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Building energy retrofits in
Canada under government fiscal
constraints
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Residential building energy retrofits can significantly reduce greenhouse gas (GHG) emissions and
household energy costs when supported by effective fiscal policies. This study develops an integrated
simulation—optimization framework to identify optimal retrofit strategies and fiscal parameters across
ten Canadian cities. Results indicate that photovoltaic (PV) systems are favored in regions with high
grid emission intensity or electricity prices, while thermal insulation levels remain near code minimums
and improved air tightness is consistently preferred. Thermal energy storage and heat pumps are
effective across most climates. Over a 20-year horizon, these strategies yield up to $7,000 in annual
homeowner cost savings and over 100 tonne CO5e of emissions reductions per building. Financial
incentives including rebates ($23,000-$42,000), low-interest loans ($1,600-$8,000), and moderate
energy taxes (0.4-8.8%) are essential to ensure affordability and adoption.
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The building sector is a critical component of global decarbonization strategies, accounting for nearly one-third
of total energy consumption and a substantial share of Greenhouse Gas (GHG) emissions'~. In many developed
countries, including Canada, residential buildings are among the most energy-intensive segments due to the
aging building stock, which often has poor insulation and inefficient heating/cooling systems. Improving the
energy performance of these buildings through retrofitting is widely recognized as one of the most effective
and immediate pathways to reduce emissions, improve indoor comfort, and advance national net-zero targets.
However, the widespread adoption of energy retrofits remains constrained by high capital costs, limited financial
incentives, and uneven access to funding across income groups*”>.

To overcome these barriers, governments have introduced a variety of incentive programs such as rebates,
low-interest loans, and tax credits. These financial instruments aim to reduce upfront investment costs and
encourage homeowners to undertake energy retrofits®>!. Yet, most existing programs are designed using static
or uniform incentive structures that do not account for variations in climate conditions, building typologies, or
socioeconomic diversity. As a result, the effectiveness of such programs often remains suboptimal. In particular,
uniform policies may benefit higher-income households with greater financial capacity while failing to reach
low- and moderate-income groups who experience higher energy cost burdens and are more vulnerable to
energy poverty. Energy poverty, defined as the inability to afford adequate energy services for home heating,
cooling, lighting, and appliances, is a growing but under-addressed issue in Canada®. More than 8% of Canadian
households are classified as energy poor, who spend at least 10% of the household income to cover their energy
costs, with energy poor households exceeding 30% in some indigenous and rural communities?*?*. Achieving
an equitable and cost-effective decarbonization pathway, therefore, requires a quantitative understanding of how
different policy instruments interact with building parameters, energy performance, and household economics?.

Retrofitting the residential building sector is inherently complex because it depends on the interaction of
multiple technical, economic, and policy variables*®?’. At the household level, the extent to which a building can
be retrofitted is strongly constrained by the homeowner’s financial capacity and willingness to invest in upgrades
that improve energy performance. At the same time, government expenditures play a decisive role: public
investment levels vary across regions, and the choice of financial instruments such as grants, rebates, low-interest
loans, or targeted taxes directly shapes retrofit feasibility and adoption. Among these instruments, energy taxes
remain one of the most debated because they influence both sides of the equation: they can generate revenue that
helps governments recover the costs of rebate or loan programs, while simultaneously encouraging homeowners
to pursue retrofits to avoid higher energy bills?>?. Determining the appropriate tax level is therefore critical;
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too low offers little incentive, while too high can burden households without yielding proportional retrofitting
benefits. Ultimately, society’s investment in retrofitting must be evaluated not only in financial terms but also
through its environmental benefits. Significant variation exists across regions in the magnitude of operational
and embodied GHG emissions savings achievable through energy retrofit pathways, and identifying which
combinations of economic policies and building upgrades deliver the greatest environmental benefit is essential
for designing effective and equitable decarbonization strategies.

Optimization methods offer powerful tools to address this challenge by identifying the most efficient
combinations of energy retrofit measures and incentive policies under realistic constraints. Previous studies
have primarily focused on optimizing building design or technology selection to minimize energy use
and emissions®*~3¢. However, relatively few have integrated financial policy design within the optimization
framework, particularly under fiscal limitations that reflect government budget constraints. This omission limits
the ability of policymakers to evaluate trade-offs between public investment, private savings, and environmental
benefits. Addressing this gap requires a comprehensive approach that simultaneously considers technological,
economic, and policy dimensions of the retrofit decision-making process.

Research gap and objectives

Despite extensive research on building energy retrofit optimization, existing studies predominantly focus on
minimizing energy consumption, lifecycle cost, or emissions from a homeowner perspective, often treating
policy instruments as external or fixed parameters. Consequently, there remains a critical gap in integrating
government fiscal mechanisms such as rebates, low-interest loans, and energy taxation directly into the
optimization process, particularly across diverse climatic and economic conditions.

To address this gap, this study develops a multi-objective simulation-optimization framework that
simultaneously evaluates building retrofit strategies and fiscal policy instruments under varying energy price
inflation rates. The primary objective is to identify cost-effective, low-carbon retrofit solutions that balance
homeowner affordability, government expenditure, and both operational and embodied GHG emissions.

The novelty of this work lies in embedding fiscal instruments directly within the optimization structure,
enabling the co-optimization of technical retrofit measures and policy parameters. This integrated approach
moves beyond conventional technology-focused analyses by providing a policy-responsive decision-making
framework that captures real world economic constraints. Using a representative Canadian housing archetype
across multiple climate zones, the framework quantifies the complex interactions among incentive levels, energy
price escalation, household cost savings, and emissions reductions, offering new insights into region specific
retrofit strategies and their socioeconomic and environmental trade-offs. To guide the analysis, the study
addresses the following research questions: (1) How do optimal retrofit strategies vary across Canadian cities
under different climate zones and energy price inflation rates? (2) What levels of financial support are required
from homeowners and governments to enable adoption? (3) How effective are policy instruments in influencing
retrofit decisions and reducing costs? (4) What are the impacts on GHG emissions? (5) To what extent can
energy poverty be alleviated? (6) What trade-offs arise among economic and environmental objectives?

Methodology

Figure 1 presents the overall methodological framework adopted in this study. This study focuses on single