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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.

Keywords: district energy, building retrofit, building stock modelling, net-zero, distributed
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Nomenclature

AP  Pressure difference, Pa
Ewm Rate of export of energy carrier i, GW

Eimp,i Rate of delivery of energy carrier i,

GW
Co Flow coefficient, m?/s-Pa™

Eger,  Electric on-site community genera-

tion, kWh
FEioaqa  Electric on-site community load, kWh
FEpet—zero Net-zero energy balance, GJ
fgria,s Grid interaction index
fie Load cover factor
fse Supply cover factor
GM  Generation multiple
LOLP, Loss of load probability
N Number of energy carriers
n Flow exponent
Qins Infiltration flow rate, m3/s

tm Total duration of the net-zero balanc-

ing period, s

Weap,s Weighting factor applied to exported

energy carrier

Wimp,s Weighting factor applied to imported

energy carrier ¢

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

CO4y, 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. Introduction

Canada’s plan to meet the objectives of the 2015 Paris Agreement are encapsulated in the Pan-
Canadian Framework on Clean Growth and Climate Change (ECCC] 2016]). One of the pillars of the
framework is “complementary actions to reduce emissions.” Several sectors are identified for consider-
ation, including electrical generation, transportation, agriculture, industry, and the built environment.
The framework document (ECCC] [2016)) notes that, in 2014, 17% of of the national greenhouse gas
(GHG) emissions were due to heating and cooling the building Stockﬂ and therefore reducing emissions
from the building stock is a component of meeting Canada’s broader commitment of GHG reductions.
In a global context, the 2018 existing building stock was directly and indirectly responsible for 28% of
global annual energy-related CO2 emissions (IEA| [2018).

The Pan-Canadian Framework identified four approaches to reducing emissions in the building
sector: (1) make new buildings more energy efficient, (2) retrofit the existing building stock, (3)
improve energy efficiency of building appliances and equipment, and (4) support building codes and
energy efficient housing in indigenous communities. The Pan-Canadian Framework also states that 75%
of the 2030 Canadian building stock will be comprised of buildings built in 2016 or earlier. Therefore,
in order to achieve immediate significant improvements in sector energy efficiency, addressing and
improving the existing building stock needs to be prioritized. To support this effort, there needs to be
accurate and detailed mathematical models that can be used to explore retrofit solutions, and inform
policymakers.

There also needs to be concrete energy and emissions performance goals. The Pan-Canadian
Framework identifies the “net-zero” energy target as a way for the building sector to reduce energy
consumption and emissions. Net-zero buildings may be broadly defined as a “grid-connected building
that generates as much energy as it uses over a year” (Salom et all 2011). This balance of energy
flow is achieved through on-site renewable energy generation which may be used to directly meet the
energy demands of the building, or may be exported to the connected energy infrastructure to offset
prior energy imports. By requiring a building to “produce as much as it consumes,” designers are
incentivized to implement energy conservation measures in order to minimize on-site renewable energy
system size and cost. Therefore, net-zero has the potential effect of both increasing renewable energy
generation in the energy supply mix, and reduce energy demands of the building stock.

There is a growing body of literature which considers the feasibility, design, and performance mod-
elling of net-zero communities; for example |[Norton et al.| (2013)), Bucking & Cotton| (2015)), |Polly et al.
(2016)), and [Hachem-Vermette et al.| (2019). The bulk of the research, however, focuses primarily on

Hncludes 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 model
capable of simulating the performance of deep energy retrofits, and community-scale renewable gen-
eration systems, for the purpose of reducing energy consumption and GHG emissions, and achieving
net-zero energy at a community-level. The model produces realistic estimates of both sub-hourly ther-
mal and electrical demands of the building stock, which are used to size renewable generation systems,
assess electrical grid impacts, and explore novel strategies for energy supply and demand control.

A formal definition of “net-zero” as considered in this work first provided. The paper then describes
the modelling approaches employed for considering the community scale impact of building energy
retrofits as well as those used to assessing the performance of community energy conversion, storage,
and distribution systems striving to achieve net-zero. Finally, the paper concludes with a case study
wherein the new modelling tools are applied to examine strategies for achieving net-zero performance

in a community of 50 single-detached houses.

2. What Does Net-Zero Really Mean?

A particular challenge of analyzing and building net-zero communities is identifying a formal def-
inition of net-zero. The most notable reports on formally defining net-zero are from Marszal et al.
(2011) and |Torcellini et al.| (2006). Both state that despite the popularity of net-zero internationally,
there is a lack of common understanding and definition. The “net” implies there is the existence of in-
teractions between a building, or buildings, and connected energy infrastructure. It is also understood
that energy consumed by net-zero buildings is offset by the export of locally generated energy over
some balancing period, typically taken as one year (Marszal et al., 2011). What remains unclear is
what energy carriers, such as natural gas or electricity, and what end-uses should be considered when
calculating a net-zero balance. There is also a question of whether minimum energy efficiency require-
ments should be adopted. For example, [Marszal et al.| (2011) pointed out that commercially used
definitions of net-zero may be limited or biased in scope, leading to, for example, potential scenarios
where energy inefficient buildings reach net-zero via an over-sized solar photovoltaic (PV) system.

