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Deep retrofits of the existing building stock will be necessary to meet global emissions reductions targets. One
building archetype, low-rise MURBs have been neglected in terms of research and funding for deep retrofits. A
meta-analysis was conducted that compares and contrasts the schematic design approach taken for six such
buildings in British Columbia which are scheduled to undergo deep retrofits with the goal of reducing GHG
emissions by 80%. The analysis showed that design teams had converged toward common solutions for each
building while achieving the GHG reduction target. The recommended measures include electrification of space
and domestic hot water heating, adding insulation through overcladding, air sealing, ventilators for each unit,
and double pane windows. A life cycle cost analysis showed that the economic viability of deep retrofits were
dependent on energy price forecasts, capital cost reductions through market forces and transformation, or in-
centives cover the non-monetizable co-benefits of deep retrofits such as improved resiliency to climate-change or
reducing overheating and air quality risks. The meta-analysis can help to streamline the early-stage and sche-
matic design process for such buildings, which is critical to increasing the retrofit rate. This process could be
replicated for other building types and construction archetypes.

1. Introduction

The majority of the existing residential building stock will need to be
retrofitted to meet ambitious greenhouse gas emission reduction targets
being set by federal and provincial governments in Canada. To meet the
targets being set for the building sector, an estimated 3 to 5% of the
existing residential building stock will need to be retrofitted every year
[1-3]. Presently, the retrofit rates are less than 1 %/year for low-rise
residential buildings in Canada and in Europe, far below what is
required [2,4]. To meet the sector’s greenhouse gas emissions targets on
time, this retrofit rate will need to increase significantly. It is imperative
that we understand what the barriers are to implementing deep retrofits
and improve communication regarding the benefits and opportunities of
deep retrofits. This will lead to new policies being implemented, and
technological and logistical solutions being found that will allow deep
retrofits of residential buildings to happen at the required speed and
scale.

The Canadian deep retrofit industry needs to expand greatly if
Canada’s building sector is to achieve this increased retrofit rate. As this
industry is in its relative infancy, there isn’t the established

* Corresponding author.
E-mail address: michaelgutland@uvic.ca (M. Gutland).

https://doi.org/10.1016/j.enbuild.2024.114868

infrastructure and knowledge base among the architecture, engineering,
and construction (AEC) field, or financial mechanisms to execute deep
energy retrofits to their fullest potential. To accelerate the adoption of
effective deep retrofits across Canada, our knowledge base needs to
expand and coalesce. Demonstrating an extensive and informative track
record of successful deep retrofits projects is an important step in
acquiring the necessary political and capital buy-in to transform Cana-
da’s existing residential sector into one that embraces low carbon de-
signs. This can be accomplished through the sharing of performance
data, life cycle cost analyses, and other lessons learned from the
implementation of deep retrofits across Canada’s many diverse climate
regions. The lessons learned from these deep retrofits come in several
forms and throughout the project life cycle — from financing, planning,
design, construction to commissioning.

A meta-analysis was performed on the schematic design of six low-
rise multi-unit residential buildings (MURBs) located in the Canadian
province of British Columbia that are scheduled to begin construction of
deep retrofits in 2023 and 2024. The data collected as part of this study
supplements a relative lack of technical, performance, and costing data
on deep retrofits of low-rise MURBs in Canada. The meta-analysis
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discusses the technical solutions and predicted performance of the
proposed retrofits, as well as their economic viability through a life-
cycle cost analysis of these retrofits. By comparing the findings from
each schematic design, we will highlight the commonalities and differ-
ences between designs, and areas where efficiencies can be made to
streamline the delivery of deep retrofits, specifically the preliminary
design stages. The similar nature of the six building being studied means
the lessons learned from this meta-analysis are transferable to other low-
rise MURBs. This will improve the scalability of deep retrofit adoption,
where the capacity or budget for undertaking individual schematic
design processes on multiple buildings is limited. This in turn will help
accelerate our ability to deliver deep retrofits at the speed and scale
required to meet greenhouse gas emission objectives.

2. Literature review

The provincial government of British Columbia (B.C.), Canada has
established a 2030 greenhouse gas (GHG) reduction target for buildings
and communities between 59 and 64 % relative to 2007 emissions levels
[5]. There has been mixed progress made in the British Columbia resi-
dential sector’s energy consumption and GHG emissions relative to
2007. In 2020, the residential building sector’s total energy consump-
tion and GHG emissions had increased 13 % and 6 % respectively since
2007, when normalized by heating degree days (driven by population
growth), but energy consumption and GHG emissions per floor area had
decreased by 11 % and 16 % respectively [6]. A significant proportion of
B.C. homes use fossil fuels (gas, oil, wood) for space heating and hot
water heating. 50 % of B.C. residences rely entirely on fossil fuels for
space heating with another 7 % having a dual fossil fuel/electric system.
58 % of residences rely on fossil fuels for water heating [6].

In 2021, British Columbia generated 94 % of its electricity through
hydro. The carbon intensity of the province’s grid is low at 15 g COze/
kWh of electricity consumed [7]. This allows for a relatively straight-
forward pathway to achieve ambitious decarbonization goals through
fuel switching compared to several other Canadian provinces with
higher grid intensities. As part of the British Columbia government’s
GHG mandate, it was anticipated that heat pumps for space and water
heating systems would need to be installed in a minimum of 10 % of
residential buildings by 2030 (currently it is just 3.6 %) [5].

2.1. Deep retrofits

Deep retrofits will make a significant contribution in meeting the
residential sector’s GHG targets. We use the term ‘deep retrofit’ instead
of ‘deep energy retrofits’ to avoid the connotation that these retrofits
only deliver energy efficiency improvements, but also offer chances to
improve emissions, indoor environmental quality (IEQ), accessibility,
and resilience among other things. A deep retrofit is defined as a mini-
mum 50 % reduction in site energy use intensity with corresponding
improvements in indoor environmental quality and comfort [8]. A deep
retrofit often tackles multiple building systems simultaneously such as
building envelope, heating, ventilation and air conditioning (HVAC),
domestic hot water (DHW), lighting, etc. Recently, (as with this project)
the focus has shifted to meeting carbon emission reduction targets and
not just energy reduction targets.

The focus of this paper is on retrofitting low-rise MURBs (defined as 4
storeys or less). MURBs make up a significant proportion of the building
stock in Canada. There are an estimated 70,000 low rise apartment
buildings and 10,000 high rise apartment buildings, with approximately
31 % of Canadians living in such a building [2]. Retrofits of this
archetype have received less attention in the academic literature than
that of high-rise MURBs and other archetypes. For example, in a meta-
analysis of energy consumption of Toronto MURBs only 6 of 108
buildings were low-rise [9] despite low-rise buildings being more
numerous. This is possibly due to economies of scale in retrofitting
larger buildings over smaller ones. Existing low-rise MURBs require
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equal attention, investment, and research to that of existing high-rises
and single-family homes if the building sector’s emissions targets are
to be met. Keeping our existing, aging MURBs economically viable is
also critical considering many Canadian cities are facing a severe
affordable housing shortage [10-12].

Canada lacks a thorough database which tracks building perfor-
mance, and upgrades for MURBs. The EnerGuide database collects data
through home energy audits, but this system is voluntary and is pri-
marily used for single-family homes [13]. From the EnerGuide database,
only 0.7 % percent of single and detached homes were retrofitted in
2019-2020. No equivalent rate data exists for the MURB building stock.

