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Abstract

Whole-building model optimizations have been performed for a single-detached house in
5 locations with varying climates, electricity emissions factors, and energy costs. The multi-
objective optimizations determine the life-cycle cost vs. operational greenhouse gas emissions
Pareto front to discover the 30-year life-cycle least-cost building design heated 1) with natural gas,
and 2) electrically using a) central air-source heat pump, b) ductless mini-split heat pump c)
ground-source heat pump, and d) electric baseboard, accounting for both initial and operational
energy-related costs. A net-zero carbon design with grid-tied photovoltaics is also optimized.
Results indicate that heating system type influences the optimal enclosure design, and that neither
building total energy use, nor space heating demand correspond to GHG emissions across heating
system types. In each location, at least one type of all-electric design has a lower life-cycle cost
than the optimized gas-heated model, and such designs can mitigate the majority of operational

GHG emissions from new housing in locations with a low carbon intensity electricity supply.
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1. Introduction and Objectives

Single-detached, single-family housing accounts for 53.6% (Statistics Canada, 2017) of
dwellings in Canada and 35% of residential new construction (CMHC, 2018). Energy consumption
by residential buildings accounts for approximately 17% of Canada’s secondary energy use and
14% of annual greenhouse gas (GHG) emissions from secondary energy (NRCan, 2016). These
emissions are generated both during the off-site generation of electricity using fossils fuels, as well
as through direct on-site combustion of fossil fuels for space and domestic hot water (DHW)
heating. As of 2013, of the annual energy consumption from the national housing stock,
approximately 63% was used for space heating, and 19% for DHW, resulting in 83% of energy
being used for the provision of heat. Furthermore, most of that heat is currently being provided
through the combustion of fossil fuels including propane, heating oil, and primarily natural gas
(NRCan, 2016). This, plus the fact that 80% of Canadians live in dwellings connected to a
relatively clean electric grid (an annual average emissions factor of 50 g CO2e/kWh or less),
indicates that the majority of GHG emissions from the residential sector are due to the on-site
combustion of fossil fuels for heat (ECCC, 2018).

To reduce GHG emissions from the residential sector, building energy standards have
tended to become more stringent over time. In addition to reducing environmental impact,
standards are also designed with consideration toward reducing energy utility bills for the
homeowner, without excessively increasing the initial cost of the home. As such, the National
Building Code of Canada (NBC), Section 9.36, prescribes minimum levels of performance for
specific building enclosure components, to control annual space heating demand (affecting utility
bills), and peak heating load (affecting mechanical system size, and peak electrical load if electric).
For the same reasons, it also specifies minimum efficiencies for: heating systems by type, heat
recovery ventilators (HRV), DHW heaters and storage tanks, and air-conditioners.

Other housing standards, both mandatory and voluntary (OBC SB-12, R-2000, PH,
PHIUS+), have important variations in approach, including: performance-based caps on space
heating demand intensity (SHDI), total energy use intensity (EUI), peak heating/cooling loads, and
heating system-specific building enclosure specifications. However, all standards share the
commonality of not directly specifying heating system type, or GHG intensity. That is, there is no
direct acknowledgement of the emissions (and life-cycle cost) relationship between electricity EF,

electrified heating costs and performance, and building enclosure thermal performance.
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Exceptions to this include some recent aspirational “step” codes designed to impose a GHGI limit
that will be reduced to 0 by 2030 (Architecture 2030 Zero-Net Carbon, CaGBC Zero Carbon
Buildings, Toronto Green Standard v3, etc.).

Traditionally common low-emitting alternatives to natural gas/oil furnaces, boilers, and
water heaters include: wood-fired stoves furnaces, and electric resistance baseboard heaters and
water heaters (where electricity is clean). However, the relatively high cost of electricity per unit
energy usually renders electric resistance heating economically punitive, and the inconvenience
and air pollution associated with wood stoves and furnaces renders this option undesirable and

impractical in suburban and urban environments.

Other, as-yet less popular, alternatives include district heating systems derived from
biomass, solar thermal hot water heaters, and electrically-driven heat pumps, either air-source or
ground-source. In the case of ground source heat pumps, the operational cost of heat can be less
than that for natural gas boilers and furnaces (due to their high coefficient of performance), but the
initial capital investment is greater due to the necessity of drilling boreholes and installing ground-
loop heat exchangers. Air-source heat pumps, on the other hand, require a lower capital investment
but have historically had a higher annual operational cost, especially in cold climates where the

coefficient of performance is reduced.

The replacement of natural gas-derived heat with electric heat pumps represents a potential
solution for the transition toward affordable, sustainable heat provision, and more generally, the
sustainable consumption of energy. This approach is predicated on the fact that electricity must be
generated from low and non-emitting sources (sustainable energy production). However, for zero
emissions buildings standards to gain public and industry acceptance and become mandatory, it is
necessary that practical design approaches be proposed that do not represent a substantial increase

in initial or operational cost over the existing norm, and that they are practicably scalable.

1.1 Objectives

This study investigates the emissions and cost implications of the electrification of heating
relative to a code-compliant, natural gas heated reference, in five Canadian cities, with a range of
natural gas and electricity prices, electricity emissions factors (EF), climates, and local
construction costs. Several all-electric space heating and DHW system configurations are

investigated to determine the ideal system for each location.
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Rather than simply compare the operational cost of heat from different technologies and
energy sources, or life-cycle costs of each system (initial + operational), this study approaches the
issue as a whole-building optimization problem. The multi-objective optimization is intended to
determine the relationship between life-cycle cost and operational GHG emissions for each heating

system type in each location.

1. Primary Objective: Determine the life cycle least-cost electric and zero-carbon building
designs (and associated costs and GHG emissions) based on fundamental economics
(without subsidies or a carbon price), building physics, and the best available heating
technologies.

2. Secondary Objectives:

a. Determine the relationship between heating system type/efficiency, and the optimal
enclosure design (i.e., SHDI), and

b. Determine the relationships (if any) between the common performance metrics in
energy standards (SHDI and EUI), and the metrics of primary concern to the

homebuyer/ratepayer, and society (GHGI and LCC).
1.2 Units of Measurement

The North American construction and HVAC industries are dominated by professional
associations, rating agencies, and manufacturers based in the U.S. Additionally, the legacy of
British IP units (similar to US units) continues to survive informally in Canada. As such, US units
are commonly used in Canada for some units of measurement, yet not others. Canada officially
uses Sl units, which are therefore used in this study. US units have also been included where they
are the common unit of measurement in the industry. Furthermore, the primary software used,
BEopt, operates only in US units. US units may therefore appear not strictly as values, but as labels
for building parameter input/output options, such as an “R-21 wall assembly.” In a few cases,
results are only presented in US units, like where it is necessary to represent both the nominal
value, and the effective value, but where there is insufficient space in a table to represent both
values in both US and Sl units (1 RSI = 5.678 R-value).

In addition to measurement systems, there are conventions for units of energy depending
on energy type. This study deals with three forms of energy: electrical, thermal, and chemical.
Within the SI system, electricity is typically represented in kilowatt-hours (kWh), heat in Joules



(3), and natural gas in either Joules or cubic meters of natural gas (1 GJ = 26.31 m®nat.gas). Despite
such convention, it is sometimes necessary to make comparisons between all three energy forms,

and in such cases kWh is used, as it is especially convenient in the case of all-electric buildings.



2 Literature Review

2.1 Canada’s Residential Buildings Sector

This study is limited to Canada’s single-family, single-detached, new construction housing
subsector. The rationale for this decision is discussed further in Chapter 3. As shown in , with
53.6% of Canada’s total existing housing stock, single-detached houses represent largest segment
of Canada’s 14.1 million dwellings (Statistics Canada, 2017). Additionally, 70.8% of dwellings
are in a building typically described as a “house,” including, semi-detached, row houses, and
apartments in a duplex (i.e., stacked units in a house), but not including low-rise apartment
buildings. Unlike apartment buildings, such dwellings typically have decentralized, unitary
mechanical systems, similar to single-detached houses. It should be recognized that substantial

regional and urban/suburban/rural differences exist.
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Figure 2-1 Canada's Housing Stock Breakdown (2016 Census) (Statistics Canada, 2017)

The breakdown of dwelling type for new housing starts is somewhat different, with single-
detached dwellings showing a recent downward trend, representing 35% of the market. This
nevertheless represented 76,843 new single-detached construction starts in 2017 (Figure 2-2). The
median single-detached house price was $ 575,000, although there is substantial variation within
and between provinces (Figure 2-3).
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2.2 Energy and GHG Emissions from Canada’s Housing

This study addresses only operational GHG emissions associated with energy
consumption, and not embodied energy/carbon in the building materials and equipment.
Operational energy includes direct emissions — onsite combustion of fuels for heat — and indirect
emission — offsite combustion of fuels for electricity generation.

All data in this section, unless otherwise noted, is for the year 2015 from Natural Resources
Canada’s Office of Energy Efficiency energy use data handbook tables (NRCan, 2017), and from
Environment and Climate Change Canada’s National Inventory Report, Part 3 (NIR, 2018).

GHG Emissions from the building sector (commercial, institutional, residential, but not
industrial), accounted for 15.5% of Canada’s total of 714 Mt, and the residential subsector
accounted for 9.16%. Emissions for single-detached housing energy use in turn accounts for 70%
of that, representing 6.39% of the total (Figure 2-4). The buildings share of emissions can vary
greatly by region, especially depending on the level of activity in heavy industry, mining, and oil
and gas. For example, The City of Toronto has calculated that buildings account for 53% of the

city’s total emissions (Toronto, 2017).
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Figure 2-4 Building emissions with residential breakdown, 2015 (blue=direct emissions,
orange=indirect; Single=single-detached)



Nationally, non-electricity (direct) emissions represent 68.6% of emissions from single-
detached houses (31.3 Mt, or 4.38% of Canada’s total emissions). These emissions are almost
entirely from the combustion of natural gas, heating oil, and wood for the provision of space and
DHW heating. Figure 2-5 and Figure 2-6 provide a breakdown of energy use and emissions by

fuel type and end use, respectively, for the single-detached housing stock.
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Figure 2-5 GHG emissions and energy use breakdown by fuel type for single detached housing stock
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Figure 2-6 GHG emissions and energy use breakdown by end-use for single detached housing stock

It is important to recognize that these breakdowns represent the aggregate single-detached
housing stock, and may vary substantially by location and building, especially if the electricity EF
is low, if heating is supplied by electricity, or if the building has a high-performance thermal
envelope. In the period from 1990 — 2013 substantial population growth, and reduced occupancy
per household, more than compensated for efficiency improvements in building enclosure,
equipment, appliance, and lighting during that period, resulting in a 6.5% increase in energy use
by the residential sector. However, cleaner energy sources such as a transition from heating oil to



natural gas and electricity, as well as reductions in the electricity EF, led to a 9% reduction in GHG
emissions over the same period (NRCan, 2016). For Canada to achieve its GHG reductions targets,
it is commonly acknowledged that emissions reductions from the residential sector will have to
occur much more rapidly (ECCC, 2016).

2.2.1 Heating Energy Use

From Figure 2-6 it can be seen that space and water heating account for 65% and 17% of
single-detached energy use respectively (note that these values refer to purchased energy
consumption, as opposed to thermal energy demand, which cannot be known without knowing the
average energy conversion efficiency of space and DHW heating systems). 82% of energy is
consumed for the provision of heat, resulting in 85% of emissions, and is therefore a potential
candidate for improved thermal efficiency and/or switching to cleaner energy sources. Table 2-1
indicates key metrics for the existing residential housing sector and single-detached subsector,

including heating system input energy.

Table 2-1 Energy and GHG intensities of existing housing stock (NRCan, 2017)

Intensity (annual) All Residential Single-Detached
Total EUI (kWh/m?) 212 228

Space Heating Input (kWh/m?) 132 149
GHGI (kg CO2e/m?) 323 34.8

Heating energy for single-detached houses represents 73% of all residential heating energy,
and although single-detached dwellings are slightly less efficient by floor area, performance is
roughly similar to the parent sector. This is relevant because the following data on heating fuel use
and heating system type are for the residential sector (detailed data is not available for single-
detached specifically). Figure 2-7 shows the energy use breakdown by purchased energy type for
space and DHW heating, indicating that natural gas accounts for half of space heating input energy,
and roughly two thirds of DHW energy.
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Figure 2-7 Purchased energy use breakdown for heating — existing residential stock

NRCan does not directly release thermal energy demand data, which differs more from
heating system input energy the more the heating system energy conversion ratio (efficiency)
deviates from 1:1. Electric heating efficiency is nearly 1:1 (although there can be substantial heat
loss in older DHW tanks), and high efficiency natural gas furnaces and boilers can be greater than
90% efficient. As heat pumps become adopted more widely, it will become increasingly important
to clearly make this distinction, as the coefficient of performance (COP) can range from 2-5 for
these technologies (i.e., a 200-500% electrical energy to thermal energy conversion efficiency). In
addition to heating system design and fuel use estimation, the SHDI metric is of interest as a proxy
measure for the overall thermal performance of the building enclosure, including: envelope
thermal resistance; window performance, orientation and area; air barrier system performance; and
HRV thermal efficiency (it is also affected by building function and occupant density, in terms of

internal heat gains).

2.2.2 Heating System Type

49.6% of water heaters in the existing residential stock are electric, while 46.2% are natural
gas. Figure 2-8 shows how the stock of space heating systems has changed since 1990. The clearest
trend is the increase in efficiency of natural gas and heating oil furnaces/boilers. Natural gas is the
most common heating type at 46.8%, with electric at 29.1%. Although heat pumps only account
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for 5% of stock (as of 2015), they represent the fastest growing share by system type, with a 210%

increase in absolute quantity since 1990.
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Figure 2-8 Residential space heating system stock by system type

2.2.3 Electricity Emissions Factor (EF)

Focusing on national average figures poses the risk of missing important regional variation,
and this is especially true in the case of the provincial electricity generation mix and associated
GHG emissions. The most recent, non-preliminary EFs are for 2015, from the 2018 ECCC NIR
Part 3, Annex 13. These values are similar to 2016 preliminary values and are not expected to have
deviated substantially in the interim.

Figure 2-9 shows the large variance in the electricity EF (i.e., carbon intensity) by province.
Although there is electricity trading between provinces, as well as with the U.S., Canada’s
provincial grids are largely isolated systems (New Brunswick and P.E.l. are an exception). Of
interest is that 80% of Canadians live in buildings connected to relatively “clean” electricity with
an EF <50 g CO2e/kWh, including the three most populous provinces. By comparison, a grid with
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primarily coal generation, such as that of Alberta, has an EF of nineteen times that value. This has
important implications for the relative environmental value of electricity efficiency measures, as

well as the electrification of heating in different regions.
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Figure 2-9 Electricity annual average emissions factors (EF) by province, 2015 [Bubble area indicates
population. Electricity data from: (NIR, 2018)]

Note that EFs presented are annual average values for the given provincial grid, and that
actual indirect emissions from a given building can vary depending on its specific temporal load
profile (diurnal and seasonal). The hourly EF varies substantially in some provinces, such as
Ontario where the baseload is provided primarily with non-emitting nuclear and hydro, and peak
load is satisfied in large part with natural gas.

The most significant change to any province’s generation mix in the last decade has been

the coal phase-out in Ontario which resulted in a decrease in electricity EF of 86% between 2005
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and 2014. The Federal government’s plans to phase-out coal generation in all provinces by 2030
will have the most profound impact on the EF of Alberta, Saskatchewan, and Nova Scotia.

In 2015, Cubi et al. conducted a building simulation-based study in which they compared
the two indirect emissions accounting techniques—one using the hourly EF (which they denote as
Cl) and one using the simpler, annual average EF—as well as a third, novel method of their
devising (Cubi, Doluweera, & Bergerson, 2015). They conducted the study using a TRNSYS
model by comparing the relative GHG savings of 5 energy conservation measures (ECM),
including the use of a heat pump, and the addition of photovoltaics (PV). They repeated the study
6 times for an office building and residential building using hourly GHG data for 2011 and 2013
in Alberta and Ontario. They identify the two existing indirect GHG accounting methods for
buildings as:

Annual average EF:

Annual Indirect GHG cyrrene = Annual Electricity Use X EFyyq (2-1)
Hourly EF:
yr
Annual Indirect GHGpoyry = f Electricity Use; X EF; dt (2-2)
0
Where:

t = time step in hours, and

EF; =hourly emission factor (variables have been renamed to remain consistent with

this document).

The hourly EF method is more accurate, as it represents the actual carbon intensity of
electricity for that hour, calculated as:

B Total Grid GHG,
" Total Energy Generation,

EF, (2-3)

However, they identified that for some grids (such as Alberta in 2011) that generate
baseload using coal, and meet peak load using relatively cleaner natural gas, the hourly EF is
negatively correlated to total grid demand. This creates a perverse incentive for building designers
and operators to consume more electricity during periods of high demand to reduce GHG
emissions. Despite the EF being lower, total grid emissions are higher during high demand, as are

electricity wholesale prices. The transmissions and distribution system and some generators are
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also much less energy efficient during peak demand. To deter the increase in total peak demand
on the grid, Cubi et al. developed a third method for measuring indirect building emissions using:

Total Grid GHG;
Total Grid GHGannual hourly average

Carbon Emissions Factory = CEF, = (2-4)

Where:
CEF; = dimensionless factor calculated for every hour

The CEF is always positively correlated to total demand, regardless of the grid generation

mix. Using this method, indirect building emissions are calculated as:

yr
Annual Indirect GHGcgr = f Electricity Use, X EF,,q X CEF, dt (2-5)
0

While this method may serve to prevent increased demand during peak times, it does not
necessarily estimate GHG emissions accurately. If accurate emissions accounting is the sole
purpose of the choice of method, then the hourly EF method is ideal (labelled the “CI” method in
Cubi et al.). If combined with existing financial incentives, such as time-of-use pricing based on
free market supply and demand, the hourly EF method will not necessarily encourage peak demand
usage. The inaccuracy of the novel CEF method is especially problematic in the context of a carbon
price, since it will both improperly charge for real emissions, as well as double-charge ratepayers
during peak demand if combined with time-of-use pricing. Furthermore, although less accurate,
the simpler average EF method does not result in the perverse peak demand usage incentive about
which Cubi et al. are concerned.

Assessing both the hourly EF and the CEF methods, Cubi et al. find that “The GHG savings
in the building variants that combine heat pumps with PV are dominated by the heat pump
contribution in Ontario and by the PV contribution in Alberta.” They also compare the GHG
estimates using the two hourly methods to the existing industry convention, the average EF
method. Results show that GHG emissions using the hourly EF method deviated no more than
12% from the average EF method, for 35 of the 36 building variants modeled across both
electricity grids. As hourly EFs are not available for all provincial grids analyzed in this study,

average EF is used.

14



2.3 Housing Energy and Emissions Standards

Building energy standards typically regulate the design and construction quality of new

buildings in one of two ways:

e Prescriptive Compliance

e Performance Compliance

The more traditional-style standard is the prescriptive compliance method which specifies
minimum performance for individual components, such as insulation R-values, window U-values,
mechanical equipment efficiencies, etc. They may or may not mandate the use of certain
technologies, such as heat recovery ventilators (HRV). They can also contain flexibility in the form
of “trade-off compliance” allowances, in which a non-compliant component is compensated for
by a higher performance component elsewhere (such as in NBC 9.36).

Energy standards can be developed by government agencies (such as the NRC or NRCan)
or industry groups (such as ASHRAE or PHIUS). A standard is not mandatory until it is officially
adopted by government and integrated into the building code, which is legally enforced. The
energy standard forms a specific part of the code, but there can also be requirements elsewhere in
the code that have important impacts on energy performance. For example, in Canada’s NBC Part
9 Housing and Small Buildings, energy prescriptions are found in Section 9.36 — Energy Efficiency,
but there are also construction specifications for the envelope air barrier system in Section 9.25 —
Heat Transfer, Air Leakage, and Condensation Control, which exist primarily to ensure envelope
durability, and prevent mold growth due to moisture accumulation in the assembly. Standards also
often cross-reference other more targeted standards, such as ASHRAE 62.2 or CSA F-326 for
ventilation system design.

There are standards developed by multiple levels of government, some of which are code
(legally binding), and some are not. In Canada, federal standards are developed as models for the
provinces to adopt as code (NRC, 2018). This can be misleading as the NRC labels these model
standards as codes: National Fire Code of Canada; National Plumbing Code of Canada; National
Energy Code for Buildings (NECB). For low-rise residential buildings, these codes are covered by
NBC Part 9, where 9.36 is the equivalent of the NECB. Provincial governments are free to adopt
these standards, modify them, or develop their own standard (Table 2-2). There are also codes at

the municipal level, such as the Toronto Green Standard, which has more stringent specifications
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in some respects, and overlaps the provincial code, the Ontario Building Code (OBC). The TGS,
however, does not apply to low-rise residential buildings with fewer than 5 units, therefore the
only legally enforced building energy code for new single-detached houses in Toronto is the OBC
Supplementary Standard SB-12 Energy Efficiency for Housing (Toronto, 2018).