Torcellini et al.| (2006) described four different well-documented definitions of net-zero: net-zero
site energy, net-zero source energy, net-zero energy costs, and net-zero energy emissions. Site net-zero
is the simplest definition, and considers the consumption and export of energy at the building site.
There is no consideration of the generation mix (coal, hydro, etc.) and its related efficiencies when
calculating the net-zero balance. It is therefore the most generalizable definition which can be easily
adopted and calculated across several jurisdictions. Achievement of site net-zero may also be readily
determined by on-site measurements. Neglecting the generation mix, as well as time varying costs

of energy, may also be considered as disadvantages. Without proper peak energy management, site
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net-zero buildings may incur considerable energy costs and GHG emissions if energy is imported during
peak price periods. Large volumes of export during off-peak demands may also lead to issues managing
the local electrical distribution system.

Source net-zero has a broader scope, where on-site energy production is balanced with imported
energy as measured at the source. This means that not only is energy delivered to the building site
considered in the balance, but also the energy consumed along the supply chain. This additional con-
sumption is to account for electric generator inefficiencies, and transmission and distribution. [Torcellini
et al.|(2006]) noted that determining these losses is non-trivial, as this data may not always be publicly
available. They also vary geographically as well as temporally since different generators typically come
on-line to meet peak demands. Cost net-zero is an economically driven target which seeks to balance
the cost of importing energy to the site with the revenue generation from exporting on-site generation.
This type of balance is relatively easy to implement and measure, and building owners/operators could
verify the performance of the system from utility bills. [Torcellini et al.| (2006) pointed out that due to
varying utility costs, a building with consistent energy performance may achieve the cost net-zero one
year and not the next.

Finally, emissions net-zero balances seek to produce at least as much emissions-free renewable
energy as the building consumes from emissions-emitting sources. Torcellini et al.| (2006) argued that
under this definition a building connected to a utility using a large portion of low to non-emitting
energy sources, such as hydro or nuclear, would benefit from this definition. Any energy imported
to the building site from these sources would not have to be offset by on-site renewable generation,
reducing system generation capacity requirements. This definition suffers from the same challenges
as source net-zero, where an understanding of the utility dispatch strategies, energy source mix, and
conversion and transmission factors is required.

Sartori et al.| (2012) provided a framework to construct formal definitions of net-zero. This included
consideration of the boundary over which the net-zero balance is calculated, defining weighting factors
for energy carriers crossing the boundary, and casting the mathematical expression for the net-zero
balance FE,ei—.ero- The boundary includes the geographic boundary, as well as what elements are
included in the balance. For the current study, the boundary encompasses groups of existing residential
buildings, and the energy utilities to which they are connected. Transportation and energy sinks in
common public spaces, such as streetlights, are also not considered here.

A general net-zero energy balance expression, Epct—ero [GJ], may be written as:

N N

Bnet-—zero = / " {Z [weans (1) - Beepi (O] = 3 [wimns (1) - Bumnpa (0] } dt (1)

=0 =1 i=1

where t,, is the total duration of the net-zero balancing period [s] (typically a year), N is the number
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of energy carriers, Wimyp; (t) is the weighting factor applied to imported energy carrier ¢ at time ¢,
El-mp,i (t) is the rate of delivery of energy carrier i [GW], Weyp,i () is the weighting factor applied to
exported energy carrier i at time t, Fyyp; (t) is the rate of export of energy carrier i [GW].

The weighting factors determine the “type” of net-zero balance calculated. When all weighting
factors equal 1, Equation [I| expresses site net-zero as defined by Torcellini et al.| (2006). For source
net-zero, the weighting factors are used to adjust energy delivered to the site to also include energy
consumed to extract, refine, convert, and deliver the energy to site. In the literature these factors
are often referred to as either source or primary energy factors (PEF), and may be expressed as

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

literature (e.g. [Deru & Torcellinil, 2007)).

2.1. Other Performance Metrics

Although an important metric, the net-zero target is not sufficient on its own for characterizing the
performance of a community retrofit from the perspective of all stakeholders: occupants, municipalities,
local utilities, etc. Consequently, a number of additional metrics are considered in this work, which

are described in the following subsections.

2.1.1. Load Matching and Grid Interaction

From the perspective of eneregy utilities, the retrofit net-zero community should operate in such
a way as to have a neutral or minimal impact on the transmission and distribution infrastructure.
Authors including [Lund et al.| (2011)), [Sartori et al| (2012), and |Salom et al. (2014]) have proposed
load matching and grid interaction metrics that are used in this work. Load matching metrics are
used to evaluate the temporal match between on-site generation and load. Some of the load matching
factors identified by |[Salom et al.| (2014)) were the load and supply cover factors, and the loss of load

probability. The load cover factor, f;., may be expressed as:

_ JZymin [Egen (t) , Broaa (t)] dt
' Bloaa (t) dt
where Egcp, (t) [kWh] is the electric on-site community generation and Ejsqq (t) [kWh] is the total

flc (2)

aggregate community load over time period ¢. In essence, fj. represents the fraction of on-site electrical
demand met by on-site generation. A high ratio is desired as this would mean the community is able
to meet most of its demands without importing from the electrical grid.

Similarly the supply cover factor, fs., is:

Jim min [Egen (t), Boqa ()] dt

sc t’"l
oo Egen (t) dt
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This factor represents the fraction of on-site generation which is used to meet the on-site demand. A
high ratio is desired as this would mean the community can consume most of its on-site generation
and does not need to export to the electrical grid.

