means that not only is energy delivered to the building site70

considered in the balance, but also the energy consumed along the supply chain. This additional con-71

sumption is to account for electric generator inefficiencies, and transmission and distribution. Torcellini72

et al. (2006) noted that determining these losses is non-trivial, as this data may not always be publicly73

available. They also vary geographically as well as temporally since different generators typically come74

on-line to meet peak demands. Cost net-zero is an economically driven target which seeks to balance75

the cost of importing energy to the site with the revenue generation from exporting on-site generation.76

This type of balance is relatively easy to implement and measure, and building owners/operators could77

verify the performance of the system from utility bills. Torcellini et al. (2006) pointed out that due to78

varying utility costs, a building with consistent energy performance may achieve the cost net-zero one79

year and not the next.80

Finally, emissions net-zero balances seek to produce at least as much emissions-free renewable81

energy as the building consumes from emissions-emitting sources. Torcellini et al. (2006) argued that82

under this definition a building connected to a utility using a large portion of low to non-emitting83

energy sources, such as hydro or nuclear, would benefit from this definition. Any energy imported84

to the building site from these sources would not have to be offset by on-site renewable generation,85

reducing system generation capacity requirements. This definition suffers from the same challenges86

as source net-zero, where an understanding of the utility dispatch strategies, energy source mix, and87

conversion and transmission factors is required.88

Sartori et al. (2012) provided a framework to construct formal definitions of net-zero. This included89

consideration of the boundary over which the net-zero balance is calculated, defining weighting factors90

for energy carriers crossing the boundary, and casting the mathematical expression for the net-zero91

balance Enet−zero. The boundary includes the geographic boundary, as well as what elements are92

included in the balance. For the current study, the boundary encompasses groups of existing residential93

buildings, and the energy utilities to which they are connected. Transportation and energy sinks in94

common public spaces, such as streetlights, are also not considered here.95

A general net-zero energy balance expression, Enet−zero [GJ], may be written as:96

Enet−zero =

∫ tm

t=0

{
N∑
i=1

[
wexp,i (t) · Ėexp,i (t)

]
−

N∑
i=1

[
wimp,i (t) · Ėimp,i (t)

]}
dt (1)

where tm is the total duration of the net-zero balancing period [s] (typically a year), N is the number97
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of energy carriers, wimp,i (t) is the weighting factor applied to imported energy carrier i at time t,98

Ėimp,i (t) is the rate of delivery of energy carrier i [GW], wexp,i (t) is the weighting factor applied to99

exported energy carrier i at time t, Ėexp,i (t) is the rate of export of energy carrier i [GW].100

The weighting factors determine the “type” of net-zero balance calculated. When all weighting101

factors equal 1, Equation 1 expresses site net-zero as defined by Torcellini et al. (2006). For source102

net-zero, the weighting factors are used to adjust energy delivered to the site to also include energy103

consumed to extract, refine, convert, and deliver the energy to site. In the literature these factors104

are often referred to as either source or primary energy factors (PEF), and may be expressed as105

time-varying, or more often, as an annual average. There are several sources for annual PEFs in the106

literature (e.g. Deru & Torcellini, 2007).107

2.1. Other Performance Metrics108

Although an important metric, the net-zero target is not sufficient on its own for characterizing the109

performance of a community retrofit from the perspective of all stakeholders: occupants, municipalities,110

local utilities, etc. Consequently, a number of additional metrics are considered in this work, which111

are described in the following subsections.112

2.1.1. Load Matching and Grid Interaction113

From the perspective of eneregy utilities, the retrofit net-zero community should operate in such114

a way as to have a neutral or minimal impact on the transmission and distribution infrastructure.115

Authors including Lund et al. (2011), Sartori et al. (2012), and Salom et al. (2014) have proposed116

load matching and grid interaction metrics that are used in this work. Load matching metrics are117

used to evaluate the temporal match between on-site generation and load. Some of the load matching118

factors identified by Salom et al. (2014) were the load and supply cover factors, and the loss of load119

probability. The load cover factor, flc, may be expressed as:120

flc =

∫ tm
t=0

min [Egen (t) , Eload (t)] dt∫ tm
t=0

Eload (t) dt
(2)

where Egen (t) [kWh] is the electric on-site community generation and Eload (t) [kWh] is the total121

aggregate community load over time period t. In essence, flc represents the fraction of on-site electrical122

demand met by on-site generation. A high ratio is desired as this would mean the community is able123

to meet most of its demands without importing from the electrical grid.124

Similarly the supply cover factor, fsc, is:125

fsc =

∫ tm
t=0

min [Egen (t) , Eload (t)] dt∫ tm
t=0

Egen (t) dt
(3)
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This factor represents the fraction of on-site generation which is used to meet the on-site demand. A126

high ratio is desired as this would mean the community can consume most of its on-site generation127

and does not need to export to the electrical grid.128

Finally, the loss of load probability, LOLPb, represents the fraction of time on-site generation is129

insufficient and energy must be imported from the grid:130

LOLPb =

∫ tm
t=0

fLOLP (t)

tm
(4)

where131

fLOLP (t) =

0 if [Eexp (t) ≥ Eimp (t)]

1 if [Eexp (t) < Eimp (t)]

(5)

and Eexp (t) and Eimp (t) are the community electric energy export and import [kWh] over time period132

t, respectively, and are both greater than zero.133

Two additional metrics are the generation multiple, GM , and the grid interaction index, fgrid,i.134