Table 2-2 National Building Code adoption by Province (NRC, 2018)

NBC 2010 | NBC Revision | NBC 2015
2012 (9.36)
Yukon* v
NWT* v
Nunavut*
British Columbia**
Alberta**
Saskatchewan*
Manitoba*
Ontario***
Quebec**
New Brunswick*
P.E.LL*
Nova Scotia* v
Newfoundland* v

ANERSRYRYRYAN

\

* Provinces and territories that adopt or adapt the national model codes

** Provinces that publish their own building codes that are “substantially the same as the national models with
variations that are primarily additions”

*** Publishes its own building code “based on the national models, but with significant variations in content and
scope”

The advent of building energy modelling and simulation software has resulted in an
increase in the prevalence of performance compliance options. For this method a building design
is modeled, and its energy performance is simulated in the proposed location, to “prove” that the
building will meet a minimum level of performance. Standards often provide the option between
prescriptive compliance and performance compliance. Additionally, performance compliance
options sometimes include some specific prescriptions, such as minimum heating system
efficiencies, or maximum air leakage rates, which are required to be tested and verified during
construction (OBC SB-12, PHIUS+).

There are two different approaches to performance compliance: better than reference, and
absolute performance targets. In the better than reference approach, a reference building design is
prescribed by the standard, in a similar way as is done in the prescriptive compliance method. This

reference building must be modeled (based on the proposed building geometry) to determine its
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performance (either SHDI, or EUI, or both). A proposed building must then meet or exceed the
energy performance of this reference building but may do so with greater flexibility in the
performance of specific components. Conversely, absolute performance targets do not prescribe a
reference building, but rather set specific metrics (i.e., energy use ceilings), such as: SHDI, EUI
(site or source), GHGI, or peak heating/cooling load intensities. See Table 2-3 for a summary of
compliance options and performance metrics for a set of mandatory and voluntary housing energy
standards. Component prescriptions and energy performance targets are climate-specific for all
standards presented.

2.3.1 Performance Metrics

Building energy standards with performance-based metrics typically denominate energy
use intensity by floor area. The average floor space for existing single-detached houses in 2015
was 159 m? (1709 ft?), an increase of 15.8% since 1990 (Office of Energy Efficiency, 2017).
Occupancy also plays an important role in energy use, including plug loads, large appliances,
DHW usage, and the effect of internal heat gains on SHDI from these uses, as well as from the
occupants themselves. O’brien et al. show that, while energy efficiency and the GHG intensity of
energy sources for housing have decreased in the 1990-2013 period, increased floor area per person
(due to the combined effects of larger houses and lower occupancy) has simultaneously increased
by 28% to 56 m?/person, offsetting much of the would-be GHG reductions (O'Brien, Gaetani,
Carlucci, Hoes, & Hensen, 2017). This review nonetheless is concerned mainly with the
conventional energy and emissions intensities by floor area.

SHDI is the most common performance target in the housing energy standards reviewed.
It is sometimes labelled “specific space heat demand” by PHIUS, and TEDI by the Toronto Green
Standard (TGS Guidelines, 2018) (PHIUS+, 2015). The TEDI label is a misnomer, as it does not
actually include thermal energy for space cooling or DHW. The term has been relabeled in this
report for clarity, as well as consistency with the other floor area-denominated intensity metrics.
It represents the amount of space heating required to be satisfied mechanically, after all internal
and solar heat gains have been accounted for. Thus, by holding occupancy, appliances, lighting,
control, and behavior fixed across designs, it is a useful way by which to quantify the thermal
performance of the building enclosure (in heating-dominant climates). The metric accounts for
heat loss by mass transfer of air through the envelope (infiltration/exfiltration), convective heat
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transfer between the envelope and indoor/outdoor air, conductive heat transfer through all
envelope components, and radiative heat transfer between the envelope (especially windows), and
interior/exterior objects. It also accounts for heat lost through mechanical ventilation, whether
exhaust-only, HRV, or ERV.

Importantly, it is independent of heating system type and efficiency. As a quantification of
the mechanical heating requirement, it also enables the simple calculation of operational heating
cost and GHG emissions for different heating system efficiencies/types and purchased energy
types for a specified enclosure design. In short, it is a simple and accurate way of isolating the
energy performance of the passive building enclosure from that of the active conditioning system.
The peak heating load (aka. design heating load/heat rate/thermal power) is another important
value defined by the building enclosure, and is especially relevant for heating system capacity
sizing, and peak electricity demand in the case of electric forms of heating. It is less relevant for
energy, energy cost, and GHG accounting. Table 2-3 shows that NBC 9.36 relative metric and the
R-2000 absolute metric is not SHDI, but space and DHW heating energy consumption, or input
purchased energy.

EUI is a measure of total annual purchased energy use intensity (aka. TEUI). Unless
otherwise defined, it refers to site energy demand. It is sometimes defined on a source energy basis
(U.S. DOE Net-Zero Energy Definition, PHIUS+), meaning the primary (offsite) energy used to
generate the secondary (onsite) energy, for example, the amount of natural gas chemical energy
required to generate a unit of electrical energy. The EUI metric is not useful unless accompanied
by additional information. This fact is best illustrated through example:

Example 1:

Two buildings with identical enclosures, and identical natural gas heating, and DHW

systems, have an EUI of 150 and 180 kWh/m?.

Example 2:

Two buildings have identical electricity demand and they have an EUI of 150 and 180
KWh/m?2.
Example 3:
A building’s natural gas furnace is replaced by an air-source heat pump and the EUI falls
from 200 to 140 kWh/m?. Nothing else has changed.
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Given that electricity and natural gas have different carbon intensities, as well as different
costs per unit energy, it is necessary to know what portion of EUI is for gas and what portion is
for electricity to determine the GHG reductions and total energy cost reduction. All the information
provided is necessary to determine that the energy savings are entirely for electricity in example
1, and for gas in example 2. In example 3, despite knowing a great deal, it is not possible to
calculate the GHG or energy cost savings, since the proportion of EUI for gas in the initial building
is not known. This example illustrates that energy use is merely an intermediate metric of concern
and does not always correlate to the primary metrics of interest for ratepayers, government, and
society. The one instance in which EUI is a useful metric is when comparing all-electric buildings,

in which it is a direct proxy for operational GHG emissions and energy cost.

Table 2-3 House energy standards compliance options and performance metrics

Standard Mandatory | Prescriptive | Performance Performance Metric(s)
Compliance Compliance (performance compliance option
only)
NBC 9.36 (2015) Reference HVAC and DHW energy consumption
v [9.36.5.2(2)]
OBC SB-12 (2017) Reference SHDI [3.1.2.1(6)] and EUI [3.1.2.1(7)]
v v
R-2000 (2012) Absolute* Heating (space and DHW) energy
consumption [6.1]
PHIUS+ (2015) Absolute SHDI, EUI (source energy), peak
heating/cooling load

* Value depends on space heating system type (fuel or electric only)

Sources: (PHIUS+, 2015) (R-2000, 2012) (OBC SB-12, 2016) (NBC 9.36, 2015)

GHGI is a more recently introduced metric by some standards and frameworks (Toronto,
2018) (CaGBC, 2016) (Architecture 2030, 2016). While the TGS v3 specifies GHGI, it still
contains a loophole allowing for OBC+15% energy performance, and as mentioned, is not at all
applicable to single-detached houses. A building energy code that enforces a GHGI would be the
first building code in Canada to directly address the different carbon intensities of different
purchased energy sources, and by proxy the effect of heating system fuel switching and/or

electrification on GHG emissions. GHGI is defined as (Toronto, 2018):
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2.3.2 Net Zero Energy

The National Institute of Building Sciences and the U.S. DOE, EERE report: A Common
Definition for Zero Energy Buildings is a clear and concise definition complete with energy
accounting examples for different types of site energy use (EERE, 2015). The report defines a
NZE building as follows: “An energy-efficient building where, on a source energy basis, the actual
annual delivered energy is less than or equal to the on-site renewable exported energy” (Figure
2-10). This definition does not address the issue of reliance on the grid for diurnal and seasonal
deficits of onsite renewable power production, where such a building effectively uses the electric
grid as a “battery” (Torcellini, Pless, Deru, & Crawley, 2006).
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ON-SITE Electricity
RENEWABLE EMERGY = Heating Energy
- = Cooling Energy
i — Fuels
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1. The dashed lines represent energy transfer within the boundary
2. The sclid lines represent energy transfer entering/leaving the boundary

used for zero energy accounting

Figure 2-10 Site Boundary of Energy Transfer for Zero Energy Accounting (EERE, 2015)

The site-to-source ratio that differentiates the site energy (use and production) from the

source energy, is a number that can have a significant impact on the annual energy accounting for
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the building (Wright, Klingenberg, & Pettit, 2015). It varies by energy type, and in the case of
electricity (site:source ratio of 3.15 for U.S. average) it is a function of several factors, the primary
one being the efficiency of the natural gas and coal generators in the electric grid, but also the
transmission and distribution losses within the grid. In the case of all-electric NZE buildings, the
factor is irrelevant, since both electricity imports and exports are multiplied by the same factor.
However, if a building consumes natural gas (site:source ratio of 1.09) and generates onsite
renewable energy to offset both electricity and natural gas consumption on a source basis, there
can be a substantial difference between the net source energy and the net site energy. Note that
this scenario results in a building that must generate more electricity than it consumes annually. In
the case of Ontario’s net-metering policy, this annual surplus will not be rewarded financially.

Using the source energy versus site energy metric introduces an important concern: if the
ratio for electricity differs by location, a given building design may have substantially different
quantified performance for two different locations, even with identical climates. This is also true
if using grid-specific EF when accounting on a GHG rather than energy basis. However, in the
case of the source energy factor, the current norm by U.S. DOE and PHIUS is to use the same
value of 3.15 for the U.S. national average, regardless of the actual value for the grid in question
(even in Canada, where it is especially inaccurate for hydropower or nuclear-dominant grids).
While this allows building performance to be fairly compared across any North American location,
it introduces error, especially in buildings that consume natural gas. It also begs the question: why
not simply use site energy?

The source energy metric (if using an accurate site:source factor) addresses the primary
energy use of fossil fuels for electricity generation, which has an impact on GHG emissions, the
cost of electricity, energy sovereignty, and resource scarcity. However, it is nevertheless an
intermediate value of interest. GHG versus LCC optimization addresses the first two issues
directly, if local grid EF is accounted for. Furthermore, with the recent abundance of
unconventional fossil fuels in North America (oil sands, shale oil and gas), resource scarcity is not
an immediate concern. Indeed, the macro-scale limiting factor for the combustion of fossil fuels is
not resource availability, but rather atmospheric carbon dioxide concentrations, with the
International Energy Agency warning that 2/3 of proven fossil fuel reserves must remain untapped

to prevent to 2°C of global warming (Irish Times, 2013).
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A “zero energy ready home” is generally considered to be a candidate for NZE, but without
the renewable generation capacity installed (PHIUS, 2015). Typically, much of the challenge in
achieving NZE performance is the large necessary reduction in energy consumption of the
building, such that all the building’s electrical demand (including HVAC) annually can be met by
means of a reasonably sized onsite renewable power generation system (EERE, 2016). However,
this may not be the case if there is space for a very large rooftop PV array, which will not force

thermally efficient enclosure design and could result in excessive peak electric demand.

2.3.3 Passive House

PH Institute

The Passive House standards employ passive design techniques which are by no means
exclusive to these standards (Straube, 2009). The original PH standard developed by the Passive
House Institute has as its premise that the most cost-effective means of reducing energy
consumption is through passive design techniques, including: natural ventilation by means of
operable windows; a highly insulated, airtight thermal envelope (including windows); thermal
mass; passive solar heat gains from equator-facing windows combined with sufficient shading
techniques; and thermal bridge-free construction (Stecher & Klingenberg, 2008) (O'Brien, Kesik,
& Athienitis, 2014) (PHI, 2015). The theory is that the bulk of energy reduction can come from
reducing the SHDI through passive design techniques, which are the cheapest to employ, beyond
which efficiency gains must be sought in active thermal systems (HVAC, DHW, solar thermal) as
well as electrical consumption (lighting, appliances, controls). This has been the conventional
wisdom not only for Passive House design but for any ultra-low energy building design, the
primary disagreements typically being a matter of degree (Straube, 2005). The PH standard and
PHIUS+ are primarily standards for reducing consumption and increasing efficiency (primarily in
thermal energy demand but also electrical/source energy) and are for this reason useful as an
approach to designing a “zero-energy-ready house” (PHIUS, 2015). The PH standard has 3
absolute performance (Table 2-4) as well as several stringent design prescriptions for minimum
window and wall U-values, HRV efficiency (PHI, 2015).

In addition to the passive design strategies, a primary feature of the PH standard is the
emphasis on high efficiency HRVs, the combination of which is intended to eliminate the need for

central heating or cooling systems. The corresponding reduction in capital costs associated with
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the HVAC system enables a greater expenditure on the envelope and gives rise to the claim of
“tunneling through the cost barrier” (Wright, Klingenberg, & Pettit, 2015). According to Wright
et al., this effect “could not be observed” in North America, mainly due to the more extreme
temperatures, such as in very hot climates of the southern U.S., and especially in colder parts of
the continent (DOE zones 5-7). For example, Frankfurt, Germany, and Boston, Massachusetts have
similar HDD requirements, yet Boston has a much higher peak heating demand. To achieve PH
SHDI requirements, a house in Boston would require huge investments in the thermal envelope
yet would have the same number of HDD as Frankfurt by which to achieve a return on the
investment. It is therefore often necessary and more cost-effective for North American houses to
retain a central heating unit of some kind—that is, the optimal trade off point between active and
passive measures can greatly vary by climate, and energy pricing. Straube points out that “The
rules of thumb that guide the ‘low cost’ recommendations of the PH standard are often not low-
cost in America” (Straube, 2009).

PHIUS+

PHIUS has recognized these problems and has modified the standard for North America.
In 2015, PHIUS+ 2015 was introduced, a climate-specific standard for different zones. Some of
the changes introduced are as much a change in how performance is measured, in order to align
with current US and ASHRAE methodologies (rather than European ones), as it is a change to the
level of performance required.

The source energy requirement uses the U.S. average site:source factor (3.16) and is on a
per occupant basis. There are different appliance and plug load assumptions than the PH standard
to better reflect occupant behavior and appliance efficiencies in North America. The space
conditioning thermal energy and peak load limits are location specific, as well as denominated by
“interior conditioned floor area” rather than the German convention of “treated floor area” (see
Table 2-4 for comparison of both standards). The climate-specific targets were determined using

LCC optimizations in BEopt according to the following strategy:

“Shift to mandatory, climate-specific thresholds on specific annual heating and cooling
demands and peak heating and cooling loads. These are set at cost optimal “sweet spot” slightly
beyond BEOpt’s cost optimum for project’s climate for increased resilience benefits. This

ensures efficiency measures will have reasonable payback relative to operational energy
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savings. The peak load thresholds may be adjusted to ensure hourly comfort or the ability of the

home to thermally coast through power outages” (Wright, Klingenberg, & Pettit, 2015).”

Table 2-4 PH and PHIUS+ Requirements (PHIUS+ thermal targets for Toronto, ON)

PH PHIUS+ 2015
Space Heating Demand 15 kWh/m2-yr (4.7 kBtu/sf-yr) 6.4 kBtu/ft?-yr (20.2 kWh/m?2-yr)
Intensity
Space Cooling Demand NA 1.8 kBtu/ft-yr (5.7 kWh/m2-yr)
Intensity
Peak Heating Load 10 W/m? (3.2 Btu/h-sf) 4.6 Btu/h-sf (14.5 W/m?)
Peak Cooling Load NA 3.6 Btu/h-sf (11.4 W/m?)
Total Primary (Source) 120 kWh/m?2-yr 6200 kWh/person-yr
Energy Demand
Air leakage rate 0.6 ACH @ 50 Pa 0.05 cfm/ft? gross envelope area @ 50 Pa

2.3.4 National Building Code

As discussed at the beginning of Section 2.3, the National Building Code of Canada (2015)
is a model standard that the provincial jurisdictions are free to ratify, modify, or replace with a
custom standard that will be legally enforced. However, the NBC provides a standardized guide
with which to create a baseline model for new houses. Section 9.36 — Energy Efficiency of Part 9
— Housing and Small Buildings, constitutes a concise adaptation of the National Energy Code for
Buildings (NECB) for small, low-rise buildings. Alternatively, designers are permitted to use the
NECB 2015 for such buildings (NRC, 2017).

The prescription compliance option of NBC 9.36 provides climate zone-specific
component prescriptions for the building enclosure (9.36.2—wall, basement/floor, ceiling/roof
RSI values, and window/door U-values; see Table 2-5), HVAC equipment (9.36.3—heating,
ventilating, air-conditioning), and service water heating (DHW) equipment (9.36.4). It also
references other Subsections of NBC Part 9 that relate to energy performance, including Section
9.32, which specifies ventilation system design (similar to ASHRAE 62.2 Ventilation and
Acceptable Indoor Air Quality in Low-Rise Residential Buildings), and insulation (RSI 0.5) for
outdoor air ducts (i.e., HRV intake and exhaust), and Section 9.25, which specifies construction
methods to control airflow through the enclosure (based on CAN/ULC-S742 Air Barrier

Assemblies — Specification standard).
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Table 2-5 NBC 2015 - Table 9.63.2.6.B. Effective Thermal Resistance of Above-ground Opaque
Assemblies in Buildings with a Heat-Recovery Ventilator (NRC, 2015)

Above-ground Heating Degree-Days of Building Location, in Celsius Degree-Days
Opaque Building | zone4 | Zone 53000 | Zone 6 4000 Zone 7A Zone 7B Zone 8 >
Assembly <3000 to 3999 to 4999 5000 to 5999 | 6000 to 6999 6999
Minimum Effective Thermal Resistance (RSI), (m?-K)/W
Ceilings below 6.91 6.91 8.67 8.67 10.43 10.43
attics
Cathedral ceilings 4.67 4.67 4.67 5.02 5.02 5.02
and flat roofs
Walls 2.78 2.97 2.97 2.97 3.08 3.08
Floors over 4.67 4.67 4.67 5.02 5.02 5.02
unheated spaces

Mechanical equipment minimum efficiencies are specified based on the system type (Table
9.36.3.10 in the standard), where many heating system types are acceptable, including:
air/ground/water-source heat pumps (air-air, air-water, water-water), electric resistance
(baseboard), electric/gas/oil/wood boilers and furnaces, and others.

NBC 9.36 is unique from the other standards reviewed here in that it provides separate
thermal envelope component prescriptions depending on whether the building has an HRV/ERV
(Subsection 9.36.2.3). Envelope component prescriptions do not differ relative to heating system
type or fuel input type.

There is also a performance compliance option (Subsection 9.36.5) that allows the
proposed building to be modelled relative to a reference model to control energy consumption for
service water heating and space-conditioning (including ventilation). There is no distinction made
between different types of purchased energy, however, it does require the HVAC and DHW system
type and capacity (but not efficiency) to be the same for the reference house as for the proposed
house. The rest of the prescriptions for the reference house are based on the prescriptive
compliance option, and standardized modelling guidelines are provided for temperature set points,
and lighting, DHW, appliance, and occupant internal heat gains. NBC 9.36 is not explicitly
concerned with total energy use (EUI). The rationale is that the remaining electrical sources
(appliances and lighting) have electrical efficiencies regulated on a per-appliance basis by other
CSA standards.
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2.3.5 Ontario Building Code

The OBC Supplementary Standard SB-12 — Energy Efficiency for Housing (2017) is the
only legally enforced energy standard for single-detached houses in Toronto. It is like NBC 9.36
in that it has a prescriptive compliance and a performance compliance (better than reference type)
option. In addition to quantitative differences in component prescription values, it differs from
NBC 9.36 qualitatively in that an HRV/ERV is mandatory, and a shower DWHR unit (efficiency
> 42%) is required on at least 1 of 2 showers, or 2 of 3+ showers.

Most significantly, thermal envelope prescriptions are dependent on heating system and
DHW type and efficiency and HRV efficiency (or vice versa). These prescriptions are provided as
“compliance packages.” For example, in Table 3.1.1.2.C of the standard (Zone 1 — Compliance
Packages for Electric Space Heating), Package C2 and C3 both have electric resistance space
heating, but C2 uses an HRV with a SRE 75% and requires a ceiling insulated to R-59.9, whereas
package C3 has an HRV with SRE of 81% and an R-49.23 ceiling. If an ASHP (minimum HSPF
7.1, package C4) is used, the HRV minimum SRE is only 55%. There are also packages offering
lower-performing windows, walls, and roof if, for example, the whole basement slab is insulated.
There is a total of 16 prescriptive compliance packages for zone 1 (<5000 °C-day of HDD). These
packages have presumably been developed to balance initial construction cost with operational
energy cost, or to reduce environmental harm, or peak electric demand, or some combination
thereof, although the exact method by which they have been discovered is unknown.