Finally, the loss of load probability, LOLP,, represents the fraction of time on-site generation is

insufficient and energy must be imported from the grid:

f:;"o frorp (1)

tm

LOLP, =

where

0 if Eexp = Eimp
frorp (t) = | = v )
1 if [Eeap (t) < Eimp (1)]

and E.yp (t) and E;pp, (t) are the community electric energy export and import [kWh] over time period
t, respectively, and are both greater than zero.
Two additional metrics are the generation multiple, GM, and the grid interaction index, fgrid:-

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

maz [Egep (t)]

GM = [Eroad ()]

(6)

GM compares the rated size of the generation system to the maximum design demand of the commu-
nity. A ratio of one would indicate that the on-site generation has the potential to meet the maximum
community demands; however, given the variable nature of renewable energy technologies, maximum
generation output may not coincide with maximum demand. For this reason it is important to consider
GM alongside the other load and grid interaction factors.

The grid interaction index, fgriq,i, described by [Sartori et al|(2012) can be expressed as:

Eewport (t) - Eimport (t) (7)
max |Eercport (t) - Eimport (t)‘

Sartori et al.| (2012)) stated that fgriq,; represents the variability of the energy flow with the grid

fgrid,i = Std.Dev

over the net-zero balancing period, normalized with the maximum net-flow of electricity. In terms of
performance, a low value of fgq; is desirable, indicating there are relatively small fluctuations in the

magnitude of power flow with the grid.

2.1.2. GHG Emissions
A typical approach for assessing the environmental performance of building or community retrofits
is to estimate GHG emissions reductions. However, accurately calculating emissions is complex because

the electricity generation mix varies geographically and temporally. This work follows an approach
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suggested by [Farhat & Ugursal (2010) that makes use of emission intensity factors (EIFs). EIFs relate
the emissions to the quantity of energy consumed.

Farhat & Ugursall (2010) defined two types of EIFs: average and marginal. The average EIF is
determined from the weighted average of the emissions from the generation mix in a given geographical
area, whereas the marginal EIF represents the emissions associated with flexible generators that are
used to meet the peak demands of the system. [Farhat & Ugursal (2010) posited that any reductions
in GHG emissions from on-site renewable energy generation would be reflected in reduced emissions
from the marginal generation.

In this study the EIF of natural gas is taken to be 50.1 g COy,/MJ. The annual average and
marginal EIFs for electricity were calculated to be 38.8 and 456 g COs./kWh,, respectively, based

upon an analysis of the 2016 generation mix for Ontario.

2.1.3. Occupant Comfort

Retrofitting existing dwellings to be air and thermally tight may lead to increased overheating
and occupant discomfort. The detailed building modelling approach used in this study enabled the
estimation of occupant comfort. This builds upon the approach proposed by |Peeters et al.| (2009),
which makes use of the predicted mean vote (PMV) and the predicted percentage of dissatisfied (PPD)
method. To determine if an occupant is comfortable, a weighted average of indoor air temperatures
from the previous three days is used to determine the upper and lower bounds of the occupant operative

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

3. Building Stock Modelling

The broad field of building stock modelling has existed for decades, and their applications have
included informing energy conservation and policy initiatives, forecasting energy supply needs, estimat-
ing GHG emissions, or planning distributed energy generation. Recent literature reviews on residential
building stock models have been conducted by [Swan & Ugursal (2009)), [Zhao & Magoules (2012]), |[Rein-
hart & Davilal (2016)), and [Ferrando et al.| (2020). [Swan & Ugursal (2009) broadly categorized building
stock models as either “top-down” or “bottom-up”. This terminology was based on the hierarchal
level of the model input values relative to the sector as a whole. Top down models are largely driven
by historical data and trends, and are characterized by the use of overall sector data, such as gross
domestic product or number of units in the sector, to derive estimates of energy consumption. The
energy demand estimates of a region may then be increasingly sub-divided into smaller subsections
of the stock (Reinhart & Davila, [2016)). The reliance of historical data makes them useful for exam-
ining the energy consumption of existing or similarly built buildings, but cannot extrapolate for new

technologies.
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Bottom-up approaches start with individual buildings or groups of buildings, and scale those results
up to represent a larger group or region. |Swan & Ugursal (2009)) sub-categorized bottom-up models
as either “engineering” or “statistical” based on their underlying calculation principles and inputs.
Common inputs of bottom-up models include building stock geometry and envelope characteristics,
installed equipment, climate data, and occupancy schedules. Bottom-up engineering methods include
approaches which use equipment power ratings and usage data, and/or heat transfer or thermodynamic
principles, to estimate sector energy consumption. Statistical bottom-up approaches use historical
data and regressions to determine the energy consumption for specific end-uses in the sector. These
regressions may then be used to determine the energy consumption of representative dwellings in the
residential stock and extrapolated to estimate overall sector energy consumption.

The modelling approach presented in this article builds upon the validated bottom-up Canadian
Hybrid Residential End-use Energy and GHG Emissions Model (CHREM) from [Swan et al.| (2013]). The
underlying data set of CHREM is the Canadian Single-Detached and Double/Row Housing Database
(CSDDRD) developed by |Swan et al. (2009) which contains detailed information for 17,000 actual
dwellings across Canada. The CSDDRD is a statistically representative subset of the EnerGuide
for Houses Database (EGHD) from Natural Resources Canada (NRCan) (Blais et al., 2005), which
currently contains detailed records for over 1,000,0000 individual homes across Canada (Asaee et al.,
2019). The information in the EGHD has been collected by energy auditors conducting on-site audits
of homes and includes data such as insulation levels, rated equipment efficiencies, etc.