The generation multiple is expressed as (Salom et al., 2014):135

GM =
max [Egen (t)]

max [Eload (t)]
(6)

GM compares the rated size of the generation system to the maximum design demand of the commu-136

nity. A ratio of one would indicate that the on-site generation has the potential to meet the maximum137

community demands; however, given the variable nature of renewable energy technologies, maximum138

generation output may not coincide with maximum demand. For this reason it is important to consider139

GM alongside the other load and grid interaction factors.140

The grid interaction index, fgrid,i, described by Sartori et al. (2012) can be expressed as:141

fgrid,i = Std.Dev

[
Eexport (t)− Eimport (t)

max |Eexport (t)− Eimport (t)|

]
(7)

Sartori et al. (2012) stated that fgrid,i represents the variability of the energy flow with the grid142

over the net-zero balancing period, normalized with the maximum net-flow of electricity. In terms of143

performance, a low value of fgrid,i is desirable, indicating there are relatively small fluctuations in the144

magnitude of power flow with the grid.145

2.1.2. GHG Emissions146

A typical approach for assessing the environmental performance of building or community retrofits147

is to estimate GHG emissions reductions. However, accurately calculating emissions is complex because148

the electricity generation mix varies geographically and temporally. This work follows an approach149
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suggested by Farhat & Ugursal (2010) that makes use of emission intensity factors (EIFs). EIFs relate150

the emissions to the quantity of energy consumed.151

Farhat & Ugursal (2010) defined two types of EIFs: average and marginal. The average EIF is152

determined from the weighted average of the emissions from the generation mix in a given geographical153

area, whereas the marginal EIF represents the emissions associated with flexible generators that are154

used to meet the peak demands of the system. Farhat & Ugursal (2010) posited that any reductions155

in GHG emissions from on-site renewable energy generation would be reflected in reduced emissions156

from the marginal generation.157

In this study the EIF of natural gas is taken to be 50.1 g CO2e/MJ. The annual average and158

marginal EIFs for electricity were calculated to be 38.8 and 456 g CO2e/kWhe, respectively, based159

upon an analysis of the 2016 generation mix for Ontario.160

2.1.3. Occupant Comfort161

Retrofitting existing dwellings to be air and thermally tight may lead to increased overheating162

and occupant discomfort. The detailed building modelling approach used in this study enabled the163

estimation of occupant comfort. This builds upon the approach proposed by Peeters et al. (2009),164

which makes use of the predicted mean vote (PMV) and the predicted percentage of dissatisfied (PPD)165

method. To determine if an occupant is comfortable, a weighted average of indoor air temperatures166

from the previous three days is used to determine the upper and lower bounds of the occupant operative167

temperature for PPD values greater than 10% and 20%.168

3. Building Stock Modelling169

The broad field of building stock modelling has existed for decades, and their applications have170

included informing energy conservation and policy initiatives, forecasting energy supply needs, estimat-171

ing GHG emissions, or planning distributed energy generation. Recent literature reviews on residential172

building stock models have been conducted by Swan & Ugursal (2009), Zhao & Magoulès (2012), Rein-173

hart & Davila (2016), and Ferrando et al. (2020). Swan & Ugursal (2009) broadly categorized building174

stock models as either “top-down” or “bottom-up”. This terminology was based on the hierarchal175

level of the model input values relative to the sector as a whole. Top down models are largely driven176

by historical data and trends, and are characterized by the use of overall sector data, such as gross177

domestic product or number of units in the sector, to derive estimates of energy consumption. The178

energy demand estimates of a region may then be increasingly sub-divided into smaller subsections179

of the stock (Reinhart & Davila, 2016). The reliance of historical data makes them useful for exam-180

ining the energy consumption of existing or similarly built buildings, but cannot extrapolate for new181

technologies.182
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Bottom-up approaches start with individual buildings or groups of buildings, and scale those results183

up to represent a larger group or region. Swan & Ugursal (2009) sub-categorized bottom-up models184

as either “engineering” or “statistical” based on their underlying calculation principles and inputs.185

Common inputs of bottom-up models include building stock geometry and envelope characteristics,186

installed equipment, climate data, and occupancy schedules. Bottom-up engineering methods include187

approaches which use equipment power ratings and usage data, and/or heat transfer or thermodynamic188

principles, to estimate sector energy consumption. Statistical bottom-up approaches use historical189

data and regressions to determine the energy consumption for specific end-uses in the sector. These190

regressions may then be used to determine the energy consumption of representative dwellings in the191

residential stock and extrapolated to estimate overall sector energy consumption.192

The modelling approach presented in this article builds upon the validated bottom-up Canadian193

Hybrid Residential End-use Energy and GHG Emissions Model (CHREM) from Swan et al. (2013). The194

underlying data set of CHREM is the Canadian Single-Detached and Double/Row Housing Database195

(CSDDRD) developed by Swan et al. (2009) which contains detailed information for 17,000 actual196

dwellings across Canada. The CSDDRD is a statistically representative subset of the EnerGuide197

for Houses Database (EGHD) from Natural Resources Canada (NRCan) (Blais et al., 2005), which198

currently contains detailed records for over 1,000,0000 individual homes across Canada (Asaee et al.,199