The performance compliance option is like NBC 9.36 in that it requires that the proposed
building “annual energy use” must not exceed that of a prescribed reference building. Since
appliance and lighting loads must remain fixed for the reference and proposed buildings, it is
effectively the energy consumed for HVAC and DHW, with the allowance for offsetting using on-
site renewable energy generation. Although SHDI is not explicitly defined, there is effectively a
restriction (relative to the reference) on this value, as described in 3.1.2.1-(6) (it is not clear if

“overall thermal performance of the building envelope” includes heat recovered by the HRV):

“Where the overall thermal performance of the proposed building envelope is less than the
envelope performance of the compliance package that is compared against it, the reduction in

the performance level of the building envelope shall not be more than 25%. ”
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2.3.6 Natural Resources Canada’s R-2000 Standard

The voluntary R-2000 Standard (2012) was developed by NRCan in 1982 to represent
“best-in-class energy-efficient homes” (NRCan, 2018). The Standard was renewed in 2012 with
energy efficiency requirements improved by 50% over the original standard to ensure it is the
“leading edge of cost-effective housing technology”” (NRCan, 2012). In addition to energy savings,
the standard aims to provide improved comfort, health benefits, and environmental benefits
including: reduced GHG, reduced water use, and recycled or low-impact building materials.

The standard contains several prescriptive requirements, such as: a maximum air leakage
rate of 1.5 ACH50, window type, and whole-house balanced ventilation with an HRV/ERV,
carbon monoxide detectors, etc. However, in relation to energy performance, the standard is based
on a climate-specific absolute performance target and is in this respect similar to PHIUS+.
Uniquely, the annual energy performance target is only for heat sources: space heating and DHW.
It can be useful to isolate these end uses, as they constitute the bulk of fuel use in houses (and in
many cases GHG emissions), and are candidates for a. fuel conservation, or b. heating
electrification. This method also avoids the obfuscatory effect caused by pooling fuels and
electricity into a single value.

The annual energy target is determined as the sum of the space heating and DHW energy
consumption, where each end-use target is determined using an equation. In the case of space
heating, the target is determined based on the HDD for the location, and the interior heated volume
of the use (rather than floor area), and for DHW it is based on the local water mains temperature.
Internal gains, DHW draws (225 L/day at 55 °C), temperature set points, and other modelling
criteria are set by the standard. See the equation below for calculating the annual space heating
energy consumption (not space heating thermal energy demand):

DD \Y
QS:O.SxSx(49xm)x(4O+E (2-7)

Where:

S = 4.5 M] for fuel-fired space heating systems, or

S =1.0 kWh (3.6 M]) for electric space heating systems
DD = Celsius heating degree-days for the locality

V = Interior heated volume, including basement (m3)
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Somewhat similar to OBC SB-12, the energy target is also dependent on the heating/DHW
system fuel type. Note that the equations have been adapted from the original version only by
multiplying them by a factor of 0.5. It is likely that the original fuel-specific S factors were
developed simply to address the lower efficiency of typical boilers and furnaces at the time. In this
sense they are poorly suited to modern high-efficiency boilers, furnaces, and water heaters.
However, the S factors somewhat address the price differential between natural gas and electricity,
by potentially driving better thermal envelopes in the case of electric resistance heating (but not in
the case of electrically-driven heat pumps). The use of a heat pump could enable the substantial
loosening of the enclosure performance down to the local code-compliance backstop. It can
therefore be said that the R-2000 standard encourages high performance building enclosures, or
the use of heat pumps, but not both together.

Table 2-6 illustrates how the thermal envelope required design/performance is affected
based on mechanical system type and efficiency (if at all), as well as maximum air leakage
requirements prescribed by each standard. For performance-based metric differences, see Table
2-3. Note that the fuel-specific energy target for R-2000 can affect either heating and DHW
mechanical system efficiencies, or thermal envelope performance. While PHIUS+ performance
targets are independent of mechanical system type and efficiencies, the “primary energy use”
target can create a constraint on mechanical system efficiencies, which may encourage the use of
one type over another (e.g., heat pump over gas furnace). The table holds true for both prescriptive
and performance compliance options for NBC 9.36 and OBC SB-12.

Table 2-6 Qualitative Differences and Airtightness Prescriptions

Standard Envelope-mechanical dependence Mandatory HRV | ACH50
NBC 9.36 (2015) HRV versus no HRV 3.2
OBC SB-12 (2017) HVAC and DHW system type and efficiency v 2.5
R-2000 (2012) Heating and DHW fuel type v 1.5
PHIUS+ (2015) None v 0.88*

* The PHIUS+ air leakage requirement is 0.05 cfm/ft? gross envelope area. The value shown here is specific to the
single detached house modelled in this thesis.

2.3.7 Net Zero Carbon

Net Zero Carbon is calculated based on operational GHG emissions, both direct and
indirect, of a building. However, the concept of net-zero emissions is not as straightforward as net-

zero energy, as the question of how to account for GHG credit from renewable energy is not clear.
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The Pembina Institute provides a helpful clarification of the relationship between NZE and NZC
buildings in Figure 2-11. The “Zero Carbon” definition is for a building connected to an electric

grid that never uses fossil fuel generation, which is an exceptional case. For this report NZC status

corresponds specifically to all-electric NZC buildings (no on-site combustion of fossil fuels).
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Figure 2-11 Summary of NZE and NZC building types (Pembina, 2018)

The TGS v3, which is in line with the City of Toronto/TAF Zero Emissions Buildings
Framework, provides a pathway for achieving NZE buildings by 2030. It also aims to reduce the
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GHGI of buildings by 2030 to zero, which is in effect a NZC building. The equation used by the
TGS v3 for calculating GHGI (in Subsection 2.3.1 of this report) is applied separately for each type
of purchased energy used (e.g., electricity and natural gas). Emissions factors for each energy type
are sourced from ECCC’s NIR. The GHG offset by renewable energy generation (whether from
onsite generation—exported or self-consumed—offsite generation, or credit procurement) is not
calculated directly, but rather as an energy offset, as stated in Section 5.2.1 of the Energy Efficiency
Report Submission and Modelling Guidelines, wherein: “renewable energy generated on-site may
reduce the TEUI and subsequently the GHGI” (TGS Guidelines, 2018). Given the different EFs of
different energy sources, this procedure would presumably be conducted separately for each source,
although this is not clear from the document. Renewable electricity generation would then offset
electricity use and would therefore be allocated an EF equivalent to the negative of the electricity
annual average.

The GHG accounting procedure for renewable exports is not well defined in any of the
reviewed documents. The CaGBC Zero Carbon Buildings Framework says only that, “A highly
energy efficient building that produces on-site, or procures, carbon-free renewable energy in an
amount sufficient to offset the annual carbon emissions associated with building operations”
(CaGBC, 2016), whereas the Architecture 2030 Zero Net Carbon Building suggests “A zero net
carbon balance is achieved when an equivalent unit of carbon-free renewable energy is produced
(on or off-site) to offset each unit of fossil fuel energy used by the building” (Architecture 2030,
2016). Similarly, the City of Vancouver Zero Emissions Buildings Plan states: “When a building
is required to achieve zero emissions if the electricity grid is not 100% renewable then the buildings
will be obligated to install an onsite renewable energy system (or secure a share of Vancouver-
based renewable power systems where on-site systems are not viable) that produces enough
renewable energy to offset the small portion of grid power that comes from fossil fuel based
generation” (Vancouver, 2016).

The Vancouver method would suggest that one would be required to know, not the EF of
the grid, but the percentage of annual electricity generation derived from fossil sources for the
whole grid. The main problem with this method is that it does not distinguish between different
types of fossil fuel generation (i.e., it values renewable exports that offset coal generation
identically as that which offsets natural gas generation, even though the two have significantly

different emissions factors).

30



Marginal Emissions Factors

One way to account for GHG offsets from renewable generation is to use a separate,
marginal EF applied to generation. Marginal EFs represent the GHG intensity of generators “on
the margin” required to follow the load on the grid as well as satisfy peak demand. It is a more
accurate way of calculating “avoided emissions,” such as from renewable generation.
Conversations with modelers from CaGBC confirmed that this is the current (unofficial) industry
practice for NZC status and was used on the Stantec Evolvl building in Waterloo, Ontario. It is
derived from the World Resources Institute’s GHG Protocol Scope 2 Guidance (WRI, 2015).
Indirect GHG emissions (from electricity) are determined using the annual average EF for the
specific provincial grid (from ECCC’s NIR), whereas emissions offsets from PV are counted using
the marginal EF for that grid. These factors are from Figure 9 of the Energy Star Portfolio
Manager Greenhouse Gas Emissions Technical Reference (Figure 2 of that report provides a
median natural gas EF for Canada of 52.5 kg CO2e/MBTU). See Figure 2-12 for average and

marginal EF values for five Canadian cities.
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Figure 2-12 Provincial electric grid annual emission factors [marginal: (Energy Star, 2017), average:
(NIR, 2018)]

Using this method, NZC status is determined using the following equation:

Indirect Emssions = Emissions Of f sets (2-8)
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Electricitygross X EFgperage = Electricitypy X EFmarginal (2-9)

EFqverage _ Electricitypy

EFnarginal - Electricitygyoss (2-10)

Where:

Electricitygyoss = annual electricity consumption of building
Electricitypy = annual electricity generation required from PV to achieve NZC

Two advantages of this method are that:

1. It captures the difference in EF of different fossil fuel generators (unlike the Vancouver
method), and

2. It incentivizes renewable generation more for grids with a high average EF than for grids
with a low average EF (unlike the TGS method), which is intuitively correct. For example,
the average EF: marginal EF ratio for the Nova Scotia grid, which is predominantly coal-
fired, is 99.7%, whereas for Quebec, which is predominantly hydroelectric, it is 0.5% (i.e.,
a NZC building in Halifax must be NZE, whereas a NZC building in Quebec requires only
negligible renewable generation).

The Atmospheric Fund’s 4 clearer view on Ontario’s emissions: Practice guidelines for
electricity emissions factors provides a thorough analysis of the methodology used in calculating
annual average and marginal EFs for Ontario using hourly average and marginal EFs. It notes that
accurate annual average values depend on the specific building’s electric load profile, while annual
marginal values for calculating avoided emissions vary by specific electrical equipment
consumption/generation profiles. It is calculated that the marginal EF for typical solar PV
generation is 170.4 gCO2/kWh, as opposed to the Energy Star value of 394.3 gCO../kWh. For
achieving NZC status in Ontario, this represents the difference between offsetting 23% of annual
site energy use with renewables, versus only 10%, respectively. The hourly EF data that TAF
analyzed for Ontario is not available in all provinces.

While the site NZE approach incentivizes efficiency and substantial renewable generation
in all locations, the NZC approach accounts for the carbon intensity of the electricity grid. So long
as the carbon accounting for electricity use is accurate, the NZC target will result in more

economically optimal GHG reduction. As an example, consider a NZE and NZC building in
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Quebec, and assume both are all-electric. The average EF of the grid is so low that indirect
emissions are negligible. Therefore, an electric building in Quebec is a NZC building. While this
might be considered an “unfair” advantage for high performance/green building designers in
Quebec relative to Alberta, it nonetheless achieves the true goal of environmentally responsible
building design. Put another way, there is no GHG reduction benefit of adding solar PV to the
building in an amount to meet the NZE target, since it will simply be offsetting clean hydroelectric
power. Thus, in such a scenario, the value of solar PV should be assessed purely on an economic
basis.

2.4 Life-Cycle Cost Optimization

By combining building energy simulation with cost data and an optimization algorithm, it
is possible to investigate many design parameter options for many building parameters. As
opposed to a parametric analysis, an optimization only simulates a subset of building design
variants within the total solution set. This enables the investigation of more design options, while
ensuring the optimization can be simulated within a reasonable time (i.e., reduce computational
requirements). There are a variety of algorithms available for multi-objective building design
optimization, but they share the commonality of efficiently identifying the Pareto front between
two objective functions (e.g., LCC, site/source energy, GHG). Generally, this front can be said to
be limited by the local economic reality (energy costs, construction materials and labour costs,
inflation rate, discount rate, mortgage interest rate), and physical constraints (local climate,
building physics, mechanical and electrical efficiencies, and purchased energy carbon intensities).

The general design optimization problem relating to NZE buildings is illustrated in Figure
2-13, where the life-cycle costs (LCC) versus percent energy savings optimization curve is
represented by the “Total Cost” trend line. The so-called “sweet spot” referred to in Climate-
Specific Passive House Standard (Wright, Klingenberg, & Pettit, 2015) for the development of
PHIUS+ 2015 is the region between the total cost minimum, and the “optimal efficiency upgrades
with zero extra cost” point in Figure 2-13 (Dembo & Fung, Review and Economic Feasibility
Study of the Currently Practiced New Housing Constructions in Ontario, 2012). This region
represents the zone on the optimization curve wherein maximum efficiency can be achieved while

ensuring either equal or lower total costs compared to the baseline house design.
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Figure 2-13 Conceptual optimization of NZE building (where x-axis is % energy savings) (Dembo &
Fung, 2012)

In the case of a NZE target (100% energy savings) on an annual basis, a multi-objective
optimization problem becomes a single-objective optimization problem, in which the objective is
to minimize LCC while satisfying the NZE definition (Bucking, Athienitis, & Zmeureanu, 2014).
The same is true if the goal is minimum LCC, where the only solution is the global minimum LCC
output design, and the resultant energy (or GHG) savings is incidental. To find the Pareto/optimal
front, cost is plotted against annual energy savings, where any given point on the plot represents a
building design.

Building Energy Modelling software (i.e., EnergyPlus, TRNSYS, eQuest, HOT2000,
WUFI Plus, etc.) is a powerful design tool for either individual building design or building energy
standard design, however it is important to note that such software falls into two general categories:
evaluative tools, and guidance tools. While evaluative tools are very common among energy
modelers, they rely heavily on expertise and trial-and-error (O'Brien, Kesik, & Athienitis, 2014)
(O'Brien, Athienitis, & Kesik, 2011).

A common guidance-focused tool for low-rise residential buildings is the U.S. DOE’s

BEOpt program (NREL, 2016). NZE buildings have a point at which increased renewable energy
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generation becomes more economical than increased efficiency measures (the take-off point). As
the cost of PV panels continues to decrease, or the cost of new efficiency technologies decreases,
this optimal trade-off point will shift unpredictably (Dembo, Khaddad, & Fung, 2013). It may
therefore be counterproductive to prescribe specific efficiency details or specific energy generation
quotas, but instead to simply require overall NZE or NZC performance.

BEopt, which is specialized for low-rise residential buildings, enables the user to create a
building energy model and select several design parameter options for each of several design
parameters. Each option, for example: “R-10 XPS” exterior insulation, includes performance data,
material and labour cost data, and a material lifetime. This allows the creation of both an energy
model and an economic model, to determine the energy performance and LCC of each building
design variant simulated, i.e., every individual point on the optimization plot. EnergyPlus is the
simulation engine used by BEopt, in which every design variant (determined by the BEopt
algorithm based on the set of input parameter options selected by the user) is simulated over one
year using 10 minute time-steps. Based on the design variant’s input parameters and it’s simulated
performance, BEopt determines a new design variant to simulate, and the procedure repeats
hundreds or thousands of times to create the optimization plot. The algorithm used by BEopt is
“modified sequential search technique.” This is a basic sequential search technique, that has been
modified using three “speed techniques” allow BEopt to skip certain design variants unlikely to
be near the Pareto front, thereby reducing the overall computation time. However, because this can
increase the risk that the true Pareto front will not be identified, it has been further corrected with
four “accuracy techniques” that provide back checks on additional design variants, without
substantially increasing the number of variants simulated (Horowitz, Christensen, Brandemuehl,
& Krarti, 2008).

Figure 2-14 shows results from a study by Bucking et al. (2014) where the EcoTerra house
in Montreal is assessed using BEOpt (Bucking, Athienitis, & Zmeureanu, 2014). The optimization
function selects energy models with a high probability of being nearer to the Pareto front. There
are 25 variables available for adjustment within this optimization including PV generation, and it
also accounts for time of use pricing and feed-in tariffs.
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Figure 2-14 Multi-objective complete redesign of EcoTerra home (Bucking, Athienitis, & Zmeureanu,
2014)

From Figure 2-14 for this house and the variables available, the Pareto front arises in the
net-positive energy range. It can also be seen that if given complete freedom of design, the BEM
+ optimization software can be very effective in identifying optimal designs. Future work
identified by Bucking et al. includes: to gain a better understanding of initial costs and construction
costs, and to identify most appropriate incentives for reducing either initial or lifecycle costs to
inform policy (Bucking, Athienitis, & Zmeureanu, 2014).

A similar study to Bucking was conducted by Tokarik and Richman (2016) to determine
the “Life cycle cost optimization of passive energy efficiency improvements in a Toronto house”
(Tokarik & Richman, 2016). While the relevance of this study is limited in that it assesses only
improvements to an existing home and only passive conservation measures, it is nonetheless
informative because it focuses attention on passive design and uses a similar optimization
methodology to Bucking et al. (2014). Tokarik and Richman conclude that results “suggest that
the current PH standard does not coincide with the economic minimum for the local economic and
environmental climate,” although it must be reiterated that retrofitting an existing home allows a
limited application of the PH methodology (Tokarik & Richman, 2015).

Tokarik et al. made the assumption that “the Passive House standard should be set at the

point of ‘the most energy efficient house design that is cost-competitive’,” and commented that
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“The actual financial relationship between initial capital cost and long term savings for energy
efficient homes is less obvious because of the variability in market construction rates, diminishing
returns on building upgrades, mortgage rates, fuel price escalation, weather patterns, housing
maintenance, and occupant behavior” (Tokarik & Richman, 2016). Tokarik et al. determined LCC
by summing all cash flows for each year of the financial project, converting each year’s cost into
present dollars according to the discount rate, and summing those costs. This generated the plot in
Figure 2-15 based on various passive conservation measures considered. The equation considers:
asset costs (i.e., mortgage), energy costs including generation, operation, maintenance, and

replacement costs, and inflation.
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Figure 2-15 Optimization results of improvements showing energy savings versus change in life cycle
costs and least cost improvement (Tokarik & Richman, 2016)

Based on the Pareto curve identified using the measures considered, PH was not
achievable. From the least cost solution of 33% energy savings over minimum building code
requirements Tokarik et al. recommends a PH standard of: 23.2W/m? peak heating load, 22.5W/m?
peak cooling load, 42.4 kWh/m?-yr annual heating demand, and 3.6 kWh/m?2-yr annual cooling
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demand for a Toronto climate. Note that these values are substantially higher than those specified
by either PH standard (Table 2-4).

Summary

Though PHIUS+ and NREL have released a climate-specific standard there is still limited
data on buildings that have followed it, and thus it is not yet validated. While it is founded upon
multi-objective optimization (BEOpt), it introduces complexity as well as rigidity to the design
process (even as it brings some flexibility as compared to the original PH standard), rather than
allow for ultimate flexibility.

PHIUS+ requires experimental data to be evaluated in Canadian climates. Using building
energy modelling software combined with an optimization algorithm, it is possible to evaluate the
relevance and usefulness of the standard. Common requests for future work include: a better
understanding of occupant behavior during energy modelling; better data regarding initial costs
and in particular constructions costs, such as understanding the incremental costs of increased air-
tightness of the envelope; further reduction in costs of NZE buildings by means of better
integrating whole systems design and accelerating the NZE experience curve (Athienitis &
O'Brien, 2015) (Bucking, Athienitis, & Zmeureanu, 2014) (Tokarik & Richman, 2015).

Multi-objective whole building optimization studies reviewed evaluate building designs
using a cost metric versus energy consumption. They do not explicitly evaluate GHG emissions,
nor do they evaluate multiple heating system types or account for the carbon intensity of the
electricity source.
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3 Methodology

The building design optimization objectives have been chosen based on the premise that
energy demand (EUI and SHDI) is merely an intermediate concern associated with the 2 primary

concerns of (see Figure 3-1):

1. Building LCC (accounting for initial and operational—i.e., energy cost), and

2. Building operational GHG emissions (both direct and indirect)

In addition to supporting evidence for this rationale provided in Chapter 2, it is worth
considering the basic question: what is the purpose of building energy standards? The NECB 2015,
on which NBC 9.36 is modeled, provides some insight where it states that, as an “objective based
code,” its purpose is to limit the risk that the design/construction of the building will have an
“unacceptable effect on the environment,” and to specifically limit the “excessive use of energy.”

Insofar as the use of energy has negative effects on the environment, the GHG emissions
from the combustion of fossil fuels, onsite and offsite, is of primary concern. However, different
energy sources do not have equal carbon intensities, therefore energy use does not necessarily
correlate to GHG. Additional concerns regarding the “excessive use of energy” could include
energy costs, but again different energy sources can have very different energy costs, resulting yet
again in poor correlation. Other issues might include energy independence and sovereignty, and
peak electric demand implications for dispatchable generation, transmission, and distribution
capacity. While peak electric capacity is not an explicit objective in this study, it is assessed during
post-processing of results.
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Figure 3-1 LCC vs GHG optimization rationale
Obijectives identified in Section 1.1 are to be answered based on the whole-house optimized
life-cycle least-cost design, separately for 5 locations across Canada. The resultant least LCC
electric and NZC designs will be compared to an optimized gas-heated house design. In all
locations the reference design is a gas-heated climate-specific minimum code-compliant design

based on the NBC 9.36. Location-specific factors affecting optimization results include:

e Climate

e Energy Prices

e Construction Costs
e Electricity EF

3.1 Whole-Building Optimization

Optimizations for an archetype single-detached house are performed using BEopt software
by simulating a large set of building energy model variants. While the Pareto front is determined

for LCC vs annual GHG, the desired resultant designs are the minimum cost, i.e., the global
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minimum. The NZC optimizations are an exception, wherein the least-LCC design to achieve a

GHGI=0 is selected manually from the Pareto front.