CHREM calculates the annual energy consumption of each of the CSDDRD’s 17,000 houses by
conducting a simulation using the ESP-r building performance simulation (BPS) tool (ESRU, [2019)).
ESP-r is a detailed BPS tool that considers all significant heat and mass transfer processes that affect
energy consumption and has been extensively validated (Strachan et al. 2008). CHREM translates
the CSDDRD records into detailed multi-zone building energy models in ESP-r which are simulated at
sub-hourly timescales. |Swan et al.[ (2013]) validated CHREM by comparing to model estimates annual
residential energy consumption reported in the Comprehensive Energy Use Database (OEE] 2020]).
Additional details on CHREM and its calculation approaches may be found in |Swan| (2010) and |Swan
et al.| (2013]).

In contrast to its engineering approaches for representing building heat and mass transfers, CHREM
uses a hybrid approach for treating occupant-driven domestic hot water (DHW) and appliance and
lighting (A&L) loads. The artificial neural network (ANN) models developed by |[Aydinalp et al.| (2002)
and |Aydinalp et al.|(2004) are used to estimate the annual demand of DHW and A&L of each house.
These annual demands are then distributed temporally using profiles from [Jordan & Vajen| (2001)
and |Armstrong et al.| (2009)), such that their impact upon the house’s thermal performance can be

considered during ESP-1’s timestep simulation (hourly or sub-hourly).
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CHREM has been used extensively to assess the energy conservation and GHG reduction efficacy
of several building-scale retrofit technologies (e.g. |[Nikoofard et al., |2014; |Asaee et al., 2017)). Each
of these studies considered individual retrofit technologies (e.g. solar DHW, roof-mounted PV, solar-
assisted heat pumps). All eligible houses were simulated with and without the retrofit, and the results
aggregated to assess the impacts on the entire Canadian housing stock on an annual basis.

CHREM had not yet been used, however, to model the aggregate sub-hourly energy demand of
clusters of buildings, the focus of the current work. The new capabilities that have been added to

accomplish this are described in the next section.

4. Modelling Enhancements for Analyzing Net-zero Communities

It is imperative to consider electrical and thermal load diversity when considering strategies for
achieving net-zero at the community scale because this has a significant impact upon interactions
between the community and connected energy distribution system. The CHREM model described
in the previous section contained only a few distinct sub-hourly demand profiles for DHW and A&L
loads. Consequently, if it were used in this form to analyze a community, it would tend to overestimate
peak electrical demands because all building occupant loads would peak together. The new data and
modelling approaches that were integrated into the CHREM to address this, in order to better estimate
the aggregate temporal energy demand profile of a community, are described here.

Recent field monitoring in Canadian houses by [Edwards et al.| (2015)) and |George et al.| (2015) led
to 57 new DHW demand profiles at high temporal resolution that were drawn upon to enhance the
CHREM. To maximize their utility, an additional 114 profiles were derived from these data. These
were constructed by temporally shifting each of the 57 profiles forward and backward by a week. Both
Edwards et al.| (2015) and |George et al.| (2015]) observed stochastic week-to-week variations in DHW
demand, so by temporally shifting the profiles in this way an improved estimate of demand diversity
can be achieved. Additionally this method of profile construction preserves both the profile starting
day of the week, and the seasonal variation of the DHW demands.

This approach was found to have a significant impact upon a community’s predicted aggregate
DHW demand pattern. For example, for a community composed of 50 houses, this method led to a
94% reduction in the annual peak demand for DHW (Wills|, 2018). This is an important factor when
considering the performance of district energy systems serving a community.

The bottom-up statistical A&L model developed previously by Wills et al.| (2018]) was integrated
into the CHREM. This model uses a first-order Markov-Chain to generate an annual sub-hourly profile
of the number of active occupants in the dwelling. The transition probability matrices used by the

Markov-Chain are derived from time-of-use survey data. Annual electrical demand profiles for each

10
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appliance and lighting fixture is then generated using the active occupants profile, appliance usage
probability which varies with time of day and day type (weekday or weekend), and appliance power
characteristics. Lighting fixture usage is also varied by outdoor solar irradiance. Each house in the
CSDDRD contains a listing of major and minor appliances, number of dwelling occupants, and number
of light fixtures. These were used as inputs for the A&L model to generate unique sub-hourly electrical
demand profiles for each record in the CSDDRD. As detailed by [Wills et al.| (2018)), when compared

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

5. Modelling the Impact of Building Retrofits

A number of enhancements were made to the CHREM to consider a wide scope of building retrofits.
The retrofit measures considered by the tool include the additional of insulation, airtightness im-
provements, and heating, ventilation, and domestic hot water heating enhancements. The considered

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

5.1. Building FEnvelope Insulation

Based on the data in the CSDDRD, the majority of single-detached and double/row dwellings
in Canada have attic spaces rather than flat roof assemblies. Therefore, improvements for achieving
greater ceiling thermal insulation is assumed to be accomplished using additional loose-fill insulation.
An algorithm was implemented into CHREM which scans model surfaces, identifies ceiling-to-attic
surfaces, and adds additional loose-fill insulation layers on the attic-side. The thermal impact of
this added insulation is determined with the CHREM’s underlying BPS tool using its detailed finite-
difference method.