2019). The information in the EGHD has been collected by energy auditors conducting on-site audits200

of homes and includes data such as insulation levels, rated equipment efficiencies, etc.201

CHREM calculates the annual energy consumption of each of the CSDDRD’s 17,000 houses by202

conducting a simulation using the ESP-r building performance simulation (BPS) tool (ESRU, 2019).203

ESP-r is a detailed BPS tool that considers all significant heat and mass transfer processes that affect204

energy consumption and has been extensively validated (Strachan et al., 2008). CHREM translates205

the CSDDRD records into detailed multi-zone building energy models in ESP-r which are simulated at206

sub-hourly timescales. Swan et al. (2013) validated CHREM by comparing to model estimates annual207

residential energy consumption reported in the Comprehensive Energy Use Database (OEE, 2020).208

Additional details on CHREM and its calculation approaches may be found in Swan (2010) and Swan209

et al. (2013).210

In contrast to its engineering approaches for representing building heat and mass transfers, CHREM211

uses a hybrid approach for treating occupant-driven domestic hot water (DHW) and appliance and212

lighting (A&L) loads. The artificial neural network (ANN) models developed by Aydinalp et al. (2002)213

and Aydinalp et al. (2004) are used to estimate the annual demand of DHW and A&L of each house.214

These annual demands are then distributed temporally using profiles from Jordan & Vajen (2001)215

and Armstrong et al. (2009), such that their impact upon the house’s thermal performance can be216

considered during ESP-r’s timestep simulation (hourly or sub-hourly).217
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CHREM has been used extensively to assess the energy conservation and GHG reduction efficacy218

of several building-scale retrofit technologies (e.g. Nikoofard et al., 2014; Asaee et al., 2017). Each219

of these studies considered individual retrofit technologies (e.g. solar DHW, roof-mounted PV, solar-220

assisted heat pumps). All eligible houses were simulated with and without the retrofit, and the results221

aggregated to assess the impacts on the entire Canadian housing stock on an annual basis.222

CHREM had not yet been used, however, to model the aggregate sub-hourly energy demand of223

clusters of buildings, the focus of the current work. The new capabilities that have been added to224

accomplish this are described in the next section.225

4. Modelling Enhancements for Analyzing Net-zero Communities226

It is imperative to consider electrical and thermal load diversity when considering strategies for227

achieving net-zero at the community scale because this has a significant impact upon interactions228

between the community and connected energy distribution system. The CHREM model described229

in the previous section contained only a few distinct sub-hourly demand profiles for DHW and A&L230

loads. Consequently, if it were used in this form to analyze a community, it would tend to overestimate231

peak electrical demands because all building occupant loads would peak together. The new data and232

modelling approaches that were integrated into the CHREM to address this, in order to better estimate233

the aggregate temporal energy demand profile of a community, are described here.234

Recent field monitoring in Canadian houses by Edwards et al. (2015) and George et al. (2015) led235

to 57 new DHW demand profiles at high temporal resolution that were drawn upon to enhance the236

CHREM. To maximize their utility, an additional 114 profiles were derived from these data. These237

were constructed by temporally shifting each of the 57 profiles forward and backward by a week. Both238

Edwards et al. (2015) and George et al. (2015) observed stochastic week-to-week variations in DHW239

demand, so by temporally shifting the profiles in this way an improved estimate of demand diversity240

can be achieved. Additionally this method of profile construction preserves both the profile starting241

day of the week, and the seasonal variation of the DHW demands.242

This approach was found to have a significant impact upon a community’s predicted aggregate243

DHW demand pattern. For example, for a community composed of 50 houses, this method led to a244

94% reduction in the annual peak demand for DHW (Wills, 2018). This is an important factor when245

considering the performance of district energy systems serving a community.246

The bottom-up statistical A&L model developed previously by Wills et al. (2018) was integrated247

into the CHREM. This model uses a first-order Markov-Chain to generate an annual sub-hourly profile248

of the number of active occupants in the dwelling. The transition probability matrices used by the249

Markov-Chain are derived from time-of-use survey data. Annual electrical demand profiles for each250
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appliance and lighting fixture is then generated using the active occupants profile, appliance usage251

probability which varies with time of day and day type (weekday or weekend), and appliance power252

characteristics. Lighting fixture usage is also varied by outdoor solar irradiance. Each house in the253

CSDDRD contains a listing of major and minor appliances, number of dwelling occupants, and number254

of light fixtures. These were used as inputs for the A&L model to generate unique sub-hourly electrical255

demand profiles for each record in the CSDDRD. As detailed by Wills et al. (2018), when compared256

to measured data, this model was found to largely capture daily and seasonal demand variations.257

5. Modelling the Impact of Building Retrofits258

A number of enhancements were made to the CHREM to consider a wide scope of building retrofits.259

The retrofit measures considered by the tool include the additional of insulation, airtightness im-260

provements, and heating, ventilation, and domestic hot water heating enhancements. The considered261

measures and the approaches used to model them are described in the following subsections.262

5.1. Building Envelope Insulation263

Based on the data in the CSDDRD, the majority of single-detached and double/row dwellings264

in Canada have attic spaces rather than flat roof assemblies. Therefore, improvements for achieving265

greater ceiling thermal insulation is assumed to be accomplished using additional loose-fill insulation.266