3.1.1 Thermal System-Specific Optimization

Partly due to software limitations, and partly to allow the thorough investigation of the
relationship between heating system type and optimal thermal envelope design (objectives 2.a, b),
the archetype house model is optimized separately for each thermal system type. All models have
a dedicated outdoor air ventilation system (DOAS), enabling the isolation of the thermal system
as a set of interacting components, including: space heating (main and supplementary), space
cooling, space conditioning delivery (ducting), and DHW production. The isolation of this system
enables comparison with other systems on a capital, operational, and LCC basis, as well as its
effect on optimal enclosure design. Equations 3-1, 3-2, and 3-3 illustrate the relationship between
the thermal envelope, thermal system (heating), and purchased energy governing the annual

heating cost (operational only).
Thermal Envelope:

kWh

, kWh,
Annual Heating Demand ( ) = SHDI (mz -y) X FFA (m?) (3-1)

Mechanical Heating System:

= Purchased E Pri 5 o ([ Whe
= Purchased Energy Price KWhy =7 KWh (3-2)

Passive-Active Relationship:

Pri H
rice of Heat <kWhQ

$ kWh,
Annual Heating Cost ; = Annual Heating Demand ( )

(3-3)

X Price of Heat <kWhQ>

Where:
kW hg = purchased energy unit (electrical or chemical)
kWhg,=thermal energy unit

1 = system thermal efficiency (or COP in the case of heat pumps)
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Consider the example where there are two heating systems: system A and system B, with
the same initial cost and replacement rates, but A has a lower operational price of heat than B. If
two separate whole-building optimizations are conducted, one with heating system A, the other
with heating system B, the resultant (least LCC) house design for system B will likely include a
higher performing thermal envelope (i.e., reduced SHDI), thereby reducing the heating cost. In
this example it is evident that the building with system A is preferable to that with system B,
however, if both capital and operational cost of heat for system A differ, the economically
preferable system is not immediately obvious, nor is the effect that it will have on optimal envelope
design. The problem is further complicated by capital and operational interactions between the
heating system and other components of the thermal system.

Figure 3-2 illustrates the relevant interactions between the thermal system components. For
the models containing a HPWH, DHW production interacts with space conditioning by generating

an all-year space cooling effect, since the heat pump is using the ambient indoor air as the heat

source.
Natural Gas
i . Thermal Envelope
Consumption Space Heating
i Performance
(Direct GHG)
\ (SHDI)
Heat, HPWH Space
interaction conditioning,
capital overlap
Thermal (HP)
energy

Domestic Hot

Water wwn | Space Cooling

interaction

Figure 3-2 Active thermal system capital and operational interactions
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Six different thermal system configurations are investigated in separate optimizations (see Figure
3-3 for list by names—detail is presented in Chapter 4). Note that, operationally, different heating
systems (space heating and DHW) can affect GHGI, EUI, and operational costs due to: input
energy source and/or system efficiency (which can be energy source-dependent, e.g., only heat
pumps, which use electricity, can have a COP>1). Additionally, some configurations can provide
significant capital savings, for example if they: do not require ducting, or a single piece of

equipment provides multiple services (all heat pumps in the study provide both space heating and

cooling).
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rASHP—VN‘ rASHP—EDw VASHP-TO\ rASHP—ML‘ [ASHP—HX]
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VN ED | TO ] | ML ] HX

: NZC-VN | : NZC-ED ‘ r NZC-TO ‘ : NZC-ML | NZC-HX

Figure 3-3 Optimization schedule by location and thermal system type (NZC is the overall least LCC all-
electric design + PV)

In addition to the optimization study, it is in some instances necessary to conduct
parametric and sensitivity analyses by isolating specific design parameters. This is useful in
gaining a more detailed understanding of the performance of each thermal system, and its effect
on the thermal envelope optimal design. Where such detailed manual analyses are useful, the

Toronto models are used as the case study.

3.1.2 Building Enclosure Thermal Performance

Building enclosure component options (thermal resistance, air leakage, window type,
WWR) are investigated to determine optimal whole-house designs separately for each thermal
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system type, and each location. The lower limit option for each component is defined by NBC
9.36, whereas increments and upper limit options are selected based on available realistic options
and engineering judgement (see Chapter 5). An effort has been made to ensure enough range and
granularity of component options to determine the true Pareto front, while avoiding excessive
computation time. Building enclosure option inputs are unchanged for each thermal system-type

optimization.
3.1.3 Electrification of Heating

Only the “Gas” optimizations (and the Reference model) consume natural gas, with all
other models being fully electric. Given the uncertainty associated with the GHG accounting of
renewable energy generation offsets (see Subsections 2.2.3 and 2.3.7), this study prioritizes direct
(onsite) GHG reduction, which can be calculated with a high degree of certainty, over indirect
(offsite) GHG reduction. That is, renewable generation capacity for achieving NZC is added only
to all-electric designs. Additional motivation for this approach is due to the very low electricity EF
in several Canadian provinces. The relative merit of prioritizing full electrification is post-assessed

by location, where electricity price and EF play an important role.

3.1.4 Onsite Renewable Energy Generation

All distributed (renewable) energy generation is from roof-mounted PV. Due to limitations
with electricity input EF in BEopt (cannot input a separate marginal EF for PV generation), the
NZC optimizations are performed as LCC versus site energy, and the optimal design is selected
from the Pareto front based on the PV generation versus gross consumption ratio necessary to
achieve NZC for the electric grid in question (see Subsection 2.3.7 for GHG accounting method
for PV offset).

3.2 Scope of Work

The optimizations in this study contain fixed values over time for: electricity EF, inflation
rate, mortgage interest rate, discount rate, and mechanical equipment efficiencies. Additionally,
equipment replacement costs and energy prices are assumed to increase with inflation. Studies are

limited to new construction in cold climates.
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Further limitations of this thesis are best defined by what it is not:

1.

A GHG life-cycle assessment that accounts for the embodied energy or carbon of the
building materials,

Universally applicable to all residential buildings, for example, existing houses or new
multi-unit residential buildings,

A cost-benefit evaluation of individual energy conservation measures and their impact
on building performance and economics,

An optimization of the operation of houses. Like building energy standards, the focus

is on the installed components and hardware, not on control strategies.
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4 Building Energy Model

Any model input/output information not presented in this document can be found in the
electronic BEopt project files available in the Appendix. The chapter establishes the “Reference”
design model inputs as well as the specifications for each of the thermal systems modelled in the
whole-building optimizations in Chapter 6. This chapter is focused on energy performance, with

LCC and GHG results from the optimizations introduced in Chapter 6.

4.1 Model House Description

Due to the computational and time resource necessary to location-based and thermal
system-based optimizations, only one single-detached, single-family house was modeled. The
house model was designed to represent an archetypal new suburban house in Canada, and is based
on the aspect ratio, footprint, and finished floor area of the NRC CCHT twin test houses in Ottawa
(NRC, 2013). The model includes realistic complex geometry, including an inset slab-on-grade
garage. Roof geometry has been simplified and switched to gable style to enable a large south-
facing roof suitable for rooftop PV, if necessary (see Figure 4-1 and Figure 4-2). Aside from
geometry, and typology, all design aspects of the building have been tailored to comply with NBC
9.36 for the reference model. While the number of bedrooms and bathrooms is specified, the exact
floor plan is not possible to model in BEopt, though number of floors and house size are accounted
for by EnergyPlus for such purposes as modelling and costing duct runs, DHW piping, ventilation,
etc., according to the Building America House Simulation Protocol (BA Protocol, 2014).
Occupancy is also determined using the BA Protocol (see

Table 4-1).

Due to the prevalence of basements in Canada, the house includes a foundation. It has been
modelled with an unfinished basement, which is within the thermal envelope and air control layer,
but which is not directly conditioned or ventilated. This approach was taken due to two software
limitations: a) there is a bug that prevents the possibility of investigating basement wall insulation
options for finished (conditioned) basements, and b) it is not possible to specify whole-slab
insulation for basements (conditioned or unconditioned), resulting in a weak point in the thermal
envelope whose negative effect can be somewhat mitigated by not conditioning the basement.
Some thermal separation between the basement and conditioned first floor is modelled because of

the wood sub-floor and finish (R-3.1), however, no insulation was added to the basement ceiling,
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as this would place the mechanical equipment (located in the basement) outside of the thermal
envelope. Whole-slab insulation for basements is not required by either NBC 9.36 or OBC SB-12.
Note that, while likely to reduce total thermal energy demand, this approach may result in a higher
SHDI, since the denominator (FFA) is much smaller for a building with an unfinished versus a
finished basement.

The back of the house, which contains a higher glazing area than the front due to a sliding
glass patio door, faces south. The author recognizes that this could be considered a non-
conservative orientation that benefits from winter passive solar heating in a cold climate (and
optimal rooftop PV generation) in a way that most houses cannot due to site limitations. This
orientation was primarily chosen to investigate the cost feasibility of increased south glazing area

for harvesting passive solar heat gain.

Figure 4-1 Model geometry - clockwise from top left: North, South, West, East (green = conditioned

volume)
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Figure 4-2 Orientation, shading, and wind sheltering

Table 4-1 House geometry and typology

Footprint (m?) 142.1
FFA (m2) 244.5
Floors 2
Floor Height (m) 2.74
Conditioned Volume (m?3) 670.8
Gross Envelope Area (m?) 644.7
# Bedrooms 4
Occupancy 3.23
# bathrooms 2.5
Attic Unfinished
Basement Unfinished

4.2 NBC 9.36 Reference Energy Model

The “Reference” model for this study represents the least efficient code-compliant design
based on NBC 9.36 prescriptive compliance. The reference building energy model varies by
location (climate zone) in terms of envelope R-values (walls, roof, foundation/slab), and window

48



U-values only (see Table 4-2). Climate zones are defined by Celsius HDD in increments of 1000,
with zone 5 encompassing 3000 — 3999 HDD °C. HDD values for each location are from NBC
2015, Volume 1, Table C-2 (NBC Volume I, 2015)All other location-specific differences are for
weather files, energy prices, construction costs, and electricity EF, and are contained within the

“site-input” screen in BEopt.

Table 4-2 NBC 9.36 R-Value requirements for house with HRV (table 9.36.2.6.B)

Location | Climate R-Value (ft?-°F-h/Btu) U-value (US)
Zone Wall | Ceiling | Interzonal | Foundation | Slab Below | Window/Door
(attic) Floor Wall Frost
VN 4 15.78 39.23 26.52 11.30 0.00 0.32
ED 7A 16.86 49.23 28.50 16.92 0.00 0.28
TO 5 16.86 39.23 26.52 16.92 0.00 0.32
ML 6 16.86 49.23 26.52 16.92 0.00 0.28
HX 6 16.86 49.23 26.52 16.92 0.00 0.28

Note that the NBC 9.36 modeled reference house (whose annual energy consumption must
not be exceeded by the proposed house) is in some respects more efficient than the minimum code-
compliant design house based on the prescriptive compliance package. The “Reference” model for
this study represents the least efficient code-compliant design based on 9.36 prescriptive
compliance.

In some cases, the reference building inputs have been sourced from the BA Protocol “B10
Benchmark for New Construction” because these are the default assumptions in BEopt and
because the BEopt model is not compatible with the NBC 9.36 modelling guidelines (as is the case
with DHW). The BA Protocol is also a beneficial source as it is widely employed, and it allows a
more granular understanding of control and schedules for specific appliances than is typically
prescribed by building energy standards. Unless otherwise noted, DHW and electrical appliance
usage and schedules are governed by the BA Protocol. The BA Protocol defines the “B10

Benchmark™ as:

“A reference case representing a house built to the 2009 IECC, as well as the federal appliance
standards in effect as of January 1, 2010, and lighting characteristics and miscellaneous electric
loads (MELs) most common in 2010. The Benchmark is used as the point of reference for

tracking progress toward multiyear energy savings goals established by BA.”
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4.2.1 Opaque Constructions

Discrete components were selected as the minimum compliant available option, while
ensuring relevance for the Canadian homebuilding industry. Additional component options are
discussed in Chapter 5.

Wall construction is 2x6” wood stud wall at 24" on-center (0.c.), with cavity fiberglass batt
insulation, exterior OSB sheathing, and opportunity for exterior foam insulation in the
optimization. The stud wall R-effective includes the wood studs, interior and exterior air-films, %"
gypsum board, %2 OSB sheathing, and light vinyl siding. The interzonal walls (connected to the
garage) have the same construction without all exterior layers, resulting in slightly lower R-
effective values. The unfinished attic is vented with blown fiberglass and the interzonal floor
(garage ceiling) has the same nominal values, with R-effective values complying with the
requirement for vaulted roof/interzonal floor in NBC 9.36.

As discussed, the basement slab is uninsulated, and the basement walls are fully insulated
(8 depth), with exterior rigid foam (polyisocyanurate) insulation, as well as the 2x10” first floor
rim joists. See Table 4-3 for a summary of the reference model values (highlighted cells indicate

values that deviate from the mode across locations).

Table 4-3 Reference model R-effective (R-nominal) values

Location Wall Interzonal Ceiling Interzonal Foundation Slab Below
Wall (attic) Floor Wall Frost
VN 16 (19) 16.8 (21) 39.6 (38) 28.7 (38) 13.3 (12) 0
ED 17.7 (21) 16.8 (21) 50.6 (49) 28.7 (38) 19.3 (18) 0
TO 17.7 (21) 16.8 (21) 39.6 (38) 28.7 (38) 19.3 (18) 0
ML 17.7 (21) 16.8 (21) 50.6 (49) 28.7 (38) 19.3 (18) 0
HX 17.7 (21) 16.8 (21) 50.6 (49) 28.7 (38) 19.3 (18) 0

4.2.2 Windows and Doors

For windows and doors, NBC 9.36 only stipulates U-value, but SHGC, frame type, pane #,
gap-fill gas type also both affect performance and cost. There are two opaque doors with a U-value
of 0.2, and one sliding glass patio door of the same type as the windows in all models. Reference

model windows are described in Table 4-4.
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Table 4-4 Reference model windows

Location U-value Panes | SHGC Frame Gap Coating
VN, TO 0.32 2 0.56 insulated air low-e
ED, ML, HX 0.27 2 0.46 insulated argon low-e

Window — Wall Ratio

The NBC 9.36 performance compliance method specifies that the reference model must
have the same fenestration and door to wall ratio (FDWR) for each fagade as the proposed building,
but the reference must be: 17% < FDWR < 22%. To minimize window cost, the reference building
has an FDWR of 17%, which, after the two opaque doors are accounted for, results in a WWR
(including patio door) of approximately 15% (see). This window area was distributed across the
four orientations of the house using the following rationale: the minimum acceptable WWR on the
side facades is 10%, and the remaining window requirement is distributed between the front and
back facades such that they have the same window area, but the back also includes the glass patio
door. There is no overhang shading for any windows in the reference model, other than the roof

eaves which are 2’ on all sides.

Table 4-5 WWR distribution and FDWR verification

Facade Orientation Wall Area (m?) Window Area (m?) WWR
Front North 50.2 9.03 18%
Back South 66.9 15.38 23%

Left East 63.8 6.38 10%
Right West 50.8 5.08 10%
Total 231.6 35.87 15.5%

Door Area Door: Wall
Opaque doors 3.72 1.6%
FDWR 17.1%

4.2.3 Airflow and Ventilation

Enclosure Air Leakage

NBC 9.36 allows the reference house air leakage (i.e., uncontrolled airflow) to be
modelled as high as 3.2 ACH50 if air barrier prescriptions from 9.36 are not followed and the
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building is merely compliant with Section 9.25. The reference house in this study is assumed to
have a complete are barrier system, which according to NBC 9.36 is to be modelled as 2.5 ACH50
(this is also the requirement for OBC SB-12).

Ceiling Fans

Ceiling fans can satisfy comfort conditions by increasing the rate of convective heat
transfer between an occupant and the interior air, even at higher temperatures. However, savings
in cooling energy use will only occur if the cooling set point temperature is raised during times
when the fan is used. This study does not investigate energy savings from temperature set-backs
and set-ups. However, ceiling fans are still modeled to capture the initial and operational cost of
the equipment, and to investigate the economic feasibility of more efficient fans in the
optimization. Ceiling fan energy use is modelled based on the U.S. average for new construction
(B10 benchmark) from the BA Protocol using the equation:

Annual energy use (kWh/yr) = 7.3 + 0.0403 x FFA (ft?) (4-1)

Ventilative/Free Cooling

Ventilative Cooling (aka. natural ventilation) is done, not primarily for the provision of
fresh air (which is done continuously through mechanical ventilation), but for reducing space
cooling energy use, when conditions are appropriate. According to BEopt/BA Protocol, this occurs
when the building requires cooling, and outdoor air is below: the indoor air temperature, a humidity
ratio of 0.0115, and 70% RH. Implementing this measure of course requires very conscientious
occupants, however, it can also be implemented to simulate the free cooling provided by an HRV
economizer, which cannot be directly modeled in BEopt. It isn’t a perfect solution, since air flow
rate, which depends on wind speed, cannot be controlled (EnergyPlus uses the “Sherman-Grimsrud
model” for natural ventilation).

The reference building is modelled with “enthalpy economizer control” according to the
aforementioned criteria—that is, when the building is in free cooling mode (windows open), there
is no mechanical cooling. It is available at all times of day, all year, assumes 1/3 of window area
is operable, and are 100% open during free cooling mode. Figure 4-3 (Toronto — Reference)
illustrates the effect of this simulated economizer on annual cooling demand and cooling hours

unmet relative to a) year-round natural ventilation with only 20% of operable windows open (i.e.,
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6.7% of glazing area) and, b) no natural ventilation. The economizer results in a 45% reduction in
cooling hours unmet and a 37% reduction in annual cooling demand over the always-sealed
building (note that the main benefit of increasing the opened window area from 6.7% to 33% is
not energy savings, but occupant comfort). This results in a substantial improvement over the
minimum required by NBC 9.36, however, due to the uncertainty of costing economizer control

for a residential HRV, all models in this study include an economizer for consistency.

Economizer Natural Ventilation No flow
9 250

200

150 W Latent Cooling
B Sensible Cooling
Cooling Hours Unmet
100
50
0 0

Figure 4-3 Effect of natural ventilation and "economizer™ control on cooling demand and thermal
comfort
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Mechanical Ventilation

All models in the study include a whole-house dedicated outdoor air ventilation system
(DOAS) with heat/energy recovery. NBC 9.36 requires an HRV only for the enclosure and window
performance prescriptions from Table 4-2. Minimum SRE is 60% or 55% at 0°C, depending on
climate zone. However, due to a high uncertainty in the material cost premium associated
specifically with increased SRE of the HRV, all models in this study include the only HRV/ERV
equipment costed in the NREMDB, which both have an SRE of 70%. This decision was made to

prevent the distortion of optimization results due to improperly costed equipment relative to the

53



cost of other ventilators, as well as equipment/materials in other component categories (to maintain
consistency of the costing sources). The author recognizes that this results in: a) a reference
building exceeding minimum code-compliance, and b) a maximum available HRV/ERV thermal
efficiency (for the optimizations) that is slightly lower than current affordable options for new
construction. However, previous experience by the researcher with BEopt optimizations indicate
that a higher efficiency HRV will only be selected in minimum LCC designs if the equipment cost
premium (above the SRE 70% model) is minimal.

All building model variants have the same control and air flow rates, as determined for the
modeled house using standard ASHRAE 62.2 (2013) Ventilation and Acceptable Indoor Air
Quality in Low-Rise Residential Buildings (ASHRAE, 2013). Models also include kitchen and
bath exhaust fans, which do not perform heat recovery. Table 4-6 outlines the operational control
of the ventilation system. The HRV provides approximately 0.3 air changes per hour for the
conditioned volume of the house, representing 93% of total mechanical ventilation airflow. The

equation governing the design flow rate of the HRV is:

Flow rate (cfm) = 0.03 X FFA (ft?) + (#bedrooms + 1) X 7.5 (4-2)

Table 4-6 Mechanical Ventilation Operational Control (V=air volume, HR=heat recovery)

Component | Flow | Operation # Electrical Efficiency Heat Daily % of Total
Rate (h/day) | Fans (W/cfm) Recovery | Volume Daily
(cfm) (ft3) Volume
HRV 116 24 2 0.5 Yes 2795 93%
Bath exhaust 50 2.5 1 0.3 No 125 4%
Kitchen 100 1 1 0.3 No 100 3%
exhaust

4.2.4 Space Conditioning

As discussed, the basement is within the building enclosure but not directly conditioned.
There is assumed to be 0.1 ACHn of exchange between the basement air and the conditioned zone
to ensure sufficient heat supply for the models containing a HPWH, as well as simulate the ambient
cooling effect.