Exterior wall retrofits are modelled as being applied to the outer face of the surface. This approach
was taken because it is less intrusive to apply this retrofit in occupied dwellings compared to alter-
ing the interior of the wall assembly. Similar to ceiling retrofits, an algorithm was implemented into
CHREM which scans the building model, identifies exterior wall surfaces, and applies additional exte-
rior insulation as illustrated in Figure I} The exterior insulating material is assumed to be extruded
polystyrene (XPS) since it requires less depth to achieve the same thermal resistance, and less retrofit
framing.

The addition of interior fibreglass batting insulation is considered for foundation wall retrofits. Heat
transfer from the foundation to the surrounding ground is calculated in CHREM using a regression-
based model. Unlike the finite-difference heat loss calculation for above-grade components in ESP-r,
this regression-based model does not require a full thermophysical description of the foundation wall

and slab assemblies, only geometric and thermal resistance characteristics. Therefore, an algorithm
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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 if

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

,  Glazing upgrade capabilities previously implemented in CHREM by (2010) and Nikoofard
(2013)) were utilized in this work. This considers improvements to the number of glazings,

coatings, and fill gas.

5.2. Building Envelope Airtightness

CHREM models air infiltration using ESP-r’s implementation of the empirical Alberta Infiltration
Model (AIM-2) that was developed by Walker & Wilson| (1990). The model uses a power law to express

the relationship between interior and exterior building pressure difference AP, and infiltration volume
flow rate Qny [m?/s], provided in Equation [8] The flow coefficient, Cy [m?®/s-Pa”], and exponent,
n [-], for a building are determined empirically from fan depressurization tests. Each record in the

CSDDRD contains measured data to derive building both Cy and n.

Qing = Co (AP)" (8)

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

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

tightness tests of 28 homes located in Ireland. Several of these dwellings had received one or more
of the following upgrades during their service life: new doors and windows, wall cavity insulation,
attic insulation, and new gas-fired heating. Comparing dwellings of similar vintages, they found that

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

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

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

window upgrades. They found that building leakage was reduced by a median value of 25%.
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Proskiw Engineering| (2015) analyzed pre and post-retrofit airtightness results from the EGHD.
They identified dwellings which received only one building retrofit (exterior insulation, new glazing,
etc.) and used a clustering approach to determine the impact upon airtightness. This revealed that
the mean improvement in airtightness was between 7% and 15%.

The EGHD data used by |[Proskiw Engineering (2015) was obtained for this work, and clustered
by vintage, region, and retrofit applied. Table [1| provides an example statistical summary of envelope
retrofits applied to 1980’s vintage dwellings located in Québec. Airtightness is expressed as AC Hs,
the air infiltration rate per hour normalized by the house’s volume that occurs when the house is
depressurized by 50 Pa. AAC Hjg represents the relative change in AC' Hsg due to envelope retrofits.

Table [I|shows that within each cluster there is significant variation of AAC Hgq. Across all vintage,
retrofit, and region clusters considered in this analysis, the sample standard deviations of AAC Hsyg
were between 9.5% and 14.6%. Nonetheless, this data was used as a starting point to estimate the

potential energy impacts from secondary airtightness improvement in the CHREM.

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

Dwelling Mean Median Std. Max. Min. Sample
Retrofit Dev. Size

Ceiling 11.3%  10.5% 111% 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 envelope
due to the retrofit is estimated as the mean value for the corresponding cluster in the CHREM. If
multiple envelope retrofits are applied, their individual contributions are calculated relative to the
base airtightness, and then superimposed. This approach implicitly assumes that each retrofit option

considered contributes to increasing airtightness in separate building components.

5.3. Mechanical Ventilation

Ventilation retrofits are considered since the envelope upgrades are assumed to increase dwelling
airtightness; this to ensure the provision of sufficient fresh air. All dwellings considered in this study
are retrofit with a heat recovery ventilator to provide an efficient method of ventilation in Canada’s
heating-dominated climate. If the dwelling has an existing HRV, its capacity is checked against the
retrofit envelope airtightness, and is replaced if insufficient. The required ventilation rate for retrofit

dwellings is calculated in CHREM using ASHRAE Standard 62.2. Four HRV units were modelled in
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CHREM based on commercially available units. The supply flow rates span 22 L/s to 51 L/s, with
sensible recovery efficiencies of 65% to 75%.

The performance of the HRV is considered in the CHREM using a quasi-steady-state modelling
approach that calculates the effectiveness at each timestep of the simulation as a function of prevailing
conditions. It assumes that the ventilation system provides a continuous flow rate to the occupied

spaces.

5.4. HVAC and Hot Water System Retrofit Models

CHREM makes use of a number of ESP-r’s quasi-steady-state HVAC and DHW system models.
These models rely on typically available manufacturer data to estimate operating efficiencies and fuel
consumption. Additional algorithms were also added to CHREM to treat heat pump DHW systems
and ground source heat pump (GSHP) space heating systems. When heat pump DHW retrofits are
considered, the tank is assumed to have a volume of 180 litres and electric backup capacity of 3 kW,
based on values from [Swan| (2010). A conservative COP estimate of 2.4 is used, based on a survey
of commercially-available heat pump hot water tanks. This model considers the zone the system is
located in, and the zone temperature is used to calculate tank heat loss, which is then passed back to
the zone as a heat gain. It is assumed that the heat pump extracts heat from its containing zone, thus
increasing the house’s space heating requirements.