An algorithm was implemented into CHREM which scans model surfaces, identifies ceiling-to-attic267

surfaces, and adds additional loose-fill insulation layers on the attic-side. The thermal impact of268

this added insulation is determined with the CHREM’s underlying BPS tool using its detailed finite-269

difference method.270

Exterior wall retrofits are modelled as being applied to the outer face of the surface. This approach271

was taken because it is less intrusive to apply this retrofit in occupied dwellings compared to alter-272

ing the interior of the wall assembly. Similar to ceiling retrofits, an algorithm was implemented into273

CHREM which scans the building model, identifies exterior wall surfaces, and applies additional exte-274

rior insulation as illustrated in Figure 1. The exterior insulating material is assumed to be extruded275

polystyrene (XPS) since it requires less depth to achieve the same thermal resistance, and less retrofit276

framing.277

The addition of interior fibreglass batting insulation is considered for foundation wall retrofits. Heat278

transfer from the foundation to the surrounding ground is calculated in CHREM using a regression-279

based model. Unlike the finite-difference heat loss calculation for above-grade components in ESP-r,280

this regression-based model does not require a full thermophysical description of the foundation wall281

and slab assemblies, only geometric and thermal resistance characteristics. Therefore, an algorithm282
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(a) Siding cladding
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(b) Brick cladding

Figure 1: Typical CHREM exterior wall assemblies and retrofit insulation placement

was implemented in CHREM which scans the building model, determines its foundation type, and if283

the wall thermal resistance is below a user-specified value increases the thermal resistance.284

Glazing upgrade capabilities previously implemented in CHREM by Swan (2010) and Nikoofard285

et al. (2013) were utilized in this work. This considers improvements to the number of glazings,286

coatings, and fill gas.287

5.2. Building Envelope Airtightness288

CHREM models air infiltration using ESP-r’s implementation of the empirical Alberta Infiltration289

Model (AIM-2) that was developed by Walker & Wilson (1990). The model uses a power law to express290

the relationship between interior and exterior building pressure difference ∆P , and infiltration volume291

flow rate Qinf [m3/s], provided in Equation 8. The flow coefficient, C0 [m3/s·Pan], and exponent,292

n [-], for a building are determined empirically from fan depressurization tests. Each record in the293

CSDDRD contains measured data to derive building both C0 and n.294

Qinf = C0 (∆P )
n

(8)

Recent publications have demonstrated that retrofits of the building envelope aimed at improving295

thermal insulation often also improves envelope airtightness. Sinnott & Dyer (2012) examined air-296

tightness tests of 28 homes located in Ireland. Several of these dwellings had received one or more297

of the following upgrades during their service life: new doors and windows, wall cavity insulation,298

attic insulation, and new gas-fired heating. Comparing dwellings of similar vintages, they found that299

dwellings which had received one or more of these upgrades generally had a higher airtightness com-300

pared to dwellings which had no upgrades. Chan & Sherman (2012) analyzed the pre and post-retrofit301

airtightness of 23,100 homes in the USA that received wall insulation, air sealing, and acoustic storm302

window upgrades. They found that building leakage was reduced by a median value of 25%.303

12



Proskiw Engineering (2015) analyzed pre and post-retrofit airtightness results from the EGHD.304

They identified dwellings which received only one building retrofit (exterior insulation, new glazing,305

etc.) and used a clustering approach to determine the impact upon airtightness. This revealed that306

the mean improvement in airtightness was between 7% and 15%.307

The EGHD data used by Proskiw Engineering (2015) was obtained for this work, and clustered308

by vintage, region, and retrofit applied. Table 1 provides an example statistical summary of envelope309

retrofits applied to 1980’s vintage dwellings located in Québec. Airtightness is expressed as ACH50,310

the air infiltration rate per hour normalized by the house’s volume that occurs when the house is311

depressurized by 50 Pa. ∆ACH50 represents the relative change in ACH50 due to envelope retrofits.312

Table 1 shows that within each cluster there is significant variation of ∆ACH50. Across all vintage,313

retrofit, and region clusters considered in this analysis, the sample standard deviations of ∆ACH50314

were between 9.5% and 14.6%. Nonetheless, this data was used as a starting point to estimate the315

potential energy impacts from secondary airtightness improvement in the CHREM.316

Table 1: ∆ACH50 for 1980’s Québec dwellings, by retrofit

Dwelling Mean Median Std. Max. Min. Sample

Retrofit Dev. Size

Ceiling 11.3% 10.5% 11.1% 45.3% -21.4% 682

Ex. Wall 14.1% 13.2% 14.3% 53.1% -22.6% 185

Fdn. Wall 13.9% 12.6% 13.4% 50.8% -24.8% 439

Glazing 11.9% 11.4% 10.5% 43.0% -17.6% 1608

For a given dwelling region, vintage, and retrofit option, the airtightness increase of the envelope317

due to the retrofit is estimated as the mean value for the corresponding cluster in the CHREM. If318

multiple envelope retrofits are applied, their individual contributions are calculated relative to the319

base airtightness, and then superimposed. This approach implicitly assumes that each retrofit option320

considered contributes to increasing airtightness in separate building components.321