Relative to Europe, performance and technical information
regarding deep retrofits of low-rise MURBs in Canada is scarce and
highly fragmented with few case studies presented in peer-reviewed
publications. A study performed on five low to mid-rise social housing
buildings built from the 1950 s to the 1980 s identified effective strate-
gies for reducing greenhouse gas emissions and the barriers toward
implementing these strategies [14]. The report identified fuel switching
to air-source heat pumps (ASHP), envelope upgrades, and ventilation
system upgrades (heat recovery ventilators), and the separation of
heating and cooling from ventilation) as the most effective retrofitting
strategies for reducing GHG emissions. While not recommended, the
integration of passive strategies to reduce solar gains and the addition of
photovoltaics were considered. The average estimated GHG reduction
for the buildings in this analysis was 39 %. Some of these buildings have
since been retrofitted but post-construction performance data is un-
available. Other North American case studies of this archetype include
[15-17].

An international review of 26 deep retrofit case studies contained
just 7 residential buildings, all located in Europe. These buildings
demonstrated energy savings ranging from 51 % to 88 % when renew-
able solar systems were not implemented and 72 % to 94 % when they
were. The mean annual energy consumption of the 7 buildings was
approximately 300 kWh/m? before the retrofit and 80 kWh/m? after.
The common retrofit strategies for residential buildings in this study
included adding wall, roof, and floor insulation, upgrading windows and
doors, mechanical ventilation with heat recovery, and upgrading the
heating/cooling system [18]. The MustbeO project has recently
completed retrofits of 11 residential and school buildings in France,
Germany, Netherlands and the UK [19].

2.2. Economics

Several non-technical barriers to deep retrofits have been identified.
The foremost barriers are economic, but others exist at the regulatory,
social, and industrial levels [20-21]. The low cost of energy (relative to
other nations) means that Canadian home and building owners are less
incentivized to consider energy efficiency measures based purely on
economic payback periods. Building owners will not consider measures
if the measures have a payback period > 10 years, and many will only
consider measures if the payback period is < 5 years [22]. A 2021 study
showed that deep carbon retrofits of low-rise MURBs in various Cana-
dian cities did not provide attractive rates of return [23] . For the math
to make sense to building owners, either a modified approach to life
cycle costing needs to be used, or subsidies are required to overcome the
high payback periods (or in several instances, no payback period at all).

In their 2020 report, The Atmospheric Fund describe alternate ap-
proaches to make business cases for deep retrofits based on their expe-
riences of retrofitting five high-rise MURBs [22]. They recommend
analyses consider the avoided capital improvement and maintenance
costs doing the status quo, extra revenue from rental income, and
reduced insurance premiums to help make a stronger business case for
deep retrofits. Other economic barriers identified in this report include
access to loans and a lack of confidence that predicted savings will be
achieved. Azcarate-Aguerre et al [24] proposed adopting a Total Value
of Ownership (TVO) financial model which recommends internalizing
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and monetizing improved productivity and property values to
strengthen the case for deep retrofits.

For operators of low-income and social housing the business case for
retrofits can be especially difficult to make with tight budgets and
limited human resources at their disposal. These operators have limited
access to sufficient financing and may have limitations on the amount
they can raise rent to recuperate their investment (pricing their residents
out of the market). This is unfortunate because retrofitting these
buildings presents an excellent opportunity for savings and to reduce
socioeconomic inequalities. These buildings tend to be older buildings
which are in poorer condition, have less efficient mechanical systems
and appliances, and therefore offer greater scope for savings [25].
Residents of these buildings spend a higher percentage of their income
on energy bills and experience greater energy burden [26-28]. As a
result, incentives and subsidies are important to push deep retrofits over
the finish line for low-income and social housing MURBs.

The cost of a deep retrofit is dependant on several factors including
the target savings objective, degree of intervention, condition of the
existing building, and climate. Estimates for deep retrofits in Canadian
MURBs span from $28-58 K per unit. [2-3]. Concerningly, a 2014
analysis of deep retrofits performed on US homes found only a weak
positive correlation between project cost and measured energy cost
savings [29]. The poor correlation affirms a common barrier of deep
retrofits — uncertainty that they will produce the cost savings required to
justify the payback period.

To meet national climate change objectives, it has been estimated
that $277 billion CAD of investment is required by 2040 just for the
residential building stock, with $1.9 billion/year of that investment for
British Columbia alone [3]. Currently enacted initiatives for residential
retrofits from the federal and provincial governments provide only a
small fraction of the investment needed [30-36]. Many incentive pro-
grams are limited in the amount of funds which can be distributed, have
short windows of availability, place limits on eligibility, or are only
available to be claimed post-construction. The incentives vary in size
and structure — from small amounts to perform energy audits, fixed
grants for the whole building (for example, $200k for CleanBC Social
Housing Incentive Program), or repayable/forgivable loans on a per unit
basis (for example, up to $170k/unit from Canada Mortgage and
Housing Corporation’s (CMHC) Canada Greener Affordable Housing
Retrofit Funding program). This funding ecosystem can be difficult to
navigate, and costly in time and resources to prepare applications.

A stronger case can be made for deep retrofits if the economic co-
benefits are considered. This includes increased tax revenues and
employment, improved health and well-being of residents reducing
healthcare costs, and reduced cost of climate adaptation and recovery
from major climate events [3,37-38]. These benefits are shared by the
wider public and are not easily monetizable by building owners or in-
vestors [22].

2.3. Indoor environmental quality

For owners of rental buildings, economics is often the dominant
factor in the decision whether to proceed with a deep retrofit or not. The
co-benefits often get outweighed by economic realities, though these
attitudes are beginning to change. Studies of IEQ in MURBs have high-
lighted concerns with thermal comfort and IEQ in MURBs with vulner-
able populations [39-40]. Deep retrofits offer an excellent opportunity
to address these IEQ shortcomings via envelope and mechanical system
interventions.

Overheating has especially become a concern for social housing in
British Columbia as a result of the unprecedented heat dome event in
2021 which caused dangerous temperatures exceeding 40°C in the
province. 619 deaths were attributed to this event with 62 deaths
occurring in social and supportive housing sites [41-42]. This risk is
compounded by the fact a large proportion of existing residential
buildings do not have air conditioning. Only 32 % of British Columbians
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have air conditioning in their homes. Among heat-vulnerable pop-
ulations, this figure is slightly lower [43]. Canadian residences have
historically been designed to retain heat in winter, with minimal con-
siderations for cooling. Characteristics of Canadian MURBs which
contribute to overheating include lightweight wood frame construction,
high insulation levels, inadequate mechanical and cross ventilation,
stack effect, and unshaded windows [44].

The aftermath of the heat dome and the lack of cooling in British
Columbia’s residential buildings has led to calls to mandate improved
resiliency to extreme heat events for residential buildings in the region.
As aresult, the City of Vancouver has proposed a building by-law which
effectively mandates cooling systems be installed in all new builds
falling under Part 3 of the building code (floor area > 600 m?) by 2025.
The City of Vancouver also approved a by-law in 2022 mandating that
passively cooled spaces do not exceed the 80 % acceptability limits
defined in American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) 55 for no more than 20 h per year,
in spaces containing seniors housing, shelter or supportive housing,
daycares, schools, or healthcare facilities [45-46]. For all other spaces
the limit is 200 h per year. These by-laws will make the analysis and
mitigation of overheating risk an essential objective of all deep retrofits.

Poor indoor air quality (IAQ) can lead to discomfort and respiratory
health issues for residents. Contaminants of concern include high con-
centrations of COj, volatile organic compounds (VOC), humidity
(leading to risk of mould growth) and particulate matter (PMy s). It is
common for older MURBs to have insufficient mechanical ventilation to
exhaust these contaminants. They rely on a combination of bathroom
and kitchen exhaust fans, natural ventilation, an air leaky envelope.