The GSHP model employed by the CHREM is subdivided into two components: the water-to-air
heat pump and the ground heat exchanger. A quadratic expression that is a function of rated COP
and the entering water temperature is used to calculate the instantaneous part-load performance of
the GSHP. The ground heat exchanger model approximates buried pipes as infinite line heat sources
and calculates the heat transfer between the ground and the pipes using an approximation to a one-

dimensional line-source conduction problem.

6. Modelling Community Energy Systems

The previous sections described how CHREM calculates building thermal loads and building-scale
energy conversion and storage systems using the ESP-r BPS tool. In this way, CHREM determines the
aggregated building-level energy demands at a subhourly time resolution of a community following a
number of retrofit upgrades. Following this, CHREM applies another simulation tool—TRNSYS (SEL|
2020)—to predict the performance of community-scale energy conversion, storage, and distribution
systems. A de-coupled approach was employed in this work wherein ESP-r’s building-level annual
results are passed as boundary conditions to TRNSYS. Figure [2] illustrates the flow of data to model

the retrofit community buildings and energy systems.
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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,
solar PV, district heating, central thermal storage, and microturbine cogeneration. The following
subsection details how solar PV systems are treated in the CHREM. Since the other community

energy technologies are not considered in the case study reported in Section [7] the interested reader is

referred to (2018)) for details on these.

6.1. Photovoltaic System Modelling

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

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

equivalent resistor, diode, current source circuit. The parameters of the circuit components are de-
termined using typically available manufacturer performance data and the model has been validated
against annual measured data at a five-minute temporal resolution.

All PV panels are assumed to be equipped with maximum power point (MPP), and connected
to DC/AC converters. Rather than explicitly model the performance of the inverters, a constant

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

detailed modelling was performed (Wills et al.l 2016). An algorithm was implemented in CHREM

which estimates the available roof area and maximum number of solar collector panels that can be
mounted of the roof of CHREM models. The algorithm scans the ESP-r model geometry and identifies
eligible surfaces for mounting PV. An eligible surface is any inclined roof surface facing east through
south to WestEl Given the lack of geometric detail in the CSDDRD, CHREM models are limited to
three simplified roof geometries: flat, hip, and gable. The latter two are illustrated in Figure ??. To

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

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

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 used

by an external tool to model solar collector performance.

7. Case Study

A hypothetical existing community in Toronto composed of 50 dwellings is used to demonstrate
the retrofit modelling approach described in the previous sections. All 50 dwellings were constructed
between 1981 and 1990 and were randomly selected from the CSDDRD. All have a full basement, a
sloped roof, gas-fired space heating, and gas-fired DHW heating. The general characteristics of the

case study community are provided in Table [2|

Table 2: General characteristics of the case study community

Community Characteristic Range
Mean heated floor area* [m?/dwelling] 301
Mean ceiling RSI [m?-K/W] 5.17
Mean main wall RSI [m?-K/W] 2.39
Mean foundation RSI [m2-K/W] 1.81
Mean window U-value [W/m? K] 2.15
Mean ACHsq 4.55
Roof type Hip/Gable

* CHREM assumes full basements are heated.

** Averages were tabulated per dwelling or glazing surface.

7.1. Base Case Performance

Annual simulations were conducted with the CHREM using a five minute timestep, using typical
meteorological year (TMY) weather data. The energy consumption of the community is expressed
here as energy-use intensity (EUI), that is, normalized to the heated floor area. The EUI considers
all secondary energy consumption at the building site over the year. The EUI for the base case was
determined to be 528 MJ/m?/yr. Using the methods described in Section the annual GHG
emissions due to natural gas and electrical consumption are 22.8 and 3.3 kg COg./m? /yr, respectively.
The proportions of energy use by end-use is provided in Figure [3|to identify the what energy consump-
tion pathways need to be targeted for retrofit. As can be seen, space heating is the dominant energy

demand for the community.
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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 total

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

3%

ventilation to total energy in Figure [3|is negligible.

Figure [ plots the monthly community energy demands. This figure clearly illustrates that the
majority of the community’s energy demands occur during the winter. This figure also illustrates the
monthly solar resource, as determined by the integrated solar irradiance incident upon a horizontal
surface. The seasonal temporal mismatch between the solar energy resource and the community’s

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

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

It can be seen in Figure[d] that solar availability is temporally mismatched with the energy demands

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

heating months.

7.2. Renewable Energy Options

Two renewable energy options are considered in this case study: solar PV and GSHP systems. Wind
is another renewable energy option; however, it was not considered in this work because there are many
technical and regulatory challenges associated with deploying wind turbines in an urban/suburban
setting. Retrofit district heating systems were also not considered in this study. Such systems are
feasible, but are not as broadly applicable since they typically require available land in or near the
existing community to house the central system. Other challenges include trenching and installation
of piping within the existing community.

Typical 250 W poly-crystalline solar panels were assumed for the retrofit PV system. The panel
efficiency was taken to be 15.5% at standard testing conditions. Using the bin-packing algorithm,
described in Section [6.1] it was determined that a maximum of 2216 PV panels could be installed in
the community. This yields a rated capacity of 554 kW. All panels are assumed to be grid-tied and able
to supply electricity to all buildings in the community. Surplus generation is assumed to be exported
to other customers on the grid.