5.3. Mechanical Ventilation322

Ventilation retrofits are considered since the envelope upgrades are assumed to increase dwelling323

airtightness; this to ensure the provision of sufficient fresh air. All dwellings considered in this study324

are retrofit with a heat recovery ventilator to provide an efficient method of ventilation in Canada’s325

heating-dominated climate. If the dwelling has an existing HRV, its capacity is checked against the326

retrofit envelope airtightness, and is replaced if insufficient. The required ventilation rate for retrofit327

dwellings is calculated in CHREM using ASHRAE Standard 62.2. Four HRV units were modelled in328
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CHREM based on commercially available units. The supply flow rates span 22 L/s to 51 L/s, with329

sensible recovery efficiencies of 65% to 75%.330

The performance of the HRV is considered in the CHREM using a quasi-steady-state modelling331

approach that calculates the effectiveness at each timestep of the simulation as a function of prevailing332

conditions. It assumes that the ventilation system provides a continuous flow rate to the occupied333

spaces.334

5.4. HVAC and Hot Water System Retrofit Models335

CHREM makes use of a number of ESP-r’s quasi-steady-state HVAC and DHW system models.336

These models rely on typically available manufacturer data to estimate operating efficiencies and fuel337

consumption. Additional algorithms were also added to CHREM to treat heat pump DHW systems338

and ground source heat pump (GSHP) space heating systems. When heat pump DHW retrofits are339

considered, the tank is assumed to have a volume of 180 litres and electric backup capacity of 3 kW,340

based on values from Swan (2010). A conservative COP estimate of 2.4 is used, based on a survey341

of commercially-available heat pump hot water tanks. This model considers the zone the system is342

located in, and the zone temperature is used to calculate tank heat loss, which is then passed back to343

the zone as a heat gain. It is assumed that the heat pump extracts heat from its containing zone, thus344

increasing the house’s space heating requirements.345

The GSHP model employed by the CHREM is subdivided into two components: the water-to-air346

heat pump and the ground heat exchanger. A quadratic expression that is a function of rated COP347

and the entering water temperature is used to calculate the instantaneous part-load performance of348

the GSHP. The ground heat exchanger model approximates buried pipes as infinite line heat sources349

and calculates the heat transfer between the ground and the pipes using an approximation to a one-350

dimensional line-source conduction problem.351

6. Modelling Community Energy Systems352

The previous sections described how CHREM calculates building thermal loads and building-scale353

energy conversion and storage systems using the ESP-r BPS tool. In this way, CHREM determines the354

aggregated building-level energy demands at a subhourly time resolution of a community following a355

number of retrofit upgrades. Following this, CHREM applies another simulation tool—TRNSYS (SEL,356

2020)—to predict the performance of community-scale energy conversion, storage, and distribution357

systems. A de-coupled approach was employed in this work wherein ESP-r’s building-level annual358

results are passed as boundary conditions to TRNSYS. Figure 2 illustrates the flow of data to model359

the retrofit community buildings and energy systems.360
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Figure 2: Data flow for modelling building and community-level energy retrofits

CHREM supports a number of community energy system technologies, including solar thermal,361

solar PV, district heating, central thermal storage, and microturbine cogeneration. The following362

subsection details how solar PV systems are treated in the CHREM. Since the other community363

energy technologies are not considered in the case study reported in Section 7, the interested reader is364

referred to Wills (2018) for details on these.365

6.1. Photovoltaic System Modelling366

PV modules are simulated using TRNSYS standard library Type 194 which is an empirical steady-367

state model developed by De Soto et al. (2006). This models PV electrical performance using an368

equivalent resistor, diode, current source circuit. The parameters of the circuit components are de-369

termined using typically available manufacturer performance data and the model has been validated370

against annual measured data at a five-minute temporal resolution.371

All PV panels are assumed to be equipped with maximum power point (MPP), and connected372

to DC/AC converters. Rather than explicitly model the performance of the inverters, a constant373

inverter efficiency of 95% was assumed as previous work found only a small standard deviation when374

detailed modelling was performed (Wills et al., 2016). An algorithm was implemented in CHREM375

which estimates the available roof area and maximum number of solar collector panels that can be376

mounted of the roof of CHREM models. The algorithm scans the ESP-r model geometry and identifies377

eligible surfaces for mounting PV. An eligible surface is any inclined roof surface facing east through378

south to west2. Given the lack of geometric detail in the CSDDRD, CHREM models are limited to379

three simplified roof geometries: flat, hip, and gable. The latter two are illustrated in Figure ??. To380

estimate how many solar collector panels of a given rectangular shape can fit onto a roof surface, a381

finite first-fit (bin-packing) algorithm described by Berkey & Wang (1987) was used. The algorithm382

2For buildings in the Northern hemisphere.
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stores the number of panels, and their orientations, per dwelling in database which can then be used383

by an external tool to model solar collector performance.384

7. Case Study385

A hypothetical existing community in Toronto composed of 50 dwellings is used to demonstrate386

the retrofit modelling approach described in the previous sections. All 50 dwellings were constructed387

between 1981 and 1990 and were randomly selected from the CSDDRD. All have a full basement, a388

sloped roof, gas-fired space heating, and gas-fired DHW heating. The general characteristics of the389

case study community are provided in Table 2.390

Table 2: General characteristics of the case study community

Community Characteristic Range

Mean heated floor area* [m2/dwelling] 301

Mean ceiling RSI [m2·K/W] 5.17

Mean main wall RSI [m2·K/W] 2.39

Mean foundation RSI [m2·K/W] 1.81

Mean window U-value [W/m2·K] 2.15

Mean ACH50 4.55

Roof type Hip/Gable

* CHREM assumes full basements are heated.