Air sealing the building envelope can have negative consequences on
IAQ if there is no mechanical ventilation as the flow rate of incoming
dilution air is reduced. As a result, there have been documented con-
cerns about whether IAQ worsens after a deep retrofit with some un-
dergoing pre — and post-retrofit monitoring. [47-50]. General
conclusions were that concentrations remained within acceptable levels,
though there were some increases in species concentration that residents
may perceive as worsening the air quality. New ventilation systems such
as distributed heat or energy recovery ventilators (HRV/ERV) should be
considered as part of a deep retrofit. In British Columbia, an additional
IAQ concern is the recurring threat of particulate matter from wildfire
smoke. The frequency and intensity of wildfire smoke events have
increased because of climate change, culminating in a record wildfire
season in 2023 [51]. In buildings which rely on natural ventilation and
infiltration, air enters unfiltered and particulate matter can accumulate,
which can be hazardous for residents with respiratory health issues. Few
studies have examined the pre — and post-retrofit susceptibility to
wildfire smoke in MURBs.

2.4. Business models

To address the economic and informational barriers to deep retrofits,
there has been a push by industry proponents to pursue market trans-
formation through a more coordinated, mission-oriented innovation
policy for deep retrofitting residential buildings. This type of policy
brings in a broad spectrum of stakeholders to deliver on the goal
(accelerating retrofit adoption) and be defined not only in terms of
technical achievement, but socioeconomic indicators too [52]. The most
commonly cited example of a successful mission-oriented approach for
retrofits is Energiesprong, a proven successful program in the
Netherlands which has transformed the country’s construction industry.
The program began focusing on the social housing sector with a different
philosophy to project delivery and resulted in a shift in business model
[53]. Traditionally, the business model in Canada (as was the same in
the Netherlands) is the ‘atomized’ model [54]. This model requires
home or building owners to ‘go-it-alone’ and arrange interventions one-
at-a-time from different contractors. The average building owner may
not have the knowledge, experience, or contacts to make optimal
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decisions. Retrofits requiring multiple interventions are not undertaken
in a coordinated, holistic manner and opportunities are lost for increased
synergy and efficiency. Under this business model the customer bears
the financial risk and uncertainty.

It has been recommended for the industry to push toward a ‘one-stop
shop’ or ‘managed energy services agreement’ (MESA) business model
[54]. These business models provide a more holistic approach toward
deep retrofits covering design, build, and in the case of MESAs, the
operating phases. Under the MESA financial model, retrofit providers
assume more of the financial risk and uncertainty. A result of this
business model has been an increased demand for ready-made retrofit
solutions which in turn acts an incubator for innovation and efficiency
throughout the supply chain (eg. pre-fabrication) [55].

Absent a coordinated national policy, several small Canadian orga-
nizations have adopted mission-oriented principles into their projects
[56-571, Reframed [58-59]. The New York State Energy Research and
Development Authority (NYSERDA) commissioned a study to evaluate if
Energiesprong principles could be adopted for their housing retrofits
need [60]. They concluded that the technology is transferable to the
North American context, but adaptations will be needed to accommo-
date local construction practices.

2.5. Summary

In summary, there is a lack of published information on deep retrofits
in low-rise Canadian MURBs. Some performance data and technical
solutions have been reported in literature, but some key analysis such as
life-cycle cost analysis (LCCA), overheating risk analyses, and a com-
mentary on the design solutions which were explored and rejected is
often omitted. The six schematic designs in this meta-analysis offer an
opportunity to contribute insights into the literature about the technical
solutions being proposed, their projected energy, emissions and cost
savings, and their economic viability. The meta-analysis will also permit
qualitative assessment of convergences and disagreements between
design solutions, limitations in the deep retrofit business model, and
areas where the project delivery of retrofits can be streamlined.

An overview of the schematic design process used for each building,
a quantitative and qualitative description of the six buildings in their
existing state, and the energy modelling procedures used to predict the
net energy savings is provided in Section 3. The results of the schematic
design including, calibrated energy models, proposed bundles, and
projected savings are provided in Section 4. The results of the life cycle
cost analysis and overheating risk study are presented in Section 5.

3. Methodology

This study examines the schematic design process for six low-rise
multi-unit residential buildings (MURBs) located in British Columbia,
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Canada, which will undergo deep energy retrofits beginning in 2023 and
2024. The six buildings are part of the Reframed Labs project which is a
collaboration between the Pembina Institute, BC Housing, Metro Van-
couver Housing Corporation, and the BC Non-profit Housing
Association.

3.1. Overview of schematic design process

In 2022, seven consulting teams were chosen to create a schematic
design proposal for one of the six buildings under an Integrated Design
Process framework (the Manor House had two proposals submitted, one
using gas systems and one fully electric). An overview of the process is
illustrated in Fig. 1. Per the contract, each team developed and modelled
five different retrofit bundle options for each building. Each team was
required to report the TEUI (Total Energy Use Intensity), TEDI (Thermal
Energy Demand Intensity), (GHGI) Greenhouse Gas Intensity, estimated
annual energy costs, and Net Present Value (NPV) for the existing
baseline condition and each of the five bundles. From the model results,
a recommended bundle was selected based on a multi-objective criteria
which included energy and carbon emissions savings, climate adapta-
tion & resilience, occupant comfort and well-being, and NPV. More
details about the bundles and selection criteria are given in Section 3.2.
The recommended bundle would then form the basis for design devel-
opment. Construction began in late 2023 for some buildings whereas
others are scheduled to begin in late 2024. Teams were also required to
submit additional secondary modelling studies with their reports which
included an overheating risk analysis, and embodied carbon study.

The design briefs also included other objectives including mini-
mizing disruption to residents during construction, improving structural
performance under seismic loads, and improving accessibility. While
these were important objectives for some buildings, they did not have a
significant influence on the selection of retrofit bundles from an energy
and emissions standpoint.

3.2. Schematic design bundles

Teams were required to develop design bundles based on their
calibrated energy model. This model was referred to as ‘Baseline A’ and
was used as a benchmark to compare the proposed retrofit design’s
energy consumption and GHG emissions to the existing building. Teams
were then required to design and model five different retrofit bundles as
follows:

e Baseline A: Existing building
e Baseline B: “Business-as-usual” — replace equipment at end-of-
service-life in the next 5 years to current code standards.

Integrated
Design
Workshop
Building Data Baseline B
(drawings, spec sheets) (Business as usual) GHGI
Calibrated Bundle 1 TEUI
Monthly energy bills Energy Model » o u . N
(Baseline A) (50% carbon reduction)
N Recommended TEDI
Bundle
. ) Bundles 2-4 LCCA
b carbon reduction
Site observations (80% b duction)
v v

Comparison between the 6 buildings

Fig. 1. Flow chart illustrating the schematic design process and outputs for each design team.
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e Bundle 1: 50 % operational GHG emission reduction compared to
Baseline A and a 30% operational GHG emission reduction
compared to Baseline B.

e Bundle 2 - 4: 80 % operational GHG emission reduction from the
Baseline A.

While the target for bundles 2-4 was the same, teams were encour-
aged to arrive at those targets using different paths and design philos-
ophies. Examples of different paths included using market-ready vs.
innovative technologies, using a gas-powered heat pump (eg. Bundle 4
Dany Guincher and Crown Manor), or a focus on building envelope
improvements. Bundles were to balance performance improvements
with other Reframed Labs objectives: GHG emissions and energy,
adaptation and resilience, indoor environmental quality, project goals,
and financial/other goals. A decision matrix was used to objectively
score the bundles with the highest score serving as the basis to proceed
to design development and then onto construction.

3.3. The buildings
Details of the six buildings are shown in Table 1. The buildings were
constructed between 1963 and 1994. They range from 2 to 4 stories in

height, have between 11 and 52 units, and floor areas between 558 m?