All mechanical equipment (in the basement), heating and cooling delivery ducting, and
DHW delivery piping is within the thermal envelope. The reference building includes a minimum
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compliant air conditioner (SEER 15), and natural gas furnace (80% AFUE) with forced-air
delivery by an AHU through uninsulated ducting with a 7.5% air leakage rate. Heating and cooling
temperature set points are 21.1 °C (70 °F) and 25 °C (77 °F), respectively, and there are no
setbacks. The equipment capacity is auto-sized by the software based on the building peak
heating/cooling loads, according to the Air Conditioning Contractors of America (ACCA) Manual
J, 8™ Edition.

4.2.5 Domestic Hot Water

The reference model hot water tank has a 40-gallon (151 L) capacity, with a natural gas
input of 40 kBTU/h (11.7 kW) and an energy factor of 0.59, which complies with NBC 9.36.
Distribution is in a trunk branch formation with cross-linked polyethylene (PEX) piping and no
insulation.

The NBC 9.36 modelling requirement for DHW usage is 225 L/day of service hot water at
55°C (131°F), whereas OBC SB-12/EnerGuide is 178 — 199 L/day at the same temperature.
However, as per the BA Protocol, BEopt models DHW usage by delivered hot water volume at
the tap, after it has been mixed with cold water to achieve a temperature of 43.3°C (110°F),
regardless of the hot water tank temperature set point. The volumetric conversion cannot be easily
made, as BEopt calculates the necessary volume of service hot water dynamically based on
fluctuating municipal service water temperatures by location and time of year (which is mixed
with the service hot to achieve 43.3°C). In any case, the resultant service hot water volume from
this method is very similar to the NBC 9.36 requirement. BA Protocol delivered DHW use is
determined using separate formulas (shown below) for sinks, showers, and baths (i.e., toilets)
based on the number of bedrooms (which is a proxy for occupancy). Clothes washer and
dishwasher DHW use is calculated separately for those appliances depending on appliance and
usage frequency. A summary of the DHW use profile and control regime consistent for all models
is illustrated in Table 4-7 and Figure 4-4 (includes standard dishwasher and clothes washer DHW

use).

Sinks (gal/d) = 12.5 + 4.16 x (# bed) (4-3)

Showers (gal/d) = 14 + 4.67 x (# bed) (4-4)
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Bath (gal/d) = 3.5 + 1.17 x (# bed) (4-5)

Table 4-7 DHW use and control

End Use@43.3 °C Use (L/day)
Sinks 110.3
Showers 123.7
Bath 31.0
Total 265.0
Tank temperature set point (°C)
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Figure 4-4 DHW use profile (BA Protocol, 2014)

Lighting and Appliances

Electricity use from lighting and large and small electrical appliances is fixed across all

designs in the study. As NBC 9.36 is concerned only with energy use for space heating and DHW,

electricity usage and schedules for appliances and lighting is not specified, however, internal heat

gains from these sources is specified. As the BEopt optimizations encompass all energy use,
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including that from appliances, the usage and schedules from these sources—both for calculating

electricity use and internal (sensible and latent) heat gain—is derived from the BA Protocol.
Miscellaneous electrical loads (MELSs, or plug loads) are in addition to lighting and the five

major appliances. This value is based on the B10 Benchmark and does not vary for all building

variants in this study. MEL electricity use is determined using the equation:

kWh
Annual Use <T> = 1108.1 + 180.2 x (# bed) + 0.278 x FFA (ft?) (4-6)

Lighting equipment has been modified from the B10 Benchmark to be composed of 100%
LED interior and exterior lamps. This decision is justified by the fact that the B10 Benchmark is
based on the 2010 U.S. national average for new construction, and LED lights have since become
nearly ubiquitous in new construction as the most economical choice. lllumination levels and
schedules have not been modified.

Of the five large appliances, only the dishwasher has been reset from the BA Protocol to
an Energy Star compliant model. A summary of the lighting and appliances characteristics and
energy use is summarized in (note that in addition to electricity use, the dishwasher and clothes

washer also consume DHW).

Table 4-8 Lighting and appliance sources and consumption

Component Source Description Annual Electricity
Consumption (kWh/y)
MELs B10 Benchmark U.S. average 2562
Refrigerator B10 Benchmark energy factor 17.6 434
Cooking Range B10 Benchmark electric standard 584
Dishwasher Energy Star 318 kWh/y rated 129.5
Clothes Washer B10 Benchmark 123 kWh/y rated 40.7
Clothes Dryer B10 Benchmark Electric, energy factor 3.1 Ib./kWh 918.8
Appliance Total 4669
Lighting Custom 100% LED, 80 Im/W 1202
Total 5871

4.2.7 Internal Heat Gain and Mass

Internal gains are calculated in EnergyPlus for both sensible and latent heat. Sources of

internal gains include: occupants, lighting, appliances, and mechanical equipment waste heat. For
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the purpose of calculating internal gains from occupants, the BA Protocol uses Equation (5-6),
resulting in an occupancy of 3.23 for a 4-bedroom house.

Occupancy = # beds x 0.59 + 0.87 (4-7)

In addition to the heat capacity of the materials in the building enclosure, the model
accounts for the heat capacity (aka thermal mass) of a standard distribution of furniture. For the
solar distribution calculation, there is assumed to be light furniture occupying 40% of the floor
space. For the thermal mass calculation of all interior finishing and furniture, there is an average
mass of 39 kg/m? (8 Ib./ft?) for all conditioned floor area, or 9550 kg total. Assuming an average
specific heat capacity similar to that of white pine (1500 J/kg-°C), this results in an interior heat

capacity of 14.3 MJ/°C.

4.2.8 Reference Model Summary

Table 4-9 and Table 4-10 indicate the BEopt reference model input parameters, sources,
and notes. Where input values for the thermal envelope and windows vary by location for the
reference design, see Table 4-3 and Table 4-4. The “Reference” model refers only to the model
with the thermal system specified in Table 4-9. For the thermal system-specific optimizations, the

space conditioning and water heating parameters are specified in Section 4.3.

Table 4-9 Reference model input parameters (Toronto)

Group Category Parameter
. Orientation North (front of house)
Building
Neighbors Suburban
Wood Stud* R-21 fiberglass batt, 2x6, 24 in o.c., 1/2" OSB, air gap (R-effective: 17.7)
Wall
i N
Walls Sheathing one
Exterior Finish Vinyl, light coloured
Interzonal
Walls R-21 fiberglass batt, 2x6, 24 in o.c. (R-effective: 16.8)
Unfinished
Attic* Ceiling R-38 fiberglass, vented (R-effective: 39.6)
Ceilings/Roofs Roof Material Asphalt shingles, medium
Radiant
Barrier None
Unfinished
Basement* Whole wall R-18 polyiso (R-effective: 19.3)
Foundation/Floors Interzonal
Floor R-38 fiberglass (R-effective: 28.7)
Carpet 20% carpet
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Thermal Mass

Floor Mass Wood surface
Exterior Wall
Mass 1/2 in. drywall
Partition Wall
Mass 1/2 in. drywall
Ceiling Mass 1/2 in. drywall

Window Areas

Front: 18%, back: 23%, left: 10%, right: 10%

Windows* U-value 0.32, Low-e, double, insulated, air, SHGC 0.56
Interior
Shading Summer = 0.5 unshaded, winter = 0.95 unshaded
Wi & D
indows & Doors Door Area 3.72 m? (40 ft2)
Doors Fiberglass, U-value 0.2
Eaves 0.61m (2"
Overhangs None
Air Leakage 2.5 ACH50
Mechanical
Airflow Ventilation HRV, SRE 70%
Natural
Ventilation HRV economizer year-round, 24 hr, 7 days/wk.
Central Air
Conditioner SEER 15, single stage
Space Conditioning Furnace Gas, 80% AFUE
Ducts 7.5% air leakage, uninsulated
Ceiling Fan Standard efficiency, 50% Coverage
Cooling Set
Space Conditioning Point 25 °C (77 °F)
Schedules Heating Set
Point 21.1°C (70 °F)

Water Heating

Water Heater

Gas Standard, Energy Factor 0.59

Distribution Uninsulated, trunk branch, PEX
Lighting Lighting 100% LED
Refrigerator Top freezer, Energy Factor =17.6
Cooking Range Electric
Dishwasher 318 Rated kWh
Appliances & Clothes
Fixtures Washer EnergyStar
Clothes Dryer Electric
Hot Water
Fixtures Standard
Miscellaneous Plug Loads Standard

(grey=optimization options, green=value is reset for optimization)

*may vary by location (see Table 4-2)

59




Table 4-10 Reference model parameter sources

Design Parameter Reference Design Notes
Source
Geometry Custom Detached
Basement Custom Unfinished
Orientation Custom South facing
Nearby obstructions Custom Suburban
*Envelope thermal resistance NBC 9.36
Exterior finish BA B10
Roof material BA B10
Window/door area distribution NBC 9.36
*Windows NBC9.36
Doors BA B10
Thermal mass BA B10
Airtightness NBC 9.36
HRV/ERV Custom SRE 70%
Central AC NBC9.36 All locations
Furnace NBC9.36
Ducts Custom Uninsulated, tight
Ceiling fan Custom Standard efficiency
Water heater NBC9.36
DHW distribution NBC 9.36 no insulation
DHW consumption (equipment) BA B10
Lighting Custom/BA Protocol 100% LED
Large appliances BA B10* Washer - EnergyStar
MEL BA B10
Control
Interior shading Custom High-latitude, cold climate
Natural ventilation Custom HRV Economizer
Mechanical ventilation ASHRAE 62.2 2013
Conditioning setpoints NBC9.36
DHW setpoint BA Protocol
DHW consumption (behaviour) BA B10
Schedules BA Protocol

*Reference design varies by location (see Table 4-3 and Table 4-4)
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4.3 Thermal System Models

Each thermal system-specific energy model is labeled by the space heating method (see
Figure 3-3). Each model contains a suite of space heating (main and supplementary) and cooling
production and deliver, DHW production and delivery, and in the case of the NZC model, solar
PV generation. Each model is intended to have a comparable level of service, including space
cooling, and backup electric resistance for all air-source heat pumps (ASHP and MSHP) for
reliability during very cold temperatures.

While it is possible that space cooling and/or backup electric heating is not necessary in
some locations, it is maintained in all locations for consistency in comparison (In addition to local
climate, microclimate can affect the importance of incorporating a cooling system, as outdoor air
in urban locations can fail to cool during summer nights due to the urban heat island effect,
increased outdoor mean radiant temperature, and reduced evaporative cooling from vegetation.
Proximate wind obstructions can also reduce the efficacy of ventilative cooling if relying on
natural ventilation, however this would not be factor if using HRV economizer control). It is also
true that the models do not have exactly comparable levels of service, such as the “Electric” model
window-AC cooling system having reduced thermal comfort due to poor delivery, or the ductless
“MSHP” model being aesthetically undesirable because of the protruding wall-mounted indoor
units.

There is one “gas-heated” model, and 5 “all-electric” models optimized in each location.
The “Gas” model contains the same thermal system type as the “Reference” model, but with
increased heating, cooling, and DHW thermal efficiency options, including condensing and
tankless DHW production. The “NZC” model contains the thermal system from the least-LCC all-
electric optimization result. Each all-electric system contains only one efficiency option for
heating, cooling, and DHW in the optimization, however, there are options to reduce delivery
losses, improve heat recovery, and more (see Chapter 5). All space heating delivery is by means
of air recirculation (either ducted or ductless), or radiant (for “Electric” model). No hydronic
delivery options were investigated (this is not currently possible using BEopt).

In general, the DHW production system type is the same as the space heating system—that
is, the “Gas” model has gas-heated, DHW, the heat pump models have a HPWH, and the “Electric”
model has an electric hot water tank. The HPWH is a ductless tank with an integrated air-to-water
HP that uses the indoor air as the heat source. It therefore results in some space cooling which is

61



beneficial in the cooling season and detrimental in heating season. DHW is effectively generated
in heat pump models by means of an indirect cascade heat pump. Previous personal optimization
experience has indicated that in buildings not heated with electric resistance, the HPWH will
always result in a substantially lower building LCC than using an electric water heater.

4.3.1 Air-Source Heat Pump (ASHP)

All heat pumps modeled are chosen based on the best available cold-climate models
available. In this study, “ASHP” refers specifically to centrally ducted, air-to-air heat pumps.
ASHP performance depends on several variables, including the electrical efficiency of the fans
and compressor, the frequency and duration of the defrost cycle, the thermal efficiency of the
refrigeration cycle at different outdoor air temperatures, and the “capacity retention fraction” at
lower outdoor temperatures (which determines the amount of supplementary electric resistance
heating required). When a heat pump is modelled in a specific building and climate, an annual
average heating coefficient of performance (COP) and cooling COP are useful metrics for relating
the building enclosure efficiency (SHDI) to the thermal system efficiency, and ultimately
determining space heating/cooling annual cost (COP for an electrically-driven heat pump is the
ratio of useful thermal energy output to electrical energy input). Outdoor temperature can have a
substantial impact on the COP of an ASHP, which introduces a complexity in determining the
annual efficiency that does not exist for natural gas furnaces and electric baseboard heating. Since
the building heating load also increased at lower outdoor air temperatures, an ASHP the performs
poorly at low temperatures can result in much greater annual heating costs in colder climates than
warmer ones. Furthermore, there is no standard method for modelling heat pumps, or for
characterizing their performance. For this reason, only pre-existing HP models in BEopt are used
in this study, with some modifications.

The American Heating and Refrigeration Institute (AHRI) is the rating agency for heat
pumps in North America, providing a summary performance metric for heating, called the Heating
Season Performance Factor (HSPF) and cooling, the Seasonal Energy Efficiency Ratio (SEER).
These values are calculated based on standardized tests and are meant to indicate the expected
annual heating and cooling COP values for AHRI “region IV,” expressed in kBTUq/kWhe.
However, this metric does not include results from tests below -8.3 °C (17 °F) outdoor dry bulb

(ODB) temperature. It can therefore be misleading or uninformative in cold climate applications.
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To address this issue, the Northeast Energy Efficiency Partnership (NEEP) has created a
cold-climate ASHP specification database. It contains additional performance data submitted by
manufacturers and is not third-party tested or verified (NEEP, 2018). To qualify as a “cold climate”
heat pump, NEEP has three primary criteria:

1. Itmust have a COP>1.75at-15C° (5 °F)

2. The compressor must be variable capacity
3. It must have an AHRI rated HSPF > 10

The BEopt centrally ducted ASHP default models are based on a combination of AHRI and
manufacturer performance data, which has been converted to the necessary input metrics for
EnergyPlus. The NREL report “Improved Modeling of Residential Air Conditioners and Heat
Pumps for Energy Calculations” describes the method and highlights the fact that not all
manufacturer data is reliably accurate (NREL, 2013). The MSHP models are another type of air-
to-air heat pump. However, EnergyPlus requires a different set of input metrics than that for
centrally ducted ASHPs. The method for determining these metrics is not as transparent as for
ASHPs, however, BEopt states that they are at least partially determined based on manufacturer
and AHRI performance data from the NEEP database. They may also have been verified through
in-house laboratory testing by the U.S. DOE EERE, as has been done for the ductless MSHPs in
the study, “Laboratory Test Report for Fujitsu 12RLS and Mitsubishi FE12NA Mini-Split Heat
Pumps” (EERE, 2011).

Both types of air-to-air heat pumps (ASHP and MSHP) are modelled in this study, because
while MSHPs could have lower initial costs as well as operational costs, due to the lack of ducting
and energy losses through ducting and pressurization, only an ASHP results in the same interior
aesthetic as a centrally-ducted natural gas furnace.

There are three types of air-source, air-to-air heat pumps systems available:

1. Centrally ducted ASHP via a conventional AHU and duct

2. Ductless MSHP, either single or multi-zone, where the indoor units can be wall-
mounted, floor-mounted, or in-ceiling.

3. Ducted MSHP, single or multi-zone, where the indoor units are concealed fan-coils that

double as mini AHUs and can be ducted to multiple rooms in short duct runs (low static
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pressures). Multi-zone MSHPs can have a combination of ductless and ducted indoor

units

The MSHP model in this study is ductless, multi-zone. For rating purposes, AHRI classifies
air-source heat pumps somewhat differently, according to Table 4-11.

Table 4-11 AHRI small air-source heat pump classification

AHRI Type* HP type Single/Multizone AHRI Rating Ducted/Ductless
Standard
HRCU-A-CB-O Air-air single ANSI/AHRI — ductless
210/240
HMSV-A-CB Air-air multi ANSI/AHRI-1230 either
HRCU-A-CB** Air-air single ANSI/AHRI — ducted
210/240

* these types include indoor fan power (indicated by the “B”)
** can be centrally ducted, or single-zone ducted mini-split

The BEopt default ASHP model is based on a “generic” cold-climate centralized ASHP
with a defrost cycle and integrated supplementary electric heating. Both the heat pump capacity
and supplementary capacity are auto-sized for each building variant based on the peak heating load
as determined using the standard ACCA Manual J method. The BEopt ASHP model was developed
when EnergyPlus was incapable of modelling an ASHP below an ODB of -20 °C (-4 °F). The
minimum operating temperature has thus been modified to -30 °C (-22 °F) to reflect current best-
in-class performance (Mitsubishi, 2017). Key metrics for the heat pump model are found Table
4-12 and performance details for each of the four compressor/fan speeds in Table 4-13. BEopt and
EnergyPlus require heat pump model inputs in terms of “gross COP/EER” rather than “net
COP/EER” (NREL, 2013). The latter includes energy consumed by the indoor fan whereas the
former does not, because EnergyPlus models the fan power dynamically based on the individual
building duct system, which governs the required volumetric flow rate and static pressure
requirement. Since AHRI, NEEP, and manufacturers typically use net COP/EER (i.e., overall),
this presents a major difficulty in developing valid heat pump models.
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Table 4-12 ASHP model inputs

HSPF 10
SEER 22
Compressor speeds 4
Heating cycling fraction 0.24
Cooling cycling fraction 0.25
Indoor supply fan power 0.3 W/cfm
Minimum operating -30°C (-22 °F)
temperature

Table 4-13 ASHP model input values

Fan/Compressor Capacity Cooling Heating EER cop
Speed Ratio Fan Speed | Fan Speed | (95 °FODB) | (47 °F ODB)
Ratio Ratio
1 0.49 0.7 0.76 17.4 4.82
2 0.67 0.9 0.92 16.8 4.56
3 1 (nominal) 1 1 14.3 3.89
4 1.2 1.26 1.22 13 3.92

4.3.2 Mini-Split Heat Pump (MSHP)

The MSHP, already discussed in Subsection 4.3.2, is a multi-zone, ductless model with
four wall-mounted indoor units (IDUs). Like the ASHP, it also provides space cooling, but does
not include integrated supplementary electric heating. Therefore, although it is not always
necessary, the “MSHP” building models include supplementary electric baseboard heating. The
EnergyPlus/BEopt heat pump model input parameters are very different for a MSHP than for an
ASHP. The MSHP model is also a BEopt default model based on a single-zone ductless unit that
can be found in the NEEP database under the AHRI Certificate No. 7002444. Since a single-zone
(i.e., one wall-mounted IDU) cannot provide uniform space conditioning delivery to a four-
bedroom, two-story house, the model has been modified to have four IDUs. This has been done
by reducing the HSPF from 12 to 11, which is the rated difference between the single and multi-
zone models of the same product line from the same manufacturer, and by multiplying the indoor
fan power by four. Both modifications result in a reduction in efficiency to the default BEopt
model.

Unlike the ASHP, there is no minimum operating temperature for the MSHP, but rather a

linear reduction in heating capacity (in addition to the reduction in COP) with reducing ODB,
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defined by a “heating capacity retention fraction.” This value is a measure of the maximum heating
capacity at a tested cold temperature (-25 °C in this case) relative to the maximum heating capacity
at the rated temperature of 8.33 °C. This capacity allows the heat pump to be auto-sized for the
given building enclosure and climate, based on the peak heating load and design heating
temperature as determined by the Manual J calculation. The heating capacity offset is the amount
by which the nominal heating capacity at the rated temperature exceeds the nominal cooling
capacity at the rated temperature. Heat pumps are labelled based on their nominal/rated cooling
capacity. For example, for a 15 kBtu/h heat pump with a heating capacity offset of 2.3 kBtu/h, and
a maximum heating capacity fraction of 1.3 at the rated temperature, the maximum heating
capacity at the rated temperature is: (15 + 2.3) x 1.3 = 22.5 kBtu/h. See Table 4-14 for a summary
of the BEopt MSHP model inputs, and Figure 4-5 and Figure 4-6 for a characterization of the
efficiency and capacity range versus outdoor temperature of the single-zone version of the heat
pump using data from the NEEP database. Note that the large capacity range enabled by the
variable speed fans and compressor allows better simultaneous load-matching between the
building demand and heat pump output. This reduces the heating cycling rate, thereby increasing

both comfort and efficiency.