** Averages were tabulated per dwelling or glazing surface.

7.1. Base Case Performance391

Annual simulations were conducted with the CHREM using a five minute timestep, using typical392

meteorological year (TMY) weather data. The energy consumption of the community is expressed393

here as energy-use intensity (EUI), that is, normalized to the heated floor area. The EUI considers394

all secondary energy consumption at the building site over the year. The EUI for the base case was395

determined to be 528 MJ/m2/yr. Using the methods described in Section 2.1.2, the annual GHG396

emissions due to natural gas and electrical consumption are 22.8 and 3.3 kg CO2e/m2/yr, respectively.397

The proportions of energy use by end-use is provided in Figure 3 to identify the what energy consump-398

tion pathways need to be targeted for retrofit. As can be seen, space heating is the dominant energy399

demand for the community.400
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Figure 3: Community baseline proportion of secondary energy consumption by end-use

It should also be noted that the base-case community uses 13 GJ/year for ventilation, and the total401

site-energy consumption for the community is 7950 GJ/year. Therefore the relative contribution of402

ventilation to total energy in Figure 3 is negligible.403

Figure 4 plots the monthly community energy demands. This figure clearly illustrates that the404

majority of the community’s energy demands occur during the winter. This figure also illustrates the405

monthly solar resource, as determined by the integrated solar irradiance incident upon a horizontal406

surface. The seasonal temporal mismatch between the solar energy resource and the community’s407

energy demands is clear from this figure. This is an important consideration in conceiving strategies408

for achieving net-zero energy at the community scale.409
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Figure 4: Monthly community end-use energy consumption and solar availability

It can be seen in Figure 4 that solar availability is temporally mismatched with the energy demands410

of the community. Therefore, in the absence of any on-site energy storage, there will need to be411
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significant export of on-site generation in the summer and significant import of grid energy during the412

heating months.413

7.2. Renewable Energy Options414

Two renewable energy options are considered in this case study: solar PV and GSHP systems. Wind415

is another renewable energy option; however, it was not considered in this work because there are many416

technical and regulatory challenges associated with deploying wind turbines in an urban/suburban417

setting. Retrofit district heating systems were also not considered in this study. Such systems are418

feasible, but are not as broadly applicable since they typically require available land in or near the419

existing community to house the central system. Other challenges include trenching and installation420

of piping within the existing community.421

Typical 250 W poly-crystalline solar panels were assumed for the retrofit PV system. The panel422

efficiency was taken to be 15.5% at standard testing conditions. Using the bin-packing algorithm,423

described in Section 6.1, it was determined that a maximum of 2216 PV panels could be installed in424

the community. This yields a rated capacity of 554 kW. All panels are assumed to be grid-tied and able425

to supply electricity to all buildings in the community. Surplus generation is assumed to be exported426

to other customers on the grid.427

Retrofit GSHP space heating systems were assumed to have a COP of 3.0 (which is considered428

conservative). All systems retrofit in the community are modelled as having a 7.5 kW heating capacity,429

based on the default capacity in CHREM (Swan, 2010). A back-up electric furnace is also modelled430

with the retrofit with a capacity determined as the difference between the reported dwelling heating431

capacity in the CSDDRD and 7.5 kW. The thermal efficiency was assumed to be 100% which is typical432

for an electrically heated system. The retrofit ground heat exchanger was modelled as vertical closed-433

loop boreholes. The heat exchanger parameters were assumed from the system described by Kummert434

& Bernier (2008). Inclusion of GSHP systems in this case study was predicated on the assumption435

that the existing dwellings had sufficient property area and adequate geological conditions.436

7.3. Energy Performance of Retrofitted Community437

The new algorithms implemented in CHREM were used to determine retrofit options for exterior438

wall insulation, ceiling insulation, foundation wall insulation, and windows for each of the community’s439

dwellings. The envelope retrofit values applied are summarized in Table 4. These exceed the minimum440

requirements in the 2015 National Building Code (CCBFC, 2015) for Toronto, but are consistent441

with those for colder regions of the country. Using the methods described in Section 5.2, CHREM442

determined that the mean ∆ACH50 decreased by 44% due to these thermal envelope improvements.443

Triple-glazed low-e argon filled windows are also included in the retrofits, modelled using the algorithm444

from Nikoofard et al. (2013). All dwellings were eligible for the upgrades.445
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Table 3: Summary of envelope retrofits applied to the community

Retrofit measure Value

Retrofit ceiling RSI [m2·K/W] 10.57

Retrofit main wall RSI [m2·K/W] 5.46

Retrofit basement RSI [m2·K/W] 3.52

Retrofit windows U-value [W/m2·K] 0.99

Mean ACH50 2.55

In this case study, all of the houses’ space heating systems were retrofitted with GSHP systems446

that were described in Section 7.2 and all DHW systems were retrofitted with heat pump hot water447

systems that were described in Section and 5.4. Therefore, all community space heating and DHW448

fuel is switched from natural gas to electricity. This was done to exploit the higher efficiencies of those449

systems and enable on-site electrical generation to be used directly for those end-uses. Per Section 5.3,450

HRVs were also retrofitted.451

The CHREM simulations predicted that the combined impact of these envelope, space heating, and452