Table 1
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and 3,865 m?. The six buildings are located in ASHRAE Climate Zones 4
(Victoria and the Metro Vancouver Regional Districts) and Climate Zone
5 (Kamloops). Both Victoria and Vancouver have coastal climates
characterized by mild winters (Tgesign=-4 to —8°C) and temperate
summers (Tgesign =24 to 29°) with between 2650 and 2910 heating
degree-days (HDD). Kamloops is located further away from the Pacific
coastline in the British Columbia interior and has harsher winters and
hotter peak summer temperatures (Tgesign =-17 °C and 33 °C) and 3400
HDD [61]. A warming climate is a significant concern in the region.
Under the shared socioeconomic pathway (SSP) 2.6-4.5 scenario peak
temperatures are expected to increase by between 2.6 and 2.9 °C and
cooling degree days (CDD) by 98 and 179 [62-63].

The buildings are of similar lightweight wood or steel-stud con-
struction with batt insulation between studs or rafters. The original
windows and patio doors were single-pane, although some have been
upgraded to double-pane. Envelopes have poor thermal resistance and
are of the concealed barrier type with combinations of wood, stucco, and
masonry cladding. All buildings except Crossroads Inn have balconies.
Space heating is provided by gas-fired boilers that feed hydronic base-
boards. Le Chateau has supplemental gas fireplaces which some resi-
dents continue to use. There are no centralized mechanical cooling
systems installed in any of the buildings, although some tenants have
portable or in-window A/C units. In-unit ventilation is accomplished via

Overview of the six case study buildings and their current envelope, mechanical system, and lighting systems as observed by design teams.

Medewiwin Dany Guincher Crossroads Inn Manor House Le Chateau Crown Manor
City Victoria Vancouver Kamloops North Vancouver Coquitlam New Westminster
Year Built 1963 1972 1994 1972 1976 1964
(2002 addition)
Stories 2-3 3 4 3 3 3
Units 26 11 52 50 24 28
Residents 26-50 11-15 50-75 50-80 24-48 28-60
Floor Area [m?] 1,347 558 1,474 3,865 2,356 2,468
Window-to-Wall Ratio 19% 16 % 11% 13% 15% 25%
Wall Effective Original: 0.84 1.97 1.06 Team 1 (Gas): 1.07 1.48 1.06
R-Value Addition: 2.25 Team 2 (Elec): 0.99
[m*K/W]
Roof Effective Original: 1.32 2.47 2.82 Team 1 (Gas): 1.80 4.40 2.64
R-Value Addition: 2.89 Team 2 (Elec):
[m?K/W] 2.20
Glazing U-value Original: Single pane 6.13  Units: Team 1 (Gas): Single pane 6.98 Single/double pane
[W/m?>K] Single pane 4.30 Double pane 3.41 Single pane 3.41
Addition: Stairways: 6.70
Double pane Single pane 6.02, Team 2 (Elec):
2.07 Single pane 6.02
Glazing SHGC Original: 0.70 0.80 0.70 - 0.84 0.80 0.80 0.5
Addition: 0.35
Heating Boiler Efficiency 83 % 83 % 92 % Team 1 (Gas): 80 % 87 %
82%
Team 2 (Elec):
80 %
DHW Boiler Efficiency 80 % 65 % 80 % Team 1 (Gas): 80 % 82%
95 %
Team 2 (Elec):
96 %
Corridor AHU None AHU AHU MUA None
Ventilation
Lighting Fluorescent & Fluorescent & Incandescent & Incandescent & Incandescent & Incandescent &
LED LED fluorescent fluorescent fluorescent fluorescent
Main 600A, 120/ 60A, 120/240V 400A, 600/347 V 400A, 120/208 V 400A, 120/208 V 400A, 120/240V
Electrical 240V
Service
Infiltration Rate [L/s/m? @ 0.48 0.45 0.38 0.5 1.06 0.5
5Pa]
Heating Setpoints [Night/ 22°C (Constant) 18°C/22°C 20°C/22°C 20°C/22°C 20°C/22°C 22°C (Constant)
Day]
Lighting Power 5.0 1.65 5.0 Team 1 (Gas): 5.0 5.0 5.5
Density [W/m?] Team 2 (Elec): 3.6
Peak Plug Load [W/m2] 5.0 5.0 5.0 Team 1 (Gas): 5.0 6.0 3.7
Team 2 (Elec): 4.41
DHW Consumption [L/s/ 0.0016 0.00237 0.0016 Team 1 (Gas): 0.0016 0.00432 0.0016

person]

Team 2 (Elec): 0.00239
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bathroom fans and/or infiltration. Most of the buildings have rooftop air
handling units (AHU) or make-up air units (MAU) to provide ventilation
to corridors and common areas which may reach the units through
corridor pressurization. The performance of corridor pressurization
systems have been measured, and often do not provide adequate
ventilation into the units [64]. In a pre-retrofit survey, residents had
indicated poor thermal comfort and indoor air quality. The results
prompted a greater emphasis on reducing overheating risk and
improving ventilation in the schematic designs. Domestic hot water
(DHW) heating is provided by gas boilers. Many of the building’s major
components (mechanical systems and cladding in particular) have
reached or are approaching the end of their expected lifespan. The ur-
gent need to replace end-of-life components was a contributing factor in
the decision to pursue a deep retrofit now.

None of the buildings have performed air infiltration testing. Infil-
tration rates in Table 1 are estimates, and are generally double the
minimum value recommended by the City of Vancouver guidelines. This
is a reasonable assumption because of the buildings’ age, construction
methods, and the number of patio doors and operable windows. The Le
Chateau building has an assumed infiltration rate more than double the
other buildings, which is partly caused by chimneys for the gas fire-
places. Peak DHW flow was increased in some buildings from the base
value of 0.0016 L/s/person based on analysis of gas utility data during
summer months.

3.4. Building energy models

All teams created energy models of the buildings in their existing
state to serve as a baseline. The teams had access to at least 12 months of
electrical and gas utility bills, architectural and mechanical system
drawings, building condition assessment reports and site access from
which to create and calibrate their models. Of the seven design teams,
three used EnergyPlus, three IES-VE, and one eQUEST as their simula-
tion engine. Teams followed the ASHRAE 14 Guideline for calibration
using monthly data, which considers a model to be calibrated if the
absolute value of the NMBE (normalized mean bias error) is less than
5% and the CVRMSE (coefficient of variation of the root mean square
error) is less than 15 % [65]. Actual meteorological years were gathered
for energy model calibration, while CWEC (Canadian Weather Year for
Energy Calculation) files, were used for the design bundles.

For the bundles’ model inputs, teams were directed to use the
ASHRAE Handbook - Fundamentals and the Vancouver Energy Model-
ling Guidelines v.2.0 for default values if information on the existing
building was unavailable [66]. The Vancouver Energy Modelling
Guidelines v.2.0 were used for the following inputs:

e Thermal resistance of envelope components calculated in accordance
with the Building Envelope Thermal Bridging Guide [67].
Infiltration modelled at a fixed rate at operating pressure (5 Pa).
Peak hourly DHW flow of 0.0016 L/s/person with reductions
permitted. Cold water inlet temperature of 5 °C.

Default plug and lighting loads of 5 W/m? with reductions permitted
if using ENERGY STAR appliances or a complete unit lighting design
is provided.

Schedules and temperature setpoints in accordance with the National
Energy Code for Buildings [68].

Natural gas fireplace have at minimum a capacity of 10 kW and runs
2 h per week.

The model inputs for the calibrated energy models of the existing
buildings varied slightly from the guidelines based on site observations,
and calibration to the historical utility data (DHW load per person).
Table 1 shows the assumptions used for each building’s baseline model.
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4. Results
4.1. Existing building performance

Each team was required to report the TEUI (Total Energy Use In-
tensity), TEDI (Thermal Energy Demand Intensity), GHGI (Greenhouse
Gas Intensity), fuel consumption and, estimated annual energy costs
(Table 2). Emission factors of 0.011 kgCOse/kWh for electricity and
0.185 kgCO2e/kWh for gas were used from the City of Vancouver Energy
Modelling Guidelines. The Crossroads Inn team used different emission
factors of 0.0401 kgCOze/kWh for electricity and 0.179 kgCOze/kWh
for gas. Teams assumed a range of fuel prices, based on historical rates
for their building. Gas prices ranging from $11.01/GJ to $14.30/GJ and
electricity prices ranging from $0.1096/kWh and $0.1474/kWh were
used. Fig. 2 contains a breakdown of energy end-uses for each building.