Table 4-14 MSHP model inputs

HSPF 11
SEER 18
Compressor speeds Variable
Heating cycling fraction 04
Cooling cycling fraction 0.25
Installed supply fan power 4 fans x 0.07
W/cfm
Heating capacity offset 2.3 kBtu/h
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4.3.3 Ground-Source Heat Pump (GSHP)

The GSHP is the BEopt default EER 20.2, COP 4.2 rated model with a vertical heat
exchange bore field, modelled in all locations with a mid-range conductivity soil. In terms of
heating and cooling forced-air delivery and integrated supplementary electric heating, it is the
same as the ASHP model. There is no option to produce DHW using a GSHP in BEopt, therefore
a standalone HPWH is included, as with the other heat pump building models. Table 4-15
summarized the BEopt GSHP model inputs. The heating and cooling capacity, and borehole

number, configuration, and depths are auto-sized separately for each modeled building variant.

Table 4-15 BEopt GSHP model input parameters

Input Parameter Value Unit
cop 4.2
EER 20.2
Bore field efficiency* 421 ft/ton
Heat exchanger (HX) type vertical
Ground conductivity 0.75 BTU/ft-h-R
Grout conductivity 0.8 BTU/ft-h-R
Bore spacing 20 ft
Bore diameter 5 in
Nominal pipe size 0.75 in
Ground diffusivity 0.282 ftr2/h
HX fluid type propylene-glycol
Glycol fraction 0.3
Ground loop design delta-T 10 F
Pump head 50 ft of water
U-tube spacing type B
Indoor supply fan power 0.5 W/cfm

*Auto-calculated value based on input parameters

4.3.4 Electric

The primary advantage of electric baseboard space heating is the low initial cost. Part of
the capital savings are due to the lack of space conditioning delivery system; therefore, a window
AC unit is included in this model for cooling to preserve this effect. It is recognized that a single
window AC unit, while sufficiently sized to meet the whole-building peak cooling load, would not
provide the same comfort level as a centralized AC system. Furthermore, there would be little to
no operational savings by using a HPWH for DHW, since the ultimate heat source is electric
resistance through most of the year. Since an electric water heater is initially cheaper than a

HPWH, this is used in the “Electric”” house model.
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4.3.5 Thermal Systems Summary

As mentioned, the “Gas” optimization contains the same system type as the “Reference”
model but with improved efficiency options (see Chapter 5 for details). All models undergo a
whole-building optimization except the “Reference” model. Table 4-16 summarizes the thermal

five thermal systems described in this section, as well as the Reference system.

Table 4-16 Thermal system model inputs summary

Model DHW Cooling Heating Backup Delivery
Name Heating
Reference natural gas, 40 gal. central AC, SEER natural gas furnace, NA ducted air
Energy Factor 0.59 15 80% AFUE
Gas natural gas (tank/ central AC natural gas furnace NA ducted air
tankless options) (multiple options) (multiple options)
ASHP HPWH 80-gal, Energy central ASHP, central ASHP, 10 integrated ducted air
Factor 2.3 SEER 22 HSPF electric
MSHP HPWH 80-gal, Energy ductless MSHP, ductless MSHP, 11 baseboard 4 Indoor
Factor 2.3 SEER 22 HSPF electric units
GSHP HPWH 80-gal, Energy | central GSHP, EER | central GSHP, COP integrated ducted air
Factor 2.3 20.2 4.2 electric
Electric electric tank, 50 gal. window AC, EER electric baseboard NA NA
Energy Factor 0.95 10.7

4.4 Baseline Models Performance

In addition to the “Reference” model for each location, each of the other four thermal
system types have been modelled within the (non-optimized) reference building enclosure for the
Toronto location to determine the energy efficiency of each space heating system and the total
building EUI for each system type. This allows a baseline comparison with the whole-building
optimizations for each system type in Chapter 6. Optimal thermal system component efficiencies
for the “Gas” model are determined by the optimization results and so that model is not evaluated

here.

4.4.1 Thermal Envelope Performance (SHDI)

The “thermal envelope performance” in this study is taking to be the overall building
enclosure thermal performance, accounting for the thermal resistance, air leakage, and solar gain
through the enclosure, as well as the heat recovered by the HRV/ERV. It also accounts for all
internal heat gains from occupants, lighting, and appliances, all of which remain static across all

models in this study. It is expressed as the SHDI value, and it varies by location due to climate as
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well as differences in the NBC 9.36 “Reference” enclosure design. Aside from slight variations in
internal heat gain, and interactions with the HPWH, the SHDI value would not be substantially
affected by different thermal system types. BEopt does not indicate space heating demand directly,
but rather delivered heating energy (since heating systems with different delivery systems have
varying amounts of heat loss through ducts, for consistency in this study SHDI is always
determined by modelling the building in question with electric baseboard heating, which does not
suffer delivery losses). “Reference” model SHDI and EUI values for all locations are illustrated in
Figure 4-7 (recall that SHDI does not refer to the portion of the EUI used for heating energy input,

but to the thermal energy output of the space heating system).
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Figure 4-7 Reference model SHDI and EUI

4.4.2 Purchased Energy Consumption (EUI)

Figure 4-8 provides some insight into the energy end-use breakdown for the “Reference”
model in Toronto, and how each of the all-electric thermal systems perform in the same building
enclosure and location. The natural gas furnace and water heater in the “Reference” model are
low-medium efficiency, and an improved system is optimized in the “Gas” design in Chapter 6.

Furthermore, the fact that there are two types of purchased energy included in the chart renders it
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impossible to conclude anything about the operational cost or GHG emissions of the “Reference”

building relative to the other buildings.
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Figure 4-8 EUI Breakdown by end-use for thermal system-specific Toronto baseline models
(hatching=natural gas, solid=electricity)

Table 4-17 summarizes the heating energy for each heat pump model and the resultant
“Total simulated COP.” This value includes duct losses and supplementary heat delivered in the
numerator, and electricity used for the heat pump, delivery, and supplementary electric heating in
the denominator. Note that although the MSHP has the lowest total heating COP, it has the lowest
total purchased energy requirement (Figure 4-8). This is primarily due to the lack of heat lost
through ducts. The MSHP is required to generate less heat annually to satisfy space heating
demand (the “heating-main” value for the MSHP exceeds that for the other two heat pumps
because EnergyPlus credits a portion of the duct losses as useful heat). Baseline model ducts have

a 7.5% leakage rate and are uninsulated. Duct insulation is investigated in the optimizations.
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Table 4-17 Total simulated COP and heating delivery for Toronto baselines

ASHP MSHP GSHP
Heating COP 3.00 291 3.22
Cooling COP 4.58 3.99 5.37

Delivered Heating (kWh/y)
Heating - main
11,888 13,433 11,053
Heating - supplementary
67 44
Heating duct losses
4,587 4,930
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5 Life-Cycle Cost Optimization

This chapter discusses, justifies, and summarizes the optimization model input parameters.
These parameters are separated into: location-specific factors, fixed financial metrics, and design
input options. Each of the 30 optimization runs (see Figure 3-3) contains some variation in these

input parameters.

5.1 Location-Specific Factors

The purpose of conducting the optimizations in five different Canadian cities is to evaluate
by location the merit of energy conservation measures (passive and active), the electrification of
heating, and onsite renewable generation on both LCC and GHG emissions. This section describes
the factors affecting these values, due to: energy performance (climate and latitude), indirect
emissions (electricity EF), construction cost (City Cost Index), and energy costs (purchased energy

prices).
5.1.1 Climate and Latitude

All locations are Canadian Cities and are therefore heating-dominant, cold climates, with
Vancouver being the warmest (and most temperate), and Edmonton the coldest. Aside from
affecting the local climate, latitude is relevant in determining the solar PV generation potential,
with Edmonton being the northernmost location, and Toronto the southernmost. Latitude also
affects the seasonal fluctuation in electricity generation, which is not of concern to a customer with
a grid-tied net metering contract, and therefore not directly relevant to this study, but can inform
the aggregate value/burden of distributed solar generation to the electric utility.

Table 5-1 summarizes the climate and location data for each location in this study. Data is
from NBC 2015, Volume I, Table C-2 (NBC Volume I, 2015). The house was modeled as suburban
and locations outside of the city center were chosen where possible. The input CWEC (.epw)
weather files for the simulation are not from NBC 2015, but correspond closely with the NBC 2015
locations. The design data from NBC 2015 is for illustration only. Actual design parameters are
determined by EnergyPlus based in the .epw data according to ACCA Manual J, which employs a
similar method.

The default weather files in BEopt/EnergyPlus for all Canadian locations use the original

CWEC (Canadian Weather for Energy Calculations) files, which are outdated compared to the
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TMY 3 files for U.S. locations. The white paper by RWDI, “Modelling Energy Futures” outlines
the importance of using up-to-date weather files, given the measurable change in climate (Toronto
specifically) over the past two decades. Their analysis and research indicate that, where the CWEC
files (1958-1989) place Toronto in climate zone 6, data from 2000-2014 places it in climate zone
5 (RWDI, 2016). Furthermore, projected climate change indicates that it will be in climate zone 4
by the 2040s. The CWEC 2016 weather files for this study generate a typical meteorological year
(TMY) using data from the 30 years prior to 2015. They are sourced from the website
“climate.onebuilding.org” (Climate, 2018). These files have only been made publicly available
recently, and EnergyPlus has not yet updated their default weather files for Canadian locations. It

is not clear when/if they will be provided directly by the Government of Canada.

Table 5-1 Climate and location data

Location Elevation | Latitude Design Temperature Degree | NBC CWEC
(NBC 2015) (m) (N) January July 2.5 % days | Zone | 2016
°C 18 °C File
Vancouver 120 49°15' -6 -8 28 20 2925 4 Airport
(Granville &
41 Ave)
Edmonton 645 53°32' -30 -33 28 19 5120 7A City
Toronto 175 43°42' -20 -22 31 24 3760 5 City
(North York)
Montreal 45 45°30" -23 -26 30 23 4270 6 Trudeau
(St Laurent) airport
Halifax 55 44°38' -16 -18 26 20 4000 6 Dockyard

5.1.2 Electricity Emissions Factor (EF)

See Subsections 2.2.3 and 2.3.7 for a discussion of average and marginal annual EF, and
Figure 2-12 for values for each of five electric grids (ECCC, 2018), (Energy Star, 2017). The
carbon intensity of onsite natural gas combustion is constant for all locations at 179.1 g CO.e/kWh
of input chemical energy, as per the same source as the marginal EFs (Energy Star, 2017).

5.1.3 City Cost Index (CCl)

The material and labour costs for all BEopt components are from NREL’s NREMDB and
represent the U.S. national average in USD. Costs for rapidly developing technologies, such as

LED lighting and solar PV are updated frequently. To adjust these costs for each city, the RSMeans
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“City Cost Index” (CCI) has been applied. For Canadian cities, the CCI simultaneously adjusts for
local construction costs and currency conversion from USD to CAD (RSMeans, 2015). By using
the 2017 base CClI values for Canadian Cities, and fuel price inputs in CAD, all cost output from
BEopt is in CAD (the 2017 average currency conversion was 0.77 CAD/USD). The CCI format
used is the “MasterFormat” (MF2014). There is a separate CCI for materials and labour. The
BEopt cost multiplier input corresponds to the CCI/100 (see equation (5-6). See Table 5-2 for a
the CCl values used in the BEopt models.
Local Cost (CAD)

_ Local Canadian CCI
B 100

(5-1)

X US National Average Cost (USD)

Table 5-2 RSMeans (2017) CCI (RSMeans, 2017)

City Material | Labour/Inst.
Vancouver 115.6 93.9
Edmonton 119.8 98.6

Toronto 114.5 105.6
Montreal 115.7 91.5
Halifax 116.1 85

5.1.4 Purchased Energy Prices

The only two types of purchased energy investigated in this study are electricity, which is
necessary in all buildings, and natural gas. These constitute the second and first most common
types of space heating input energy, respectively, for residential buildings in Canada (see Figure
2-8). The term “purchased energy,” is necessary because electricity is not considered a fuel, and
appropriate because it is precisely that energy with a cost that a homeowner seeks to minimize for
reducing the building’s operational cost. Such a statement may appear obvious, however it is useful
to emphasize, since building enclosure designers and energy modelers sometimes prioritize
reduction in the thermal energy demand (i.e., SHDI). This approach neglects the thermal
conversion efficiency of the mechanical system, and the unit price of the input purchased energy,
which can vary greatly by location. SHDI, therefore, may provide one with little-to-no useful

information about the operational space heating cost of a building, if the heating system efficiency
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and type are not known. A potential reason for such an economically suboptimal design approach
is an ongoing disconnect between the civil/architectural disciplines and the mechanical discipline.
Every effort was made to provide current residential rates including all charges that ratepayers are
subject to.

Electricity prices were derived from Hydro Quebec’s annual report, “Comparison of
Electricity Prices in Major North American Cities” (Hydro Quebec, 2017). This is the only known
centralized repository of electricity rates across Canada (only selected cities) using a consistent
comparison methodology and is also referenced by the Ontario Energy Board website. Variation
in rate structures by province, utility, distribution company, and retailers render such a resource
very valuable. These include all marginal and fixed charges based on a monthly usage of 1000
kWh. Rates have been disaggregated into monthly fixed and marginal (i.e., $/kWh) rates according
to sample bills and bill calculators from the relevant provincial government website. Furthermore,
the aggregate rate from the Hydro Quebec report for Toronto has been discounted by 25% based
on the “Ontario Fair Hydro Plan” which came into effect after the publication of the 2017 Hydro
Quebec report. This was deemed acceptable based on the claim that “Ontario is lowering electricity
bills by 25 per cent on average for all residential customers,” and that the Quebec Hydro report
rates are based on whole bills (including tax) for a typical residence consuming 1000 kwWh/month
(Ontario Energy Board, 2017).

There is no such central repository for natural gas prices across Canadian locations, and
these rate structures can be similarly complex and discrepant. BEopt contains detailed, up to date
rates for all electricity and natural gas utilities in the U.S. through the “OpenEI” database. The
database does not contain rates for Canadian utilities, but such a project would be very valuable
for NRCan to undertake. All electricity and natural gas prices include the relevant provincial and
federal sales tax. For a natural gas price calculation details, see the “natural gas price.xls” file in
the Appendix.

Natural gas prices were determined from sample bills and bill calculators from a
combination of provincial government and natural gas retailer websites. In all cases, prices have
been aggregated into marginal ($/unit energy), and fixed ($/month) prices, as inputs for BEopt.
Separating marginal and fixed prices is important for calculating the benefit of full electrification
due to the elimination of the fixed charge for natural gas service. For illustration only, Figure 5-1

provides a price comparison for the two purchased energy sources by location. Annual usage for
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electricity of 12 MWh is the same as the value from the Hydro Quebec report, and considered the
provincial average by the Ontario Energy Board. Natural gas usage of 80 GJ is a typical value for
a single detached Canadian home. For comparison, the TO-Reference model consumes 91 GJ.
Consumption can vary substantially by location, thermal envelope performance, and furnace/water
heater efficiency. Total energy price will vary depending on actual annual usage since the ratio of
fixed charges to marginal charges will vary. BEopt calculates actual charges separately for fixed
charge and marginal usage for each simulation.
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M Electricity (12 MWh Annually) H Natural Gas (80 GJ Annually)

Figure 5-1 Electricity and natural gas price comparison (includes all marginal and fixed charges,
expressed as a total price based on a set annual usage)

Figure 5-2 provides a detailed breakdown for natural gas prices. The “carbon” charge
represents the carbon tax/levy resulting from the carbon tax or cap-and-trade program in the
respective province. Electricity generators are currently exempt from the carbon tax/levy. The
carbon charge has been omitted from the price in this study in an effort to evaluate subsidy-free
optimal building designs. The “gas-marginal” charge is the actual cost of the fuel and is the portion
of the cost that is subject to fluctuating natural gas prices. The “other-marginal” charge is for all
other charges imposed on a per usage basis, including “rate riders”, marginal components of
transportation and delivery charges, etc. (exact bill structure varies by province). Note that for all
locations most charges, whether marginal or fixed, are not for the fuel but for all other charges
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associated with administrating, operating, and maintaining the natural gas supply chain and
distribution system. The high fixed charge for Edmonton is due to a “Retail Admin Fee” from the
energy retailer, and the fixed component of a “Municipal Franchise Fee” from the City of
Edmonton, in addition to the usual fixed charge from the gas utility.
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Figure 5-2 Annual cost of 80 GJ natural gas

The complexity and discrepancy in rate structures by energy type and location can easily
result in flawed price comparisons. For evaluating the economic viability of the electrification of
heating and complete building electrification, the primary metric of interest is the
electricity/natural gas price ratio. In determining this value, it is essential to consider the effect of
fixed charges. By eliminating a connection to the natural gas grid entirely, the savings in fixed
charges provides a financial “boost” in favour of electric heating. This is because all buildings,
whether heated by gas or electricity, nevertheless require electricity, therefore the electricity fixed

charge does not figure in the question of whether to install a gas furnace or a heat pump. To
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understand the importance of this effect, Figure 5-3 illustrates the electricity/gas price ratio
considering: 1) marginal prices only, 2) fixed and marginal charges (“Total”) based on typical
annual usage (using the same prices as Figure 5-1), and 3) the “Real” price ratio relevant for
evaluating fuel switching, which includes fixed charges for gas but not electricity. Note that this
effect can only be observed if there are no other gas appliances in the building, such as a gas

cooktop.
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Figure 5-3 Electricity to gas price ratios (annual electricity use=12 MWh, gas use=80 GJ)

Comparing the price ratio between the “Marginal” method and the “Real” method, the
value for Toronto falls by 30%, and for Edmonton as much as 53%. The “Real” ratios will vary
depending on annual gas usage, but not electricity usage. For example, if the building only requires
40 GJ of natural gas annually, the total gas price will increase, and the electricity/gas price ratio
will decrease. These ratios are useful in understanding the underlying functions affecting the
viability of electrification in terms of operational cost only.

Table 5-3 and Table 5-4 summarizes the purchased energy input prices for the BEopt
models and the sources from which they were retrieved or derived. All electricity prices are from
the Hydro Quebec report, with only the fixed charges derived from the source listed. All values
represent costs for the year 2017.
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Table 5-3 Electricity prices and sources

Location Electricity Sources Utility
Marginal Fixed
(CAD/kWHh) (CAD/month)
Vancouver $0.1101 $8.26 (BC Hydro, 2018) BC Hydro
Edmonton $0.0785 $30.10 (Utilities Consumer Advocate, EPCOR
2018) regulated rate
Toronto $0.1048 $34.89 (Ontario Energy Board, 2018) Toronto Hydro
Montreal $0.0670 $14.25 (Hydro Quebec, 2018) Hydro Quebec
Halifax $0.1582 $11.37 (Nova Scotia Power, 2017) Nova Scotia
Power
Table 5-4 Natural gas prices and sources
Location Natural Gas Sources Utility
Marginal Fixed
(CAD/G)J) (CAD/month)
Vancouver $7.19 $12.75 (Fortis BC, 2018) Fortis BC
Edmonton $6.55 $49.50 (Utilities Consumer Advocate, Direct Energy
2018) regulated rate
Toronto $7.95 $22.60 (OEB 2, 2018) (Ontario Energy Enbridge
Board, 2018)
Montreal $14.76 $18.98 (Gaz Metro, 2017) Gaz Metro
Halifax $20.97 S 25.15 (Heritage Gas, 2017) (Heritage Heritage Gas
Gas 2, 2017)

5.2 Financial Model

Information in this section is true for all models and all locations.
5.2.1 Capital Costs

Due to the large number of component options explored, comprehensive input cost data is
not represented here. However, a breakdown in initial cost for the optimization output designs is
provided in Chapter 6. For detailed input cost data please see the BEopt files in the Appendix.

The initial cost of the building is only for “energy related” components and equipment.
Since almost every aspect of the building affects performance—including the thermal mass of
gypsum wall board, roof finish material, overall wall assembly with structural wood studs, large
appliances, etc.—this value excludes only a few items: concrete foundation, interior finishing, and

miscellaneous electrical appliances.
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Apart from the shower DWHR unit, all material and labour cost data is derived from the
NREMDB. In some cases, additional parameter options have been added, such as thicker exterior
insulation sheathing options. Material and labour costs for these options have been appropriately
linearly extrapolated from existing cost data. In the case of the cost of the air barrier, costs are
determined using the default equation in BEopt, resulting in the inverse natural logarithmic
function illustrated in Figure 5-4. Equation (5-2) defines this function. It has been extracted from

BEopt and is derived from empirical data based on the U.S. national average.

Air Sealing Cost ($) = (0.65 X FFA) — (0.205 X In(ACH50) X FFA) (5-2)

Where:
FFA = building finished floor area in (ft?)