DHW system retrofits would reduce the community’s EUI by 69%, to 165 MJ/m2/yr. It is important453

to emphasize that these simulations considered all thermal interactions between these measures. For454

example, the retrofit of heat pump DHW systems resulted in significant energy savings for the heating455

of hot water, but this increased the aggregated space heating load of the community by 7% (see Section456

5.4). The simulations determined that the annually averaged and community averaged COP of the457

GSHPs was 2.4 and that of the heat pump DHW systems was 2.6.458

This means that in order to achieve site net-zero (see Section 2) the annual generation of the solar459

PV system must produce at least 165 MJ/m2 of heated floor area. As mentioned in Section 7.2, the460

CHREM determined that 554 kW of PV panels could be installed in the community. The simulation461

determined that this system could produce slightly more than required to achieve site net-zero. These462

results are summarized in Table 4. Note that despite replacing all gas-fired space heating and DHW463

heating equipment, there remains some gas consumption because some of the dwellings use this fuel464

for stoves and clothes dryers.465

The annual flow of metered electrical energy in the net-zero retrofit community is illustrated in466

Figure 5. From this, it can be seen that the community must rely on considerable imports and exports467

from the electrical grid. Indeed, as seen in the results presented in Table 4, the annual imports have468

increased from the base case.469

Finally, Figure 6 plots the individual retrofitted dwelling net-zero energy balances. This was cal-470
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Table 4: Summary of the annual energy performance of the net-zero system retrofit applied to the case study community

Base case Net-zero retrofit

Metered site annual energy import [MJ/m2/yr]

Electricity 84.6 103

Natural gas 444 1

Total 529 104

Annual metered energy import reductions

Electricity -22%

Natural gas >99.9%

Total 80%

Metered site annual energy export [MJ/m2/yr]

Electricity 0 103

Annual net-zero energy balance [MJ/m2/yr]

-529 -1

Figure 5: Annual energy balance of the net-zero retrofit for the case study community

culated as the difference in annual site energy consumption of the dwelling and the annual generation471

of the PV installed on the roof, assuming the roof was saturated with PV.472

It can be seen that the community contains net-generator and net-consuming dwellings. By extending473

the net-zero balancing boundary to encompass the entire community the popuation at large achieves474

net-zero, even though individual dwellings within the community do not achieve net-zero. This high-475

lights the benefit of net-zero at a community-scale. Constraints on available roof area of some dwellings476

can be offset by neighboring dwellings that have an excess of available roof area or are better oriented477

for solar collection.478

20



Figure 6: Annual site net-zero energy balances of the individual dwellings in the community

7.4. Load Matching and Grid Interaction Performance of Retrofitted Community479

Table 5 summarizes the load matching and grid interaction performance for the community using480

the metrics defined in Section 2.1.1. The values of flc and fsc are very similar because the community481

is very close to the site net-zero balance point (they are equal when annual demand and generation482

match, as can be seen by inspecting Equations 2 and 3). Both are approximately 37%, which indicates483

that the grid must be relied upon to supply close to two-thirds of the demands and to accept close to484

two-thirds of the PV generation.485

Table 5: Summary of the annual load matching and grid interaction performance of the net-zero system retrofit

Base case Net-zero retrofit

fsc [%] N/A 37.4

flc [%] 0 37.5

LOLPb [%] 100 69.9

GM [-] 0 2.38

fgrid,i [-] 0.127 0.262

Even if it were possible to install additional PV panels, the value of flc could not be substantially486

increased. This is due to diurnal and seasonal temporal mismatches between demand and supply487

that can be seen in Figures 4 and 7. This situation could only be improved through the addition of488

short-term and/or long-term energy storage within the community.489

The LOLPb given in Table 5 means that the PV system is unable to “fully” cover the electrical490

demands of the community for about 70% of the year. The GM value indicates that the peak electrical491
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Figure 7: Annual average daily net-zero community load and solar production

power output of the community PV system is 2.38 times higher than annual community peak electrical492

demand. The grid interaction index, fgrid,i, is shown to approximately double when the community is493

retrofit for net-zero. This means that there are greater fluctuations of demand on the electrical system494

which can potentially create challenges for grid operators.495

7.5. GHG Emissions of Retrofitted Community496

Table 6 summarizes the annual GHG emissions performance of the net-zero community. Imported497

electricity emissions are calculated using the annual average EIF and emissions offsets due to renewable498

export are determined using the marginal EIF, as explained in Section 2.1.2. Since both space heating499

and DHW systems are switched from natural gas to electric, the annual emissions from natural gas500

imports in the retrofit community are negligible. Annual import of electricity increases however, as501

shown in Table 4. This increases emissions due to electrical import by 22%.502

As can be seen from this table, the total GHG emissions due to energy imports have been reduced503

by 95%. Since the electricity exports from the community are assumed to offset marginal production on504

the electrical grid, the retrofitted community actually has negative GHG emissions, meaning that the505

emission reductions caused by its exports more than offset the emissions associated with its imports.506

7.6. Occupant Comfort of Retrofitted Community507

The comfort of occupants in each space within each dwelling was assessed using the methods508

outlined in Section 2.1.3. This led to an estimate of the fraction of time that occupants would feel too509

cold or too hot. These calculations were performed for both the base case and retrofitted communities510

and for PPD values of 10% and 20%. These results are summarized in Table 7.511
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Table 6: Summary of the annual emissions performance of the net-zero system retrofit applied to the community