The highest consuming building is Medewiwin. It is an outlier in
terms of TEDI with 57.5% more thermal demand than the second-
highest building (Crossroads Inn) despite being in the most favourable
climate in terms of heating-degree-days. This is not entirely surprising
because it has one of the poorest building envelopes alongside the
Crossroads Inn. A large percentage of its TEUI (33.2 %) came from an
inefficient MAU serving corridor spaces. The high thermal demand also
contributes to it having the highest natural gas consumption, GHGI and
space heating load. The second highest consumption building is the
Crossroads Inn. It has the second highest TEDI and TEUL It is located in
the harshest climate of the six buildings which contributes to the higher
thermal demand. Its higher TEUI is bolstered by higher cooling, fan,
pump and elevator end-usages than the other buildings.

An interesting observation is the differences in modelled base loads
(DHW, plug, lighting) between the six buildings. Most buildings had
similar lighting and plug loads apart from Dany Guincher and Le Cha-
teau. As noted in Table 1, some of the buildings still rely on incandescent
bulbs, while some have converted to more efficient compact fluorescent
and LED lamps. This is an obvious target for energy and operational
costs reduction with up to 10 to 20 kWh/m?/a of annual savings easily
achievable. Le Chateau had the highest lighting and plug loads
(56.1 kWh/m?2/a) of the six buildings by a significant margin. These
were adjusted as a result of calibration. Dany Guincher has the lowest
lighting and plug loads partly because the building is underlit, which
was addressed in schematic design.

Domestic hot water EUI differs by a factor of 2.4 between the lowest
(42 kWh/m?/a) and highest building (100.8 kWh/m?/a). Hot water
usage higher than the default rate was found in the Manor House and Le
Chateau through calibration of gas utility bills in summer. The lowest
DHW usage was in the Crown Manor, partly because the minimum
permitted flow rate was used (0.0016 L/s/person) and the building has
the lowest occupant density.

4.2. Schematic design

Teams explored various design strategies to achieve each bundle’s
GHG reduction targets and meet the Reframed design objectives. Im-
provements to mechanical systems, building envelope, and domestic hot
water were all necessary for teams to attain GHG emission reductions of
80 % or greater. Fig. 3 shows what systems were recommended for each
bundle and how the choice of systems progressed with more stringent
targets.

4.2.1. Mechanical systems

The 50 % GHG emission reductions as required for design bundle 1,
can be achieved with high-efficiency gas boilers, in tandem with
building envelope upgrades. This allows for the re-use of the existing
heating infrastructure in the building. However, to reach the 80 % GHG
emission reduction target set for retrofit bundles 2-4, gas boilers were
commonly replaced with heat pumps as shown in Fig. 3. Two design
teams explored alternatives to heat pumps in their bundles 2-4 — a high
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Table 2
Modelled performance of the existing building.
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Medewiwin Dany Guincher Crossroads Inn Manor House (Gas) Manor House (Elec) Le Chateau Crown Manor

TEUI (kWh/m?/a) 477 208 401 283 237 335 183
TEDI (kWh/mz/a) 293 100 186 117 80 126 80
GHGI (kgCO,e/m?/a) 72 35 51 43 34 51 27
Electricity Consumption (kWh/m?/a 93 18 105 55 51 66 39
Natural Gas Consumption (kWh/m?/a) 384 190 296 229 186 269 153
Annual Energy Cost [$/m?] 25.43 10.49 25.09 16.94 14.63 20.22 11.44

500 1 477

1 401
400 —

300

EUI [kWh/m?/a]

200

100

0
EB SD EB SD EB SD EB SD EB SD EB SD EB SD
Medewiwin Dany Guincher Crossroads Inn  Manor House (Gas) Manor House (Elec) Le Chateau Manor House
B Space Heating [l Cooling DHW Lighting + Plug [l Fans + Pumps [l Elevator [l TEDI

Fig. 2. Modelled EUI by end-use and TEDI for the existing buildings (EB) and the recommended bundle from the schematic design (SD).

efficiency boiler, as in bundle 1, and an earth tube for conditioning
outdoor air along with electric baseboard heaters. It was observed that
higher performing building envelopes were needed for these buildings to
achieve the GHG targets in comparison to the bundles that opted for heat
pumps. Two of the three teams that explored a gas heat pump in bundles
2-4, ended up recommending electric heat pumps. The recommended
retrofit design bundles proposed by all teams used heat pumps as their
primary heating system with six of the seven teams proposing electric
heat pumps and only Manor House Gas proposing a gas-engine heat
pump. A noted difference between the heating systems proposed by each
design team was whether they used centralized or decentralized (in-
unit) heat pumps.

Mechanical cooling was included in most retrofit bundle options, and
in all proposed schematic designs. Six of the seven teams chose to deliver
cooling through the new heat pumps. The only exception being Crown
Manor which had a separate centralized heating system, re-using the
existing heating infrastructure, and a decentralized cooling system. In
addition to the upgrade HVAC systems, updated unit-level controls
(programmable thermostats) were recommended.

All teams recommended decentralized ventilation systems in the
units to improve indoor air quality and make-up for the loss of incoming
fresh air through infiltration as a result of air sealing. The common
recommendation was having a heat or energy recovery ventilator (HRV/
ERV) with some integrated with the distributed heat pumps. In addition
to the in-unit ventilation, five of the six buildings replaced or improved
their make-up air units ventilating common areas to include heating

coils to temper the outdoor air.

Similar to the space heating systems proposed in the retrofit bundles,
high-efficiency gas boilers were commonly proposed for domestic hot
water (DHW) heating for bundle 1 to achieve 50 % GHG emission re-
ductions. Heat pumps were commonly proposed for bundles 2-4 to
achieve 80 % GHG emission reductions. Two buildings did not opt for
DHW heat pumps. The design team for Crossroads Inn did not explore
DHW heat pumps in any of their retrofit bundle options, as it was
deemed to add to much cost, maintenance and uncertainty to the
building’s operation. The Manor House Elec team did consider a DHW
heat pump in one of their retrofit bundles, but recommended retaining
the existing high-efficiency gas boiler, which was installed in 2017
(6 years old). It is observed from Fig. 3 that all DHW systems that are
fuelled by natural gas equipment also incorporate water preheating in
their system.

The addition of photovoltaic panels was considered by three teams,
but only recommended by two design teams: Medewiwin and Crown
Manor. Concerns over photovoltaics included inadequate structural ca-
pacities of roofs, integration with the existing building’s aging electrical
system, and low production during the peak winter months.