ACH50 = building airtightness in are changes per hour at 50 Pascal depressurization
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Figure 5-4 Cost of air sealing for single-detached home (U.S. national average)

Space conditioning systems have a fixed cost and a capacity cost that correlates to the
design peak heating load of the building. Table 5-5 lists these costs for each thermal system

(excludes DHW cost) and Figure 5-5 illustrates how each system scales with increasing capacity.
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Table 5-5 Space conditioning system input capital costs

Design | Space Conditioning Price Metrics (CAD)
Name System Heating Main Supplementary Cooling (AC) Delivery (Ducting)
Electric
Capacity fixed Capacity Capacity fixed Area ($/ft?) Total ($/unit)
[output] ($/unit) ($/kBtuh) ($/kBtuh) ($/unit)
($/kBtuh)
Reference Gas 80% AFUE + AC $3.09 $2,157 $48.09 $2,698.83 $5.56 $5,266.99
SEER 15
Gas Gas 92.5% AFUE + AC $4.78 $2,630.60 S 48.09 $2,840.81 $7.04 $ 6,669.00
SEER 16
ASHP ASHP 10 HSPF, SEER S 48.09 $4,395.00 $7.04 $ 6,669.00
22
MSHP MSHP 11 HSPF + $92.75 $1,856.62
baseboard
GSHP GSHP 4.2 COP, EER $ 564.25 $1,833.36 $ 6,669.00
20.2
Electric Baseboard Electric + $41.78
window AC
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Figure 5-5 Space conditioning system initial cost (heating main, supplementary electric, cooling, and
delivery)

5.2.2 Mortgage

While 79% of Canadians opt for a high-ratio mortgage (<20% down payment, maximum
25-year amortization), a conventional mortgage has been selected because it enables a longer
amortization period (30 years vs. 25), and it does not require CMHC mortgage default insurance
(Ratehub.ca, n.d.). The software input limitations render it impossible to accurately capture the
cost of default insurance for all designs in an optimization. A conventional mortgage requires a
down payment of 20% (Canada, 2017). This also simplifies the financial analysis, since the
financial project period is also 30 years.

The inflation rate and mortgage interest rate (5-year fixed-rate mortgage) are based on the
Canadian average in the 2013-2017 period (CMHC, 2018), (Inflation.eu, 2018). The monthly
mortgage payments are determined using equation (5-3). This method results in fixed monthly
payments that include both the interest and principal charges over the 30-year amortization period.
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Monthly P t—P[m(1+m)n
onthly Payment = T+mr -1 (5-3)

Where:
P = Principal amount on loan after down payment
n = Number of mortgage payments (i.e., 12 x 30 = 360)

m = Monthly interest rate (i.e., 0.039/12 = 0.00325)
5.2.3 Economic Parameters

The real discount rate is a function of the inflation rate and the nominal discount rate, which
has been set equal to the mortgage interest rate, as per the report from the U.S. DOE EERE Building
Technologies Program “Methodology for Evaluating Cost-Effectiveness of Residential Energy
Code Changes” (EERE, 2012). Justification for this method is as follows:

“The purpose of the discount rate is to reflect the time value of money. Because DOE’s economic
perspective is that of a homeowner, that time value is determined primarily by the owner’s best
alternative investment at similar risk to the energy features being considered—in this case a
typical homeowner who holds a home throughout a 30-year mortgage term. DOE sets the
discount rate equal to the mortgage interest rate in nominal terms. Because mortgage
prepayment is an investment available to consumers who purchase homes using financing, the

mortgage interest rate is a reasonable estimate of a consumer’s alternative investment rate.”

The real discount rate is thus calculated as:

R _ (1 + Rnominal) -1
e R (5-4)

Where:

Rreqi= real discount rate
Rnominar= nominal discount rate
i = inflation rate

A summary of the mortgage and financial project inputs the BEopt model is presented in
Table 5-6. Real fuel escalation rates have been kept at zero—that is, electricity and natural gas

prices rise with inflation.
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Table 5-6 Mortgage and financial project inputs

Economics Mortgage
Project Analysis Period (yr.) 30 Down Payment 20%
Inflation Rate 1.54% Mortgage Interest Rate 3.90%
Discount Rate (Real) 2.33% Mortgage Period (yr.) 30
Discount Rate (Nominal) 3.90%

5.2.4 Cash Flows and LCC

Cash flows for the financial project include: mortgage down payment in year zero, annual
mortgage payments, annual utility charges (purchased energy use), annual PV generation
payments (if applicable), equipment replacement costs, and the building residual value credit in
year thirty. The residual value of all building components is calculated based on linear asset value
depreciation over time. This is determined based on the material input data for each component,
which includes both cost and lifetime.

All cash flows except mortgage payments (principle and interest) are inflated according to
the year they occur. Annual energy use is based on the annual simulation and does not change over
the project life. Inflated future costs are calculated using equation (5-5).

Costyear=k = Costinitiar (1 + i)k (5-5)

Where:

i = inflation rate

Costinitiar= Cost of component/payment in year k=0
k = the year the costs occur

To understand LCC for a given model it helps to visualize an annual cash flow diagram.
Output from BEopt for the optimal TO-MSHP model results in the cash flow shown in Figure 5-6.
Only replacement events for HVAC and DHW equipment are labelled. Other events include

ceiling fans and major appliances, and do not change for all models in this study.
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Figure 5-6 Toronto MSHP design cash flows (chart excludes residual value: $79,938 in year 30, i.e., a
negative cost)

All cash flows for a given year are then summed to obtain a net total cost (TC) for each
project year. These future costs are then converted into present costs using the nominal discount
rate and summed to obtain the LCC equation (5-6).

N
LCC = Z(Tcyem:k 1+ dn)_k) (5-6)

TCyeqr=k = total costs in year=k
d,, = the nominal discount rate

5.3 Design Input Options

This section refers to design input categories for which there is more than one parameter
option selected for the optimization run. For fixed design parameters, see Table 4-9 (Table 4-3 and
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Table 4-4 for location-specific reference values), and for fixed thermal system-specific parameters,
see Table 4-16. Note that of the fixed parameters, two have been reset from the Reference model,
but are not optimization options. This has been done for the categories of “interzonal wall,” and
“interzonal floor.” These are the envelope components separating the building living space from
the garage, and they constitute a small portion of the total enclosure area. To reduce computational
intensiveness, these components were not separately optimized. However, to ensure that they did
not “pull down” the resultant optimal R-value of the rest of the enclosure, the interzonal floor and
walls were reset to an effective R-value of 36.6 and 38.6 respectively (see Table 4-3 for Reference
values).

The “Gas” thermal system model was the only one for which multiple heating, cooling,
and DHW system efficiency options were explored (see Table 5-7). The water heater options that
use a storage tank have a 40-gallon tank. However, multiple DHW and space conditioning delivery
system efficiencies were explored for all applicable models (e.g., ductwork insulation for

centralized conditioning systems; and hot water piping insulation, and shower DWHR for all

models).
Table 5-7 Optimization design input options - "Gas™ model only
Group Category 1 2 3 4
Space Central Air SEER 15 SEER 16 (2 stage) SEER 18 SEER 24.5
Conditioning | Conditioner

Gas Furnace 80% AFUE 92.5% AFUE 95% AFUE 98% AFUE
Water Gas Water Energy condensing, Energy | tankless, Energy tankless condensing,
Heating Heater Factor: 0.59 Factor: 0.82 Factor: 0.82 Energy Factor: 0.96

To create an option for a DWHR unit in BEopt, a custom option for the “hot water fixtures”
category was created that has a shower DHW use reduced by 53% (the efficiency of the unit),
resulting in a total DHW use reduction of 25%. The standard 3” diameter, 60 long unit selected
has a cost of $622 + $80 (material and labour in USD), and a lifetime of 40 years.

Since the Reference model varies for some parameters by location (wall, ceiling, and
foundation R-values, and window U-value), the lower limit of the options range varies for these
categories, though intermediate options and the upper limit do not. Only design options were
explored that do not comply with NBC 9.36 for the location in question (i.e., all options explored
meet or exceed the Reference model parameter for that category, by location). The only exception
to this rule is the possibility to downgrade from a U-0.27 window to a U-0.29 window for
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Edmonton, Montreal, and Halifax. Table 5-8 is a complete list of design input options used for all

models.
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Table 5-8 Optimization design input options for all models

Group Category 1 2 3 4 5 6 7 8 9
Walls 1 Wall R-40
Sheathing none R-5 XPS R-10 XPS R-15 XPS R-20 XPS | R-25XPS | R-30 XPS R-35 XPS XPS
5 Unfinished R-38
- Attic (39.6) R-49 (50.6) R-60 (61.6) R-70 (71.6)
Ceilings/Roofs Radiant double-sided
3 . .
Barrier none foil
. R-12
FOUFTSS:LOM 4 Unfinished polyiso R-18 polyiso
Basement (13.3) (19.3) (22.6) (28.1) (33.4) (38.6)
5 Window back:
Areas 23% back: 33% back: 43%
. U-value U-value U-value U-value
W'g‘i%‘:’: & 16 U-value U-value 0.3 0.29 0.21 0.18
Windows 0.32 U-value 0.3 U-value 0.29 0.27 (triple) (triple) (triple) (triple)
7 back windows: | back windows:
Overhangs none 2' 3'
3 2.5
Airflow Air Leakage ACH50 2 ACH50 1 ACH50 0.6 ACH50
9 Mechanical HRV, ERV, SRE: 70%,
Ventilation SRE: 70% TRE: 0.48%
10 Duct
Space insulation none R-4 R-8
Conditioning 11 Ceiling Fans
(4 fans) 45 W/fan 20 W/fan
12|  Piee
insulation none R-2 R-5
Hot Water
13 Shower
DWHR none 53% efficiency

Blue=VN & TO only, Green=VN only, Yellow=category not available for “Electric” & “MSHP” models

Bracketed values indicate assembly R-effective (US units)
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6 Optimization Results and Discussion

This Chapter presents the results of the LCC versus GHG whole-building optimizations for
the five locations and six thermal/photovoltaic system-specific models. Resultant optimal designs
of interest for the Toronto location are compared and their initial and operational costs, energy use,
and GHG emissions are deconstructed. Finally, the primary and secondary objectives introduced
in Section 1.1 are addressed. Additional details of the optimization inputs, resultant optimal

designs, and energy/cost/emissions performance can be found in the electronic appendix.

6.1 “Gas” Model Optimization

This section provides an example of the optimization results for the “Gas” model. It
represents a whole-building optimization using the same thermal system type as the Reference
model which, as previously mentioned, is the new construction norm in Canada. It therefore can
be considered the global minimum LCC gas-heated house design and can thus be used as a
secondary reference or benchmark design against which to compare the true economic feasibility
of all-electric and NZC design alternatives.

In all locations the optimal, or least LCC Gas design, results in reduced GHG emissions
and a reduced energy-related building LCC over the Reference for that location. In Toronto it is a
33% reduction in emissions and 3% reduction in LCC. Figure 6-1 illustrates results for the Toronto
(Gas-TO) optimization, including sensitivity frontiers for the exterior wall insulation category
options. Each point on the plot represents the performance and cost of a unique building design
variant. The reference model is indicated on the right with a dashed grey line, and the least LCC
resultant design is at the bottom with the dashed blue line. Note that while increased insulation can
result in improved energy/emissions performance, but the capital costs do not outweigh the energy
cost savings (remember initial and energy costs are captured in the LCC metric). The resultant
least LCC Gas design for each location is summarized in Table 6-1. Only design options are listed.

For fixed input design parameters, see Chapters 4 and 5.
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Figure 6-1 Gas-TO optimization plot with exterior wall insulation sensitivity frontiers
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Table 6-1 Resultant least LCC Gas designs by location

Group Category Ref-TO Gas-VN Gas-ED Gas-TO Gas-ML Gas-HX
Walls Wall Sheathing none none none none R-15 XPS R-20 XPS
Ceilings/ Unfinished Attic R-38 (39.6) R-38 (39.6) R-49 (50.6) R-38 (39.6) R-60 (61.6) R-60 (61.6)

Roofs Radiant Barrier none none none none none none
Foundation/ Unfinished R-18 polyiso R-12 polyiso R-18 polyiso R-18 polyiso R-18 polyiso
Floors Basement (19.3) (13.3) (19.3) (19.3) (19.3) R-18 polyiso (19.3)
Wind 2 Window Areas back: 23% back: 23% back: 23% back: 23% back: 23% back: 23%
indows
Doors Windows U-value 0.32 U-value 0.32 U-value 0.27 U-value 0.32 U-value 0.27 U-value 0.27
Overhangs none none none none none none
Air Leakage 2.5 ACH50 2.5 ACH50 0.6 ACH50 1 ACH50 0.6 ACH50 0.6 ACH50
Airflow Mechanical ERV, SRE: 70%, | ERV, SRE: 70%,
Ventilation HRV, SRE: 70% HRV, SRE: 70% HRV, SRE: 70% TRE: 0.48% TRE: 0.48% HRV, SRE: 70%
S Duct insulation none R-8 R-8 R-8 R-8 R-8
pace —
Conditioning Ceiling Fans (4
fans) 45 W/fan 45 W/fan 45 W/fan 45 W/fan 45 W/fan 45 W/fan
Hot Water Pipe insulation none R-2 R-2 R-5 R-5 R-5
Shower DWHR none none none none DWHR DWHR
"Gas" model-specific options
Central Air SEER 16 (2 SEER 16 (2
c Sdp.sce. Conditioner SEER 15 SEER 15 SEER 16 (2 stage) stage) stage) SEER 15
onditionin
& Furnace 80% AFUE 92.5% AFUE 92.5% AFUE 92.5% AFUE 92.5% AFUE 92.5% AFUE
tankless
condensing,
Water Energy Factor: tankless, Energy tankless, Energy | tankless, Energy | tankless, Energy Energy Factor:
Heating Water Heater 0.59 Factor: 0.82 Factor: 0.82 Factor: 0.82 Factor: 0.82 0.96

Grey=upgrade from reference, green=downgrade for reference

Bracketed values indicate assembly R-effective (US units)
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In general, mechanical system upgrades were more economically desirable than thermal
envelope upgrades. An exception is that for all locations except VVancouver, there was a substantial
increase in air sealing. To better understand the impact of design improvements on energy
performance, the Gas-TO model has been deconstructed and compared to the Reference-TO model
on the basis of purchased energy consumption. Figure 6-2 illustrates improvements in performance
by cumulative changes in the design, progressing from the Reference on the left to the optimal
design on the right. The space conditioning system and DHW steps include added insulation to the
ducts and DHW pipes. Note that the “Enclosure & ERV” step includes increased thermal resistance
of the enclosure and reduced energy loss due to the upgrade from an HRV to ERV. However, the
only insulation improvements for this location were the garage interzonal wall and floor resets (see

Section 5.3), which were not selected by the optimization.
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Figure 6-2 Gas-TO design breakdown by cumulative improvement
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6.2 LCC versus GHG Optimization Results

6.2.1 Results Summary

The following plots (Figure 6-3 through Figure 6-7) show the Reference design, plus the
least-LCC design from each optimization. For comparison, all y-axis minor gridlines are by $1000

CAD increments, and x-axis minor gridlines are 0.5 tonnes COze/yr.
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Figure 6-3 Vancouver optimal designs
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The following are initial observations on the charts above:

e Several of the all-electric models have a lower LCC than the Gas model in all
locations, with MSHP being the overall least-cost design in every location except
Halifax. This is due to some combination of efficiency (low utility bills), and initial
system cost (savings from the lack of ductwork, and dual-purpose heating/cooling).

e The high EF of the Alberta and Nova Scotia electric grids results in Gas being the
lowest emitting design without PV. However, even the Gas models in these
locations have higher GHG emissions than for other locations because the buildings
must still use high-emitting electricity for non-heating end uses.

e In locations with a high electricity EF, PV has a more substantial impact on
emissions reductions than (economical) thermal envelope improvements and
thermal system efficiency improvements combined.

e PV is most affordable Halifax (and is economical only here, according to the LCC
metric), because PV exports are priced higher due to the high cost of electricity
(using the net-metering energy credit system).

e Inlocations with low EF electricity, electrification of heating appears to be the most
advantageous economical measure in reducing emissions. However, it is not
immediately clear from the charts how much of the emissions reductions are due to
electrification, and how much is due to energy conservation measures, as there are

many hidden parameters.
6.2.2 Net Zero Carbon Models

This subsection explains in more detail how the NZC/NZE optimizations were conducted
that yielded the results shown in Figure 6-3 through Figure 6-7.

Since it is not possible to specify in BEopt a different EF for imported vs. exported
electricity, the optimizations were conducted using site energy savings as the x-axis metric. The
method described in Section 2.3.7 has been used to determine the amount of renewable generation
required as a proportion of total energy consumption to achieve NZC status. Recall that the NZC
model applies PV to the resultant lowest cost all-electric optimization model, which for every
location was the MSHP model. However, rather than simply add PV to the resultant design, the
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model is re-optimized with all the original options, but with PV options included. In this way it is
a true whole-building optimization like the other models.

The following is a discussion and rationale of how NZC and/or NZE status is achieved for
each location (percentage indicates amount of PV energy generation relative to total annual energy

use). See Figure 6-8 for an example using the Edmonton case for a least LCC NZE design.

Vancouver (2%) - A single 325-Watt module would be sufficient to render the optimized MSHP
design a NZC, therefore the PV System size of this model was reset to 325 Watts and re-
run to determine the new global minimum.

Edmonton (204.5%) — Being the only location where the average EF exceeds the marginal EF, it
would require a net-positive energy building to achieve NZC status. However, since net-
metering programs do not reward annual generation in excess of annual usage, this design
was optimized to be site-NZE rather than NZC. A preliminary optimization iteration was
conducted to determine the appropriate cost-optimal range of PV system size. The resultant
design uses 12.6 MWh of electricity, requiring 10 kW of PV.

Toronto (10.1%) — PV system size options in the range of 1 — 2.5 kW were investigated, and the
global minimum (with 1 kW) resulted in enough generation for NZC status.

Montreal (0.5%) — Quebec’s average EF is so low that the EF ratio is considered negligible and
MSHP model does not require PV. This makes sense logically too—if Quebec’s electricity
is very clean, there is little to no GHG benefit to onsite renewables. All-electric models
have annual emissions of only 10 kg COze/yr. The NZC design for this location is thus
considered identical to the MSHP design.

Halifax (99.7%) — The EF ratio being nearly 1:1, this design is optimized to be NZE in the same
way as the Edmonton model, except that here it also qualifies as NZC. The resultant design
uses 10.5 MWh of electricity, requiring 9 kW of PV.
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Figure 6-8 Edmonton NZE optimization results and selected design

While it is an interesting exercise to conduct a whole-building optimization including only
the required quantity of PV to achieve NZC, in reality the question of rooftop PV economic
feasibility can be answered in isolation. If it is profitable, the rational decision would be to install
the maximum amount allowed, which would be the lesser of what can fit on the roof and what will
attain NZE levels of generation (since this is the maximum rewarded by the utility). In such a case
it would still be beneficial to conduct a whole-building LCC vs. site energy optimization to
determine the optimal overall design. Depending on the profitability of PV, this can yield a less
efficient building design that enables more PV. Though this could benefit the homebuyer, it would
result in the electrically-heated building having a higher peak winter electricity demand (when PV

is not generating), and therefore negatively impact the utility (and ultimately all ratepayers).

6.3 Initial Cost and Design

The initial cost of each of the optimal designs for Toronto displayed in Figure 6-5 are
broken down by building component category and illustrated in Figure 6-9. In each case, 20% of

the total cost is paid as the down payment, with the remaining 80% constituting the mortgage

99



principal which is paid over the 30-year mortgage period (refer to cash flow diagram in Figure 5-6

for example).
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Figure 6-9 Initial cost optimal designs - Toronto (“fixed” includes lighting, appliances, ceiling fans,
doors, eaves, & thermal mass)

Note that the building components with the greatest cost variation are the walls, air barrier

and the space conditioning system. Also note that, while the Reference design has the lowest initial
cost, it has the highest LCC in charts above (Figure 6-3 to Figure 6-7). The MSHP design is 1.0%

costlier initially than the optimal Gas design, whereas the Electric design is 2.2% cheaper.