Base case Net-zero retrofit

Annual emissions due to energy import [kg CO2e/m2/yr]

Electricity 0.9 1.1

Natural gas 22.8 0.0

Total 23.7 1.1

Annual emissions offset due to electrical export [kg CO2e/m2/yr]

0 13.0

Net annual emissions [kg CO2e/m2/yr]

23.7 -11.9

Table 7: Comfort estimates for base case and retrofitted community

Fraction of time uncomfortable

PPD Base Retrofit

10% Too hot 5.2% 7.7%

Too cold 1.5% 0.4%

20% Too hot 1.1% 2.0%

Too cold 0.4% 0.2%

It is estimated that the fraction of time that 10% of people are too hot increases from 5.2% to 7.2%.512

Of the 50 dwellings in the community, 45 have space cooling systems that are present in both base case513

and retrofit scenarios. Therefore, community overheating is not expected to increase significantly due514

to envelope retrofits. However, greater discomfort was predicted for the five dwellings without space515

cooling systems.516

8. Discussion and Conclusion517

This paper described a modelling methodology for assessing community-scale retrofit design al-518

ternates for converting existing communities to net-zero. The approach uses a bottom-up modelling519

technique which enables both simulation of new and innovative technologies, as well as high-fidelity520

model output. The underlying existing building stock model CHREM has been previously validated521

to be representative of the existing Canadian residential stock. The simulation outputs include sub-522

hourly energy demands by community end-use, equipment efficiencies, and indoor temperatures. The523
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disaggregation and temporal distribution of energy consumption for existing communities is shown524

in this paper to be beneficial for identifying areas to target for retrofit, and selection of renewable525

resources. The high temporal resolution of the model also enables consideration of grid impacts for526

various retrofit scenarios, assessment of emissions due to energy import, and impacts on occupant com-527

fort from envelope retrofits. Such detailed models are required for community-scale retrofit projects528

because there are several stakeholders involved. Each have their own set of priorities, and the model529

should reasonably capture the performance indicators of those priorities.530

In order to assess net-zero retrofit performance, there needs to be a clear definition of net-zero. This531

paper highlighted that despite the popularity of net-zero in policy and research, there is a persistent532

lack of formal definition. There are multiple proposed formalized definitions in the literature, some533

of which were reviewed here. A generic and extensible expression for calculating the net-zero energy534

balance of a building or community was presented. The most widely-used definition is site net-zero,535

due to its simplicity and ease of measurement in practice. This definition was also adopted for the536

case study presented in this paper. But it is important to note that the chosen definition and method537

of calculation of the net-zero metric can have a significant impact upon the final design of the system.538

The modelling methodology proposed in this paper provides the framework for which this could be539

investigated further.540

The case study used the new algorithms implemented in CHREM to assess the performance of541

net-zero retrofit applied to a community of 50 single-detached dwellings located in Toronto. This case542

study served to demonstrate the capabilities of the model, and also provide some interesting insights543

into net-zero as an energy target. At near saturation of the roof area with PV, significant envelope,544

HVAC, and DHW retrofits are required to meet the net-zero target as there is no more room for solar545

generation. An alternate approach may be to extend the balancing boundary to encompass an outside546

wind farm. Achieving net-zero retrofit is shown in the case study to significantly decrease annual547

energy consumption and GHG emissions in the community. The energy imported by the community548

annually was reduced by 80% and the associated GHG emissions reduced by 95%. The case study549

also highlight the benefit of extending net-zero to the community-scale; buildings that did not achieve550

net-zero at the individual building-scale were balanced out at the community-level by neighboring551

buildings that had more available roof area and/or lower energy consumption intensity.552

The case study also illustrates some of the potential challenges associated with achieving net-zero.553

The retrofit community doubled its variability in electric load demand compared to the base case. Both554

the seasonal and diurnal mismatches between supply and demand were significant. As such, it might555

be technically infeasible to an electricity utility to service such a community in the absence for local556

seasonal energy storage to bridge the gap. Such limitations and challenges are important to highlight,557

since net-zero is often viewed as adding sufficient PV until a balance is made. This result stresses the558
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importance of making major retrofits to building envelopes and upgrades to energy conversion and559

distribution systems in any net-zero community beyond simply adding more PV.560

Finally, the case study touched on the impacts of net-zero retrofit on comfort. The majority of the561

existing community (90%) had an existing cooling system which helped mitigate increases in cooling562

load due to thermal envelope upgrades at the expense of increased cooling energy consumption. It563

was shown for the five dwellings with no cooling system experienced a notable increase in occupant564

discomfort due to overheating. Since sub-hourly temperatures are simulated for the occupied zones, it565

is possible to further investigate over-heating due to retrofits and explore different methodologies that566

may be employed to mitigate those impacts.567

Future work needs to explore how the definition of net-zero can influence optimal retrofit solutions568

and assess the unintended consequences of these alterations in terms of grid stability, economics,569

emissions, and comfort. The methods used to calculate EIFs should also be the focus of future work,570

as these have an important impact on the calculation of emissions offsets from exported electricity.571

It is known that many electrical systems use a mix of different generators to meet the varying loads572

of buildings. As different generators come on-line, the EIF associated with importing electricity will573

also change. Finally, district energy systems were not considered in the case study. Such systems can574

offer several economic and techincal benefits, and future work needs to explore and evaluate retrofits575

of such systems within the existing building stock.576
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