4.2.2. Envelope

Table 3 shows summarizes the envelope improvements. All seven
design teams considered upgrading the exterior walls by re-cladding
over the existing cladding and adding exterior insulation. Over-
cladding is an established, market-ready approach that can be installed
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Baseline A | Baseline B | Bundle 1 | Bundle 2 | Bundle 3 | Bundle 4 |

Proposed
Bundle Legend

Medewiwin

Dany Guincher
Crossroads Inn
Manor House (Gas)
Manor House (Elec)

Heating Suite Space Heating
Medewiwin . . Boiler
Dany Guincher . . Earth Tube + Elec. Resistance
Crossroads Inn . . Heat Pump
Manor House (Gas) . . o Electric oGas
Manor House (Elec) . . Filled Symbol = Centralized System
Le Chateau . .
Crown Manor . .
Cooling System
Medewiwin No Cooling
Dany Guincher Earth Tube
Crossroads Inn [A/C System
Manor House (Gas) Heat Pump
Manor House (Elec) o Electric oGas
Le Chateau Filled Symbol = Centralized System
Crown Manor
Suite Ventilation
Medewiwin Bathroom Exhaust Fans
Dany Guincher
Crossroads Inn HRV
Manor House (Gas)
Manor House (Elec)
Le Chateau
Crown Manor
DHW
Medewiwin o o Boiler
Dany Guincher o o Heat Pump
Crossroads Inn o o o Electric oGas
Manor House (Gas) o o Filled Symbol = With Preheat
Manor House (Elec) o o
Le Chateau o o
Crown Manor o o
Glazings Suite Glazings
Medewiwin Single-Pane
Dany Guincher Double-Pane
Crossroads Inn Triple-Pane
Manor House (Gas)
Manor House (Elec)
Le Chateau
Crown Manor
Above Grade Exterior Walls Effectice R-Values (m"2 K/W)
Medewiwin x < 1.0
Dany Guincher 1.0sx<25
Crossroads Inn 25<x<4.0
Manor House (Gas) 40<x<55
Manor House (Elec) x= 5.5
Le Chateau 0 Pre-Fabricated Panels
Crown Manor

Le Chateau
Crown Manor

Effectice R-Values (m"2 K/W)
x < 3.5

3.5<x<5.0

5.0<x<6.5

6.5<x 8.0

x> 8.0

Fig. 3. Proposed solutions for each bundle from least performant (Baseline A on the left) to most performant (Bundle 2-4) on the right. The colour and symbols
indicate the system or performance level being proposed (Refer to legend on the right for encoding). The tables indicate a convergence toward specific design

solutions. Manor House — Gas was only required to develop 2 bundles.

with minimal intrusiveness to the existing structure and minimal
disruption to tenants. Pre-fabricated panels inspired by the Energie-
sprong project were considered, but were generally deemed to be a
nonviable solution in the current marketplace. This was partly because
of the immaturity of the local industry, and difficulty working around
the many balconies of some buildings. However, there are plans to
proceed with the use of pre-fabricated panels on the Le Chateau

rehabilitation, where the balconies are to be replaced.

Windows and patio doors were typically upgraded to double-pane if
the existing glazing was single-pane and/or at the end of their service
life. Two of the final schematic design bundles opted for triple-glazed
windows, one of which was the design that utilized a gas heat pump
for space and DHW heating. Triple-pane windows were necessary to
reduce space heating load as much as possible, making 80 % GHG
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Table 3

Summary of the envelope upgrades for the recommended schematic design bundles.
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Medewiwin Dany Guincher Crossroads Inn Manor House (Gas) Manor House (Elec) Le Chateau Crown Manor
Wall Effective R-value 5.3 4.4 2.82 2.6 2.5 4.4 4.2
[m?K/W]
Roof Effective R-value 7.0 7.0 7.0 6.9 5.28 4.4 (No Change) 5.28
[m?K/W]
Glazing U-value [W/m2K] 1.48-2.12 1.55 2.9 1.35 1.48-1.82 1.56 - 1.59 1.0.5-1.61
Glazing SHGC 0.27-0.35 0.38 0.71 0.21 0.30 0.27-0.34 0.30
Infiltration Rate [L/s/m? @ 5 Pa] 0.125 0.20 0.1 0.25 0.20 0.25 0.25

emission reductions achievable.

Added wall and roof insulation were considered for all buildings.
Above grade wall insulation was improved to an effective R-value of
2.5-5.3 m?K/W. Several teams recommended wall insulation with
effective R-values slightly below the prescriptive code minimum for new
construction of R = 2.78 m2K/W in British Columbia. A number of teams
considered higher R-values in one of their bundles than what was rec-
ommended, but chose thinner insulation because of the diminishing
returns relative to increasing capital costs. Effective R-values of retro-
fitted roofs ranged from 5.3 to 7.0 m?K/W. Le Chateau, had a roof
renewal three years prior and it was decided to retain its existing roof
assembly, while achieving some thermal improvements by improving
air tightness at duct penetrations for fireplace exhausts. Modelled
infiltration rates are brought down to City of Vancouver’s maximum
rates for new construction or lower.

4.2.3. Energy and carbon emissions

The energy performance and carbon emissions of the recommended
design bundles are shown in Table 4 with a breakdown of EUI end-uses
in Fig. 2.

5. Discussion

The 80 % GHG reduction target would be met by all buildings except
for the Manor House Gas building, which still achieved a significant
70 % reduction. Buildings which went fully electric were able to achieve
less than 1 kgCOze/m? of emissions. Reductions in TEUI ranged from 45
- 81 % (qualifying as deep retrofit under the traditional definition), and
TEDI was reduced by 57-81 %. The greatest reductions were for the
Medewiwin building, partly because it had the most inefficient envelope
and systems and had more room for improvement. This fits with the
median values from the NREL ResStock database for an enhanced
enclosure/DHW/Heat pump upgrade [69]. The median savings for a
MURSB of this vintage in Climate Zone 4 are 67 % for emissions and 66 %
for energy. Comparing to British Columbia Step Code’s requirements, all
recommended bundles except Crossroads Inn would meet the Step 2
requirement of a TEUI < 130 kWh/m?/a, and four of the seven would
meet the Step 2 requirement of a TEDI < 45kWh/m?/a. The Crown
Manor’s recommended bundle would achieve Step 3 (TEDI < 120 kWh/
m?/a and TEDI < 30 kWh/m?/a) [61]. For Crossroads Inn to achieve
Step 2 a more intensive envelope upgrade would be required to reduce
its TEDIL, and a reduction in its operating loads (elevator, fans and
pumps) would be required to lower its TEUI.

Results of a life cycle carbon analysis found that the embodied

Table 4

carbon of the retrofit bundles ranged from 25 to 125 kgCOse/m? and
averaged at approximately 60 kgCOze/m?. The substantial reduction in
operation emissions outweighed the additional embodied carbon pro-
duced from the retrofit. Bundles 1 achieved 40 year lifetime emissions
reductions relative to Baseline B of between 39 and 59 %, and Bundles 2
to 4 achieved emissions reductions of between 60 and 87 %. According
to a Carbon Leadership Forum database, the embodied carbon of new
residential construction averages 314 kgCO2/m? [70]. When combined
with very low operational GHGI, the embodied carbon saved by retro-
fitting will overcome that of demolition and building anew to the code
minimum. The majority of embodied carbon emissions are from enve-
lope improvements. Embodied emissions correlated to TEDI where a
bundle with higher embodied carbon would generally result in a lower
TEDI.

As Fig. 3 shows, the design teams converged toward common solu-
tions. They are ASHP pumps for space heating and cooling, air to water
heat pumps for domestic hot water, HRV/ERVs, adding insulation while
overcladding, and double-pane windows. This pre-determined bundle of
measures is likely applicable to most low-rise MURBs of this age and
construction in ASHRAE climate zones 4 and 5. There were some areas
of non-convergence that were often based on factors specific to each
building and its owners needs. A common example was the decision of
whether to recommend a new distributed or a centralized heating sys-
tem. This decision was based on a number of factors including whether
the existing hydronic system could be re-used, whether there would be
space to install distributed heat pumps on the exterior, maintainability,
and intrusiveness during construction. Other reasons for divergence
were whether an item was recently installed and had not reached the
end of its expected service life (Le Chateau roof, Manor House DHW),
and the design team’s judgment and experience with that type of
equipment (Crossroads Inn DHW). It is interesting to note, that all teams
recommended adding wall insulation, which is often considered a cost-
prohibitive measure. This decision was helped by the fact that (1)
claddings were approaching their end-of-life and it is opportunistic to
address both it and the poor thermal performance simultaneously, (2)
the low thermal resistance of the existing walls offered a greater scope
for energy savings, (3) the efficiency gains offered by heat pumps alone
were not fully sufficient to overcome the operational costs of switching
from gas to more expensive electricity (Discussion in 5.1.2). The
viability for adding wall insulation may decrease for newer buildings
with claddings in serviceable condition and/or walls with better thermal
resistance. The recommended bundles also converged toward market-
ready solutions over innovative solutions. This is favoured by the so-
cial housing operators who prefer less risk.