Resultant optimal designs for each of the Toronto models are listed in Table 6-2. The

Reference and Gas model designs from Table 6-1 are repeated here for comparison. Fixed

parameters for all Toronto models are in Table 4-9, and fixed parameters by thermal system type
are in Table 4-16.
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Table 6-2 Resultant least LCC designs for all thermal system types - Toronto

Group Category Ref-TO Gas-TO ASHP-TO MSHP-TO GSHP-TO Electric-TO
Walls Wall Sheathing none none none R-20 XPS none R-20 XPS
finished Atti R-38 . R-38 . R- 1. R- 1. R- . R- 1.
Ceilings/ Roofs Unfinished Attic 38 (39.6) 38 (39.6) 60 (61.6) 60 (61.6) 38 (39.6) 60 (61.6)
Radiant Barrier none none none none none none
Foundation/ Unfinished R-18 polyiso R-18 polyiso R-18 polyiso R-18 polyiso R-18 polyiso
Floors Basement (19.3) R-18 polyiso (19.3) (19.3) (19.3) (19.3) (19.3)
Wind 2 Window Areas back: 23% back: 23% back: 23% back: 23% back: 23% back: 23%
indows
Doors Windows U-value 0.32 U-value 0.32 U-value 0.32 U-value 0.32 U-value 0.32 U-value 0.29
Overhangs none none none none none none
Air Leakage 2.5 ACH50 1 ACH50 0.6 ACH50 0.6 ACH50 2 ACH50 0.6 ACH50
Airflow Mechanical ERV, SRE: 70%, TRE:
Ventilation HRV, SRE: 70% 48% HRV, SRE: 70% HRV, SRE: 70% HRV, SRE: 70% HRV, SRE: 70%
Space Duct insulation none R-8 R-8 NA R-8 NA
Conditioning Ceiling Fans (4 fans) 45 W/fan 45 W/fan 45 W/fan 45 W/fan 45 W/fan 45 W/fan
Hot Water Pipe insulation none R-5 R-5 R-5 R-5 R-5
Shower DWHR none none DWHR DWHR DWHR DWHR

Grey=upgrade from reference

Bracketed values indicate assembly R-effective (US units)
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No optimization in any location selected upgrades to the: radiant barrier, back window
area, overhangs, ceiling fans, or basement insulation. All Toronto models have an upgrade in the
enclosure airtightness, which is substantial in every case except the GSHP. This was the only
thermal envelope improvement that was consistently selected for models across all locations. All
models in Toronto have an upgrade in DHW piping insulation, and those with ducts have insulation
upgrades (in other locations the upgrades also occur, but not always to the same option). Some,
but not all models have a DWHR upgrade. The Electric optimization yielded the most substantial
thermal envelope upgrades and is the only one for which the window performance was increased.
This is consistent with the fact that electric baseboard heating is the most expensive heating system
operationally.

Note that in some cases the results are not perfectly rational. For example, why is the Gas
model the only one with an ERV upgrade, but does not have significant enclosure upgrades? These
occurrences are most likely an artifact of the discretized optimization method. The least LCC
design from the optimization typically has several other design points clustered very close to it.
These designs have slightly different parameters, resulting in nearly identical performance and
cost. It is more useful to think of the optimization as approximating the ideal solution and ruling
out very suboptimal choices. It is also important to realize that results rely as much on
material/equipment and labour cost inputs as they do on the performance of those components.

NZC design is identical to the MSHP design, but with 1 kW of PV added. This was not the
case for Edmonton and Halifax, where higher quantities of PV influenced both cost and emissions

results more substantially, thereby causing a slight effect on the building designs.
6.4 Operational Energy, Cost, and Emissions

6.4.1 Purchased Energy Use

Energy use by end-use for each of the Toronto designs is shown in Figure 6-10 and utility
costs by fuel type for the same designs can be seen in Figure 6-11. The comparisons in Figure 6-10
are analogous to EUI, since the building geometry is unchanged for all designs. Figure 6-12

provides a breakdown of GHG emissions by fuel type for the same designs.
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Figure 6-10: Annual energy use by end-use — Toronto (hatched=natural gas, solid=electricity)
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Figure 6-12 Annual GHG emissions by fuel type — Toronto

The models that use heat pumps to provide space heating and DHW unsurprisingly have
the lowest energy consumption. However, somewhat surprisingly, they also have a lower
operational cost than the Gas design. The Electric design consumes less energy, but the energy
cost is higher. Taken together, these three charts illustrate how total energy use does not necessarily
provide any useful information regarding either energy cost, or energy-related emissions,
especially when comparing buildings with different heating system types. For the gas-heated
designs, the natural gas proportion of total cost is much less than it is for total energy, but it
accounts for almost all the GHG emissions. Furthermore, these interrelationships can vary greatly

by location, as the electricity/gas price ratio changes, as well as the electricity EF.

6.4.2 Enclosure Thermal Performance

Since the resultant designs from the thermal system-specific whole-building optimizations
do not have identical thermal envelope performance, it is useful to quantify the space heating
demand for each. This is also relevant for building energy standard evaluation and design, since
SHDI is sometimes a target metric.
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The SHDI metric is intended here as a means of characterizing the thermal performance of
the building enclosure, including heat recovered by the HRV/ERV. In addition to representing the
enclosure performance, it indicates how much heat is required to be provided by any given
mechanical space heating system. However, for models containing a HPWH, the space heating
and space cooling demands are “distorted” by the cooling effect it provides. To understand the
magnitude of this effect, the optimal MSHP design has been run separately, with and without the
HPWH. When the building includes a HPWH, the space heat demand, or SHDI, for the building
increases by 3.3 kWh/m?, or 12%. Additionally, the space cooling demand intensity decreases by
0.7 kWh/m?, or 15% For the ASHP and GSHP models, the SHDI increases by 3.5 and 3.6 kWh/m?,
respectively, when the HPWH is included. To achieve a fair comparison of enclosure thermal
performance, SHDI values illustrated in Figure 6-13 have been determined without the distorting
effect of the HPWH. To understand how much heat is delivered by the heating system for the heat

pump models, add approximately 3.5 to the value shown below for those models.
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Figure 6-13 SHDI of optimal Toronto design enclosures

Whether thermal system type has a substantial impact on optimal thermal envelope design
is inconclusive based on these data alone. There are many factors including both the capital and

operational price of heat. Ideally, one would attempt to correlate an enclosure’s SHDI and the life-
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cycle price of heat ($/J). However, since the capital investment in the heating source is interlinked
with the equipment for cooling and DHW, and in different ways for different thermal system types,
it is difficult to isolate.

However, at least for the electric heating sources, there appears to be an inverse correlation
with the operational price of heat. From the simulated heating COP values in Table 4-17, we can
see that the price of heat from the GHSP is lowest, followed by the ASHP, followed by the MSHP,
and finally electric baseboard. It is therefore logical that as a heat source becomes more expensive,
it is optimal to invest more in a higher performing thermal envelope to reduce the SHDI.

This is a fact that is not recognized by NBC 9.36, or either of the Passive House standards,
and only very crudely by OBC SB-12.

Furthermore, when multiple heating system types are considered, as is the case here, a
lower SHDI guarantees neither reduced GHG emissions (compare with Figure 6-12), nor a lower

LCC building, as can be seen by the lack of correlation with LCC in Figure 6-5.

6.4.3 Mechanical Heating

Simulated hourly heat delivered by the MSHP to the building for the MSHP-TO optimal
design is illustrated in Figure 6-14. The maximum capacity limit of the heat pump, which falls
with outdoor temperature, can be seen at the top left of the scatter. Beyond this point,
supplementary electric baseboard heating is provided to meet the hourly load. However,

supplementary heating only accounts for 0.7% of annual delivered heat.
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Figure 6-14 Hourly heating delivered by the MSHP — Toronto

If large numbers of buildings begin switching to electric sources of heating, it will be
important to mitigate peak electric demand on the grid. Part of the way this can be done is through
higher performance enclosures to minimize the peak heating load. The largest spikes in demand
are due to the electric supplementary heating, which for the MSHP-TO design can result in a whole
building electric demand of up to 7 kW. However, as is illustrated in Figure 6-15, in this case the
building electric demand rarely exceeds 4 kW, and the heat pump never exceeds 2.3 kW. On the
other hand, heating with a heat pump can serve to reduce peak electric demand if the alternative is

baseboard electric heating (see Figure 6-16).
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Figure 6-15 Electric load profile of heat pump and whole building for MSHP-TO design
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Figure 6-16 January day electric load profile — Toronto

6.4.4 EUI versus GHGI Relationship

It is already clear that EUI does not necessarily correlate to energy cost or LCC, when
considering multiple thermal system types. Figure 6-17 plots site energy use against GHG
emissions (analogous to EUI versus GHGI in this case) for all building variants simulated by the
Gas-TO and MSHP-TO optimizations. In each case, there is very good positive correlation. In the
case of the Gas model, this is likely due to a combination of the fact that the vast majority of
emissions are from natural gas consumption, and because for the Gas models, electricity
consumption varies little for all design variants. In the case of the MSHP, it theoretically should
be perfect correlation, since there is only one purchased energy type, with a fixed carbon intensity.
Imperfect correlation here is simply caused by rounding errors, which are due to BEopt’s
insufficiently small GHG accounting increments for very low emitting buildings. However, when
building designs across thermal system types are compared, the correlation is less clear. To
illustrate this, the procedure was repeated for Edmonton, but this time considering all points as a
single data series (Figure 6-18).
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Figure 6-17 Energy use versus GHG emissions - Toronto (blue=MSHP design variants, grey=Gas design
variants)
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Figure 6-18 Energy use versus GHG emissions — Edmonton
In Figure 6-18 the left cluster is the MSHP variants and the right is the Gas variants. Here
again there is good correlation within a thermal system type, but very poor correlation across
system types. In this location for these two system types, there is actually a slightly negative

correlation between EUI and GHGI.
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7 Conclusions and Recommendations

Whole-building multi-objective design optimizations were conducted to find the
operational GHG emissions versus LCC pareto fronts for five thermal system types plus a NZC
model in five Canadian cities. The “optimal” resultant design from each optimization was chosen
as the least LCC in all cases but the NZC designs, which were selected from the pareto front at the
NZC performance level.

Of the five thermal system types investigated, one included a centrally ducted natural gas
furnace to determine the GHG level and LCC for the optimal design of this type, which remains
the new construction norm for single detached houses in Canada. Against this optimal Gas design,
and a Reference gas-heated design compliant with NBC 9.36, were compared the four all-electric
thermal system options: central ASHP, ductless MSHP, central GSHP, and electric baseboard. The
all-electric strategy was borne of the recognition that most Canadians live in a jurisdiction with a
very low carbon-intensity electricity supply.

Of the all-electric thermal systems, the optimized designs containing the MSHP are not
only the cheapest in every location but are cheaper than the optimal Gas design as well. In Halifax
and Montreal, the optimal design of every all-electric type is cheaper than the optimal Gas design.
In Toronto, the ASHP and Electric models are also cheaper than Gas, and in Edmonton, the GSHP
and Electric models are cheaper. In every location except Edmonton, the NZC design is lower cost
than the Gas design, and in Halifax, it is the overall global minimum.

Every all-electric design in Vancouver, Ontario, and Montreal is substantially lower-
emitting than the Gas design, whereas in Montreal and Edmonton, the Gas model was the least-
emitting thermal system option. In these locations, emissions reductions best achieved through a
combination of passive and active energy conservation, and rooftop PV addition. However, as the
electricity grids in these locations reduces due to the phase out of coal by 2030, electrification of
heating will become advantageous here as well for GHG reduction. These findings indicate that it
may be advantageous to both consumers and environmentally for building energy standards to
mandate, not simply minimum heating system efficiency by system type (as they currently do),
but to mandate heating system type. It is not without precedent, but more rigorous economic
analysis is needed, as well as thorough analysis into the impact that broad electrification of heating
will have on the electricity grid due to changes in aggregate building load profiles and increased

winter peak demand.
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A deconstruction in LCC, GHG by fuel type, and energy use by end use and fuel type in
the Toronto location enabled a more thorough understanding of the final optimization results.
While the MSHP design does not have either the lowest initial cost (Gas and Electric are lower)
or energy cost (NZC is lower) it has the lowest LCC. Furthermore, the Electric design has the
highest energy cost, but a lower LCC than Gas, and much lower emissions.

These findings highlight, firstly, the importance of evaluating design variants, not on
energy use, but on the metrics of most concern to the homebuyer, and to society: cost (initial and
operational), and GHG emissions. When comparing heating system types, initial cost is as
important as the input purchased energy price and the system’s thermal efficiency. Furthermore,
the overlapping capital expenditures on equipment that provide multiple services, such as heat
pumps with heating and cooling, renders it necessary to compare whole thermal system
configurations, rather than simply space heating, to provide an accurate comparison. Finally, the
price ratio of electricity to natural gas affects the economic feasibility of heating electrification,
but accounting for the monthly fixed cost savings of eliminating a natural gas bill effectively
reduces this ratio.

There is likely a correlation between heating system type and the optimal building
enclosure thermal efficiency, most simply expressed as the SHDI in cold climates. That is, a
heating system providing a lower price of heat, such as a GHSP, will not drive deep energy
efficiency in the thermal envelope design, but a high price of heat such as electric baseboard will.
Price of heat and SHDI are therefore inversely correlated. The National Building Code and Passive
House standards do not address this issue. Optimal SHDI is also likely partly related to the initial
cost of the heating system, and a “life-cycle price” of heat based on the system cost, efficiency,
and input energy price would provide a clearer picture of the correlation, or lack thereof, between
these metrics. The task is complicated by the different capital cost overlaps with other building
services that vary by thermal system type, but further research on this question could be
informative.

Finally, total building EUI and SHDI are the two most common performance metrics for
performance-based building energy standards. By controlling the use of purchased energy, and
minimizing the heating demand of the building, it is expected that costs and emissions will also be

reduced. The purpose of building energy standards, therefore, is not primarily to reduce energy
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consumption (regardless of type), but as a means of both consumer and environmental protection.
Energy performance is an intermediate goal.

This study shows that, while EUI is perfectly correlated to energy cost when only one
purchased energy type is used (e.g., all-electric), there is reduced correlation for buildings with
two purchased energy types and associated prices, as well as when comparing these buildings to
other building types, such as all-electric. In the case of GHGI, EUI is tightly correlated for
buildings either with one or two types of purchased energy (such the all-electric MSHP model,
and the gas-heated Gas model). However, when comparing emissions from buildings across these
thermal system types, there is no longer correlation. Building energy standards reviewed for this
study either do not address this issue or do so poorly. Comparing Toronto optimal design SHDI
values to the GHGI values for those designs suggests that there is poor correlating with those
metrics as well, when considering multiple thermal system types, even prior to considering
multiple electricity carbon intensities. However, this comparison was not investigated as

thoroughly as the EUI — GHGI relationship, and it is not conclusive.

Recommendations for further actions and research include:

e Design building energy standards to optimize for the metrics of concern: cost and
greenhouse gas emissions, rather than energy use, which does not correlate to
either.

e Design building energy standards to evaluate the whole building as an integrated
machine (i.e., where heating system initial cost, efficiency, and cost of heat
influence the optimal enclosure design and vice versa).

e When comparing the costs of different heating system types, compare whole
thermal systems to accurately capture the overlapping capital and operational costs,
especially accounting for: the cost of the space cooling system, and the fixed
monthly cost savings of detaching from the natural gas grid.

e Conduct more specialized optimizations/analysis to determine the interaction
between heating system type (initial cost, efficiency, cost of heat), and the optimal

thermal enclosure for that system.
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Conduct sensitivity analyses to determine the influence of the economic variables,
including: mortgage interest rate, discount rate, inflation rate, and fuel escalation
rates.

For each thermal system type, determine a) the required carbon price to achieve
cost parity with the optimal gas-heated design (if necessary), and b) the required
electricity EF to achieve GHG parity with the optimal gas-heated design (if
necessary).
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Appendix

The 29 BEopt models that formed the basis of this study contain all the input data, output
design specifications, performance data, and cost data. The amount of information that can be
extracted from the models is too excessive to provide hard copies. Therefore, the main text is
intended to provide enough information for comprehensive understanding. A summary of the GHG
and LCC values for each of the 29 optimized designs and the 5 Reference designs are presented
below. For the Toronto optimized designs, energy use by end-use is also tabulated below. For
energy use breakdowns of models for other locations, data can be extracted from the BEopt files.
A digital-only appendix is provided containing the BEopt models and a selection of output data.

Additional information can be made available upon request to the author.
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Table 0-1 Optimal desighs GHG & LCC by system type

O 00N O Ul B W N P

W W W W W W NDNDNNDNDNMNNMNMNMNMNNRPRRPRPRPRERRERRERRREREPRERPRE
U B W N EP O UOVWOKONO U WNE OOV NOTO U PR WNEREL O

Point
Ref-VN
Ref-ED
Ref-TO
Ref-ML
Ref-HX
Gas-VN
Gas-ED
Gas-TO
Gas-ML
Gas-HX
ASHP-VN
ASHP-ED
ASHP-TO
ASHP-ML
ASHP-HX
MSHP-VN
MSHP-ED
MSHP-TO
MSHP-ML
MSHP-HX
GSHP-VN
GSHP-ED
GSHP-TO
GSHP-ML
GSHP-HX
Electric-VN
Electric-ED
Electric-TO
Electric-ML
Electric-HX
NZC-VN
NZE-ED
NZC-TO
NZC-ML
NZC-HX

By Thermal System Type

CO2e Emissions (tonnes/yr)
4.07
13.33
4.83
5.76
9.49
2.95
11.05
3.33
2.72
6.83
0.11
13.69
0.49
0.01
7.70
0.10
12.53
0.43
0.01
7.45
0.10
12.58
0.47
0.01
7.56
0.15
19.31
0.65
0.02
10.64
-0.09
6.08
-0.05

B2 0 Vol Vo Sl Vo S Vo TR Vo B Vs B V0 B V2 S Vo S Vo S V0 S Vo S Vo S V0 S V0 S V0 S V0 B V0 SR V0 S V0 S V0 S V0 T Vo S Vo I V0 RV S V2 . Vo B, V0 S V0 S U A W

-0.15 S

Energy Related Life Cycle Cost (S)

107,219.20
129,180.30
123,611.60
130,785.80
146,968.09
105,146.80
124,712.50
120,341.10
117,133.00
129,560.40
106,059.10
132,438.91
120,324.40
107,950.10
121,358.40

99,280.18
116,167.60
113,481.00
101,649.00
113,177.70
107,776.10
120,638.30
122,072.30
106,671.00
120,724.70
105,919.90
116,529.30
119,297.80
102,313.00
124,055.50

99,956.07
132,640.80
115,492.00

109,535.20
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Table 0-2 Optimal designs GHG and LCC by location

Location Type

VN

ED

TO

ML

HX

Ref
Gas
ASHP
MSHP
GSHP
Electric
NzC
Ref
Gas
ASHP
MSHP
GSHP
Electric
NZE
Ref
Gas
ASHP
MSHP
GSHP
Electric
NzC
Ref
Gas
ASHP
MSHP
GSHP
Electric

Ref
Gas
ASHP
MSHP
GSHP
Electric
NZC

By Location

CO2e
Emissions

(tons/yr)
4.07
2.95
0.11
0.10
0.10
0.15

-0.09
13.33
11.05
13.69
12.53
12.58
19.31
6.08
4.83
3.33
0.49
0.43
0.47
0.65
-0.05
5.76
2.72
0.01
0.01
0.01
0.02

9.49
6.83
7.56
7.45
7.56
10.64
-0.15

R 72 S Vo Vo A Vo R V2 B Vo S Vo S Vo S V0 R, V0 S U U V0 S U S U0 R U0 A V0 B V0 A V2 V2 I V0 B V0 S U S V0 S V0 S V0 T V0 S V3

v n umv v nmv unmvn

Energy Related Life Cycle Cost ($)

107,219.20
105,146.80
106,059.10

99,280.18
107,776.10
105,919.90

99,956.07
129,180.30
124,712.50
132,438.91
116,167.60
120,638.30
116,529.30
132,640.80
123,611.60
120,341.10
120,324.40
113,481.00
122,072.30
119,297.80
115,492.00
130,785.80
117,133.00
107,950.10
101,649.00
106,671.00
102,313.00

146,968.09
129,560.40
120,724.70
113,177.70
120,724.70
124,055.50
109,535.20

Savings over Reference

GHG savings

0%
28%
97%
98%
98%
96%

102%

0%

17%

-3%
6%
6%
-45%
54%

0%
31%
90%
91%
90%
87%

101%

0%
23%
43%
43%
43%
43%

0%
28%
20%
21%
20%

-12%
102%

LCC savings

0%
2%
1%
7%
-1%
1%
7%
0%
3%
-3%
10%
7%
10%
-3%
0%
3%
3%
8%
1%
3%
6%
0%
10%
17%
22%
18%
22%

0%
12%
18%
23%
18%
16%
25%
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Table 0-3 Toronto optimal designs energy use by end-use

Energy Use by End-Use (MWh)
Reference Gas ASHP MSHP GSHP Electric N2zC

MEL 2.655 2.653 2.644 2.652 2.641 2670 2.652
Vent Fan 0.554 0695 0.733 0.733 0.601 0.733 0.733
Appliances 2,107 2107 2.107 2107 2107  2.107 2.107
Lights 1.202 1.202 1.202 1.202 1.202 1.202 1.202
Cooling Fan/Pump 0.088 0.041 0.015 0.047 0.053 0.047
Heating Fan/Pump 0.507 0.141 0.202 0.199 0.659 0.199
Cooling 0.267 0.232 0.191 0.161 0.111 0.407 0.161
Heating 19.239 12.691 3.725 2330 3.200 6.407 2.330
Heating supplementary _ 0.067 0.053 _ 0.053
Hot Water 6.082 4391 1.193 1.222 1196 2.579 1.222
PV E—— s
Total 32.710 24.151 12.078 10.706 11.770 16.105 10.706
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