Retrofit GSHP space heating systems were assumed to have a COP of 3.0 (which is considered
conservative). All systems retrofit in the community are modelled as having a 7.5 kW heating capacity,
based on the default capacity in CHREM (Swan) 2010). A back-up electric furnace is also modelled
with the retrofit with a capacity determined as the difference between the reported dwelling heating
capacity in the CSDDRD and 7.5 kW. The thermal efficiency was assumed to be 100% which is typical
for an electrically heated system. The retrofit ground heat exchanger was modelled as vertical closed-
loop boreholes. The heat exchanger parameters were assumed from the system described by Kummert
& Bernier| (2008]). Inclusion of GSHP systems in this case study was predicated on the assumption

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

7.3. Energy Performance of Retrofitted Community

The new algorithms implemented in CHREM were used to determine retrofit options for exterior
wall insulation, ceiling insulation, foundation wall insulation, and windows for each of the community’s
dwellings. The envelope retrofit values applied are summarized in Table[d] These exceed the minimum
requirements in the 2015 National Building Code (CCBFC, [2015) for Toronto, but are consistent
with those for colder regions of the country. Using the methods described in Section CHREM
determined that the mean AAC Hpyo decreased by 44% due to these thermal envelope improvements.
Triple-glazed low-e argon filled windows are also included in the retrofits, modelled using the algorithm

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

Retrofit measure Value
Retrofit ceiling RSI [m?-K/W] 10.57
Retrofit main wall RSI [m?-K/W]| 5.46
Retrofit basement RSI [m?2-K/W] 3.52
Retrofit windows U-value [W/m?-K]  0.99
Mean ACHsyg 2.55

In this case study, all of the houses’ space heating systems were retrofitted with GSHP systems
that were described in Section and all DHW systems were retrofitted with heat pump hot water
systems that were described in Section and Therefore, all community space heating and DHW
fuel is switched from natural gas to electricity. This was done to exploit the higher efficiencies of those
systems and enable on-site electrical generation to be used directly for those end-uses. Per Section [5.3
HRVs were also retrofitted.

The CHREM simulations predicted that the combined impact of these envelope, space heating, and
DHW system retrofits would reduce the community’s EUI by 69%, to 165 MJ/m?/yr. It is important
to emphasize that these simulations considered all thermal interactions between these measures. For
example, the retrofit of heat pump DHW systems resulted in significant energy savings for the heating
of hot water, but this increased the aggregated space heating load of the community by 7% (see Section
5.4)). The simulations determined that the annually averaged and community averaged COP of the
GSHPs was 2.4 and that of the heat pump DHW systems was 2.6.

This means that in order to achieve site net-zero (see Section [2)) the annual generation of the solar
PV system must produce at least 165 MJ/m? of heated floor area. As mentioned in Section [7.2] the
CHREM determined that 554 kW of PV panels could be installed in the community. The simulation
determined that this system could produce slightly more than required to achieve site net-zero. These
results are summarized in Table [d] Note that despite replacing all gas-fired space heating and DHW
heating equipment, there remains some gas consumption because some of the dwellings use this fuel
for stoves and clothes dryers.

The annual flow of metered electrical energy in the net-zero retrofit community is illustrated in
Figure[5] From this, it can be seen that the community must rely on considerable imports and exports
from the electrical grid. Indeed, as seen in the results presented in Table [4] the annual imports have
increased from the base case.

Finally, Figure [f] plots the individual retrofitted dwelling net-zero energy balances. This was cal-
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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 [M.J/m? /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/m? /yr]

Electricity 0 103

Annual net-zero energy balance [MJ/m? /yr]
-529 -1

Inverter Losses: 130 GJ

Grid Export: 1,550 GJ
PV:2,608 GJ

Site Demand: 2,475 GJ
Grid Import: 1,547 GJ

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

It can be seen that the community contains net-generator and net-consuming dwellings. By extending
the net-zero balancing boundary to encompass the entire community the popuation at large achieves
net-zero, even though individual dwellings within the community do not achieve net-zero. This high-
lights the benefit of net-zero at a community-scale. Constraints on available roof area of some dwellings
can be offset by neighboring dwellings that have an excess of available roof area or are better oriented

for solar collection.
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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 Community

Table [5| summarizes the load matching and grid interaction performance for the community using
the metrics defined in Section 2.1.1} The values of f;. and f. are very similar because the community
is very close to the site net-zero balance point (they are equal when annual demand and generation
match, as can be seen by inspecting Equations |2 and . Both are approximately 37%, which indicates
that the grid must be relied upon to supply close to two-thirds of the demands and to accept close to

two-thirds of the PV generation.

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

Base case Net-zero retrofit

fse [] N/A 37.4
Jie (%] 0 37.5
LOLP, %] 100 69.9
GM [-] 0 2.38
forid,i ] 0.127 0.262

Even if it were possible to install additional PV panels, the value of f;. could not be substantially
increased. This is due to diurnal and seasonal temporal mismatches between demand and supply
that can be seen in Figures [ and [7] This situation could only be improved through the addition of
short-term and/or long-term energy storage within the community.

The LOLP, given in Table [5| means that the PV system is unable to “fully” cover the electrical
demands of the community for about 70% of the year. The GM value indicates that the peak electrical
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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 electrical
demand. The grid interaction index, fgria,i, is shown to approximately double when the community is
retrofit for net-zero. This means that there are greater fluctuations of demand on the electrical system

which can potentially create challenges for grid operators.