Energy performance of recommended schematic design bundles. Number in brackets is the reduction relative to the Baseline A — existing conditions.

Medewiwin Dany Guincher Crossroads Inn Manor House (Gas) Manor House (Elec) Le Chateau Crown Manor
TEUI [kWh/m?/a] 93 (—81 %) 70.3 (—66 %) 222 (—45 %) 128 (—55%) 119 (50 %) 107 (—68 %) 76 (—58 %)
TEDI [kWh/m?/a] 55 (—81 %) 40 (—60 %) 80 (—57 %) 40 (—66 %) 33 (—59%) 49 (—61 %) 22 (=72%)
Operational GHGI [kgCOze/m?/a] 1 (—99 %) 1 (—97 %) 9 (—82 %) 14 (—67 %) 7 (=79 %) 1 (—98 %) 0.6 (—98 %)
Whole Life Carbon Analysis 138.7 113.3 480 —- 182.1 102 269.9
[40 years kg COe/m?!
CEDI [kWh/m?] 7 1 50 7 4 10 12.2

Annual Energy Cost [$/m?] 5.02 (—80 %) 9.89 (—6%)

27.63 (+10 %)

9.96 (—41 %) 12.26 (—16 %) 13.44 (—34 %) 8.00 (—30 %)
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Selecting from this default bundle can streamline the schematic
design process by removing the need to conduct costly parametric
exploration of the design space and redirecting resources elsewhere.
These resources could be put towards conducting further investigations
of the building, optimization of these measures in design development,
or saving the money toward design development and construction.
Wider spread adoption of this default bundle could help drive market
transformation and increase the network of suppliers and tradespeople
to install and maintain these systems. Streamlining can reduce the entry
cost of beginning a deep retrofit project, allowing more prospective
building owners interested in decarbonizing their buildings to enter the
process.

The projected energy, emissions and cost savings need to be
confirmed once the retrofit has been implemented. There are plans to
perform measurement and verification (M&V) in accordance with the
International Performance Measurement and Verification Protocol
(IPMVP) for all six buildings once the retrofits have been implemented
and operated for 12 months [71]. In addition to operational costs, there
are plans to validate the LCCA, and IEQ improvements post-
construction.

5.1. Life cycle cost analysis

Life cycle cost analyses were performed for each retrofit bundle using
National Institute of Standards and Technology (NIST) Handbook 135
procedures [72]. Class C capital cost estimates were provided by all
design teams. These were combined with the operational energy and
maintenance costs to calculate the NPV of all bundles. Assumptions for

NS = (NPVbundle.e + NPVbundle,m + NPVbundle.c) - (NPVbaseline,e + NPVbaseline,m + vabmeline,c)

NS, = NPViundiee — NPViaselinee***

the life cycle cost calculations are listed below. The real discount rate
and general inflation rate are based on values the local housing pro-
viders use in their assessments and deviate from the NIST Handbook
135.

e A real discount rate of 5.00 %

e A general inflation rate of 2.00 %

e 40 year analysis period

e Zero incentives

e Capital costs include contingencies (20-30 %) as estimated by cost
consultants.

e Non-energy capital expenditures (structural/seismic, restoring of
affected finishes) are included.

e Recurring capital expenditures are included

e Residual values are not included

e No additional revenue from monthly rent increases. Increase revenue
from additional units (Crown Manor) are included

Common fuel prices were used for the analysis. Fuel prices were
assumed to increase relative to 2022 dollars based on projections based
on forecasts from BC Hydro, FortisBC and Canada Energy Regulator
[73-75]. Four gas price forecasts analysis were used in the analysis. This
include the reference scenario used as the baseline fuel price (+38 %
after 40 years), diversified energy scenario (+100 %), and an acceler-
ated electrification scenario (+747 %). Different rate forecasts for elec-
tricity were not considered because they do not vary greatly from one
another, and therefore did not significantly influence the analysis as
much as gas prices. Starting gas prices were based on FortisBC’s rate
structure for small commercial buildings and baseline electricity prices
based on BC Hydro’s residential step rates as of August 1, 2022. The

10

Energy & Buildings 324 (2024) 114868

800 % -

600 %

400 %

200 % -

Relative Price Increase

0%

2020 2030 2040 2050 2060

= Gas Accelerated Electrification Gas Reference

= Gas Diversified Energy = Electricity

Fig. 4. Fuel price forecasts 2022-2062 relative to 2022 $CAD.

change in fuel prices are shown in Fig. 4. All forecasts include the federal
government’s carbon tax.

In the analyses below, the values presented are the net savings (NS)
of the bundles relative to the Baseline B — business as usual scenario.

NS = NPVbundle,, _NPVba.selineB (1)
The net savings calculation can be broken down into its energy (e),
maintenance (m), and capital (c) expenditure cost components. The
NPVs in the following equations indicate expenses and are all negative.

(2)

5.1.1. Baseline analysis

The results of the life cycle costs analysis are presented in Table 5 for
the recommended bundle using the reference gas price scenario. The net
savings for all recommended options are negative meaning capital
expenditure costs outweigh the benefit of reduced energy and mainte-
nance costs over the analysis period, and there isn’t a viable payback
period from an economic perspective. Normalized net savings of —456.6
to — 2073 $/m? and —23.7 k to — 161 k $/unit were calculated. For the
project to break even over the 40-year analysis period, an incentive
equivalent to the calculated net savings would be required.

Fig. 5 shows the performance improvements in terms of GHGI, TEUI
and TEDI as a function of the bundle’s NS. There is no definitive sta-
tistical correlation between the net savings of all bundles and their
performance, the best being an R? = 0.42 for GHGI relative to Baseline B.
They are all negative correlations, meaning that more ambitious per-
formance targets result in poorer net savings. Many building’s data
points are clustered together. This is a consequence of many of the
bundles having the same performance objectives. The data is sparse, and
a parametric examination of the design space, with different perfor-
mance objectives (eg. net-zero, or smaller retrofit bundles) would help
determine if there is a statistical correlation between net savings and
performance.

To determine the chance a deep retrofit project will be deliver net
cost savings, a good starting point would be to calculate the NPViaseline, e,
which is the maximum amount of energy cost savings possible
(assuming the building achieves net-zero energy and NPVpyndie,e = 0).
For NS to have a chance of being positive, the life-time capital expen-
diture (NPVpundie,c — NPVpaseline,c) can not exceed NPVpgaseline,e. All six
buildings’ initial capital expenditure (not including recurring capital
expenses at 15-year intervals) exceeds the life-time energy costs of the
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Table 5
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Life Cycle Cost Analysis Results — Net Savings (NS) of recommended Bundle vs. Baseline B in 2022 dollars.

Medewiwin Dany Guincher Crossroads Inn Manor House (Gas) Manor House (Elec) Le Chateau Crown Manor
NS [$] —615k —456 k —2088k —6660 k —8074k —2214k —2276k
NS [$/m?] —456 -775 —1417 —-1723 —2073 —938 —922
NS [$/unit] -23.7k —41.4k —40.1k —-133k —161k —92.2k —81.3k
NScapital [$] —1590k —487k —2028k —7191k —9270k —3255k —3309k
NSenergy [$] 713k 10.6k — 60.8k 559k 166 k 285k 164k
NSmaintenance[$] 261k 20.9k 0 —28.9k 1029k 756 k —24.0k

baseline building. With the current market conditions, these retrofits
will not deliver a desirable payback period without incentives. Having
this value in mind from the outset will help building owners budget
appropriately for deep retrofits. There are three primary contributors to
the poor net savings in this analysis: 1) The low cost of energy, especially
natural gas in British Columbia, 2) the high capital costs, and 3) not
accounting for externalities, such as improved climate resilience, IEQ,
seismic resistance, etc.