7.5. GHG Emissions of Retrofitted Community

Table [6] summarizes the annual GHG emissions performance of the net-zero community. Imported
electricity emissions are calculated using the annual average EIF and emissions offsets due to renewable
export are determined using the marginal EIF, as explained in Section Since both space heating
and DHW systems are switched from natural gas to electric, the annual emissions from natural gas
imports in the retrofit community are negligible. Annual import of electricity increases however, as
shown in Table [4] This increases emissions due to electrical import by 22%.

As can be seen from this table, the total GHG emissions due to energy imports have been reduced
by 95%. Since the electricity exports from the community are assumed to offset marginal production on
the electrical grid, the retrofitted community actually has negative GHG emissions, meaning that the

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

7.6. Occupant Comfort of Retrofitted Community

The comfort of occupants in each space within each dwelling was assessed using the methods
outlined in Section This led to an estimate of the fraction of time that occupants would feel too
cold or too hot. These calculations were performed for both the base case and retrofitted communities

and for PPD values of 10% and 20%. These results are summarized in Table
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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 COge/m? /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 COs./m? /yr]
0 13.0

Net annual emissions [kg COge/m? /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%
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%.
Of the 50 dwellings in the community, 45 have space cooling systems that are present in both base case
and retrofit scenarios. Therefore, community overheating is not expected to increase significantly due
to envelope retrofits. However, greater discomfort was predicted for the five dwellings without space

cooling systems.

8. Discussion and Conclusion

This paper described a modelling methodology for assessing community-scale retrofit design al-
ternates for converting existing communities to net-zero. The approach uses a bottom-up modelling
technique which enables both simulation of new and innovative technologies, as well as high-fidelity
model output. The underlying existing building stock model CHREM has been previously validated
to be representative of the existing Canadian residential stock. The simulation outputs include sub-

hourly energy demands by community end-use, equipment efficiencies, and indoor temperatures. The
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disaggregation and temporal distribution of energy consumption for existing communities is shown
in this paper to be beneficial for identifying areas to target for retrofit, and selection of renewable
resources. The high temporal resolution of the model also enables consideration of grid impacts for
various retrofit scenarios, assessment of emissions due to energy import, and impacts on occupant com-
fort from envelope retrofits. Such detailed models are required for community-scale retrofit projects
because there are several stakeholders involved. Each have their own set of priorities, and the model
should reasonably capture the performance indicators of those priorities.

In order to assess net-zero retrofit performance, there needs to be a clear definition of net-zero. This
paper highlighted that despite the popularity of net-zero in policy and research, there is a persistent
lack of formal definition. There are multiple proposed formalized definitions in the literature, some
of which were reviewed here. A generic and extensible expression for calculating the net-zero energy
balance of a building or community was presented. The most widely-used definition is site net-zero,
due to its simplicity and ease of measurement in practice. This definition was also adopted for the
case study presented in this paper. But it is important to note that the chosen definition and method
of calculation of the net-zero metric can have a significant impact upon the final design of the system.
The modelling methodology proposed in this paper provides the framework for which this could be
investigated further.

The case study used the new algorithms implemented in CHREM to assess the performance of
net-zero retrofit applied to a community of 50 single-detached dwellings located in Toronto. This case
study served to demonstrate the capabilities of the model, and also provide some interesting insights
into net-zero as an energy target. At near saturation of the roof area with PV, significant envelope,
HVAC, and DHW retrofits are required to meet the net-zero target as there is no more room for solar
generation. An alternate approach may be to extend the balancing boundary to encompass an outside
wind farm. Achieving net-zero retrofit is shown in the case study to significantly decrease annual
energy consumption and GHG emissions in the community. The energy imported by the community
annually was reduced by 80% and the associated GHG emissions reduced by 95%. The case study
also highlight the benefit of extending net-zero to the community-scale; buildings that did not achieve
net-zero at the individual building-scale were balanced out at the community-level by neighboring
buildings that had more available roof area and/or lower energy consumption intensity.

The case study also illustrates some of the potential challenges associated with achieving net-zero.
The retrofit community doubled its variability in electric load demand compared to the base case. Both
the seasonal and diurnal mismatches between supply and demand were significant. As such, it might
be technically infeasible to an electricity utility to service such a community in the absence for local
seasonal energy storage to bridge the gap. Such limitations and challenges are important to highlight,

since net-zero is often viewed as adding sufficient PV until a balance is made. This result stresses the
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importance of making major retrofits to building envelopes and upgrades to energy conversion and
distribution systems in any net-zero community beyond simply adding more PV.

Finally, the case study touched on the impacts of net-zero retrofit on comfort. The majority of the
existing community (90%) had an existing cooling system which helped mitigate increases in cooling
load due to thermal envelope upgrades at the expense of increased cooling energy consumption. It
was shown for the five dwellings with no cooling system experienced a notable increase in occupant
discomfort due to overheating. Since sub-hourly temperatures are simulated for the occupied zones, it
is possible to further investigate over-heating due to retrofits and explore different methodologies that
may be employed to mitigate those impacts.

Future work needs to explore how the definition of net-zero can influence optimal retrofit solutions
and assess the unintended consequences of these alterations in terms of grid stability, economics,
emissions, and comfort. The methods used to calculate EIFs should also be the focus of future work,
as these have an important impact on the calculation of emissions offsets from exported electricity.
It is known that many electrical systems use a mix of different generators to meet the varying loads
of buildings. As different generators come on-line, the EIF associated with importing electricity will
also change. Finally, district energy systems were not considered in the case study. Such systems can
offer several economic and techincal benefits, and future work needs to explore and evaluate retrofits

of such systems within the existing building stock.
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