5.1.2. Fuel prices

All buildings except one (Crossroads Inn) are estimated to save en-
ergy costs over the 40 year analysis period, however most of the build-
ings have savings less than $5,000/year. The low energy cost savings can
be explained by the discrepancy between the price of gas relative to
electricity per unit of energy. The base electricity price used in the
analysis was initially 3.4 times more expensive than gas, which essen-
tially means you need to save 70.5 % in energy through fuel-switching in
combination with other measures to break even financially, and that
number does not even consider capital costs. This is an economic barrier
to fuel switching. To obtain meaningful cost savings, the building must
have poor existing performance with several low-hanging fruit measures
to be addressed (Medewiwin), fuel prices need to be higher (closer to
those in Europe and other countries), or the price gap between elec-
tricity and gas must shrink. Another option for closing the net savings
gap would be through on-site generation. Some teams observed that on-
site generation through photovoltaics would provide positive net sav-
ings in isolation, but upgrades to the roof structure and electrical system
upgrades would be cost-prohibitive.

To reinforce the impact of gas prices on net savings, the NPV cal-
culations were performed using the other rate forecasts. Compared to
the reference forecast, the NPVp,seline e increased by 17.7-22.6 % using
the diversified forecast, and by 156-200 % under the accelerated elec-
trification forecast. Fig. 6 shows how near retrofit bundles are to
achieving positive net savings. The diversified forecast would not make
the NS positive for any buildings, but one building (Medewiwin) would
achieve positive NS with both Bundle 1 and its recommended bundle.
The next closest to achieve positive NS was the Crossroads Inn, which
interestingly had the poorest NS under the reference rate forecast.
Crossroads Inn and Medewiwin were the two largest gas consumers, and
the higher prices help their retrofits more than lesser consumers. A
further observation regarding prices, deep retrofits insulate the financial
returns from fluctuations in energy prices and provide more long-term
cost certainty. Fig. 6 does not include economic co-benefits such as
improvements in GHGI, climate resilience, or indoor environmental
quality.

5.1.3. Capital expenditure and incentives

The other way to improve the financial viability of these projects is to
rein in capital expenditure. It should be noted that the Class C estimates
include non-energy related items and contingencies which inflate the
initial capital costs. Energiesprong project costs had reduced by over
50 % compared to initial prototypes, with a goal of 70 % [60], and it is
hoped that a similar decrease will happen as the Canadian industry
scales over time. The question is how much of a decrease would be
required to make the retrofits viable?
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Under the reference rate forecast, the most viable building (Mede-
wiwin) could break even with a 39 % reduction in capital costs. Some
buildings have very low or negative energy savings which makes
defining an upper limit on capital costs reduction meaningless (re-
ductions =~ 100 %). Under the diversified energy rate forecast, a capital
cost reduction between 25 and 93 % would be required. Under the
accelerated electrification forecast, one building can achieve positive
net savings, while the other buildings required between 3 % and 65 %
reductions in capital costs. These values are roughly inline with Ener-
giesprong’s 70 % goal and could be achievable in the Canadian context.

The NS Gap can be overcome through incentives in the short term,
though it would preferable in the long-term to reduce capital expendi-
ture, through market forces and innovation. Small incentives were ob-
tained for Le Chateau and Crown Manor (< $200k) and larger
incentives for Medewiwin and Manor House (> $1M). Only Medewi-
win’s incentive would be enough to close the NS gap entirely.

5.2. Overheating risk assessment

Teams completed overheating risk assessments using the City of
Vancouver’s 20 and 200 h thresholds. Teams were instructed to simulate
passive measures (natural ventilation, fixed shading over windows, cool
roofs) to see if the buildings could meet the requirements without
needing mechanical cooling. In today’s climate none of the buildings
would be able to achieve the City of Vancouver’s stricter 20 h limit for
supportive housing, and only two would be able to achieve the general
200 h limit. All teams reached the same conclusion that passive cooling
strategies alone were not suitable for maintaining comfortable and safe
living conditions for all tenants under this stricter criteria, and me-
chanical cooling would be required. The findings demonstrated that the
addition of mechanical cooling should be expected for buildings of this
archetype, and reinforced one of the benefits of recommending heat
pump installation, namely a heat pump can supply both heating and
cooling.

A more in-depth analysis of the overheating risk assessment could
not be made reliably. Estimates ranged from 40 to over 1500h
exceeding the temperature thresholds — a difference of over an order of
magnitude which was very concerning. Reasons for this wide range
include differences in approaches modelling natural ventilation and
operable windows, weather files used, thermal mass of lightweight
construction, and how the overheating metric was reported (worst-case
unit, average unit, etc.). There was no indoor temperature data available
for teams to validate their numbers against. As a result, this made it
difficult to form any robust conclusions or observe any trends in the data
provided. This highlights the need for standardized reporting method-
ology if overheating risk assessments are to be a core component of deep
retrofit design analysis. Conversely, we can argue that overheating risk
assessments are redundant for projects based on the results of this study.
Existing MURBs in this region are unlikely to meet the 20 or 200h
criteria now and in the future. Mechanical cooling systems will be
necessary to meet this criteria.
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6. Conclusions

The schematic design for deep retrofits of six existing low-rise
MURBs in British Columbia have been completed with the primary
goal of reducing operational carbon emissions by 80 %. A meta-analysis
of the schematic design reports assessing the technical solutions being
proposed, performance gains and estimated savings, and a life cycle cost
analysis. The key findings of the meta-analysis are:

e a convergence toward common technical solutions which includes a
default bundle consisting of electric air source heat pumps for space
heating, electric air-to-water heat pumps for DHW in tandem with
ventilators, added wall and roof insulation, air sealing, and at min-
imum double-pane windows

e The recommended bundles are projected to reduce TEUI by 45-81 %,
and TEDI by 57-81 %. All schematic designs achieved the 80 % GHGI
target, except one which chose to retain gas systems for the space
heating and DHW.

e An overheating risk analyses showed that buildings of this archetype
would unlikely be able to meet the City of Vancouver’s strict over-
heating criteria and that mechanical cooling would be necessary.

e In the current economic climate, none of the schematic designs
would produce positive net cost savings or a desirable payback
period for the building owners. Incentives would be required. The
relatively low cost of gas in British Columbia is the primary economic
barrier to decarbonization via deep retrofits and economic viability
would only improve if higher gas price forecasts became reality, or if
the capital costs of deep retrofits were to be reduced through market
transformation.

The convergence in the solutions found by design teams means the
schematic design process can be streamlined by eliminating the need to
perform extensive exploration of the design space for each prospective
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retrofit. This allows time and resources to be saved or devoted else-
where. This default bundle identified in these schematic designs can be
applied to low-rise MURBs in ASHRAE climate zones 4 and 5 as a
starting point, with minor adjustments that account for building-specific
factors or owner needs. The streamlining of the schematic design process
can reduce time and resources needed to execute a deep retrofit project
from beginning to end, and by reducing an entry cost barrier that will
allow more prospective building owners to consider deep retrofits. There
are long-term plans to continue evaluating the six buildings post-
construction. A measure & verification program will ensure that the
projected savings and improvements in IEQ are being achieved along
with analysis of the as-built bundles and costs. Construction is scheduled
to be completed for all six buildings by 2025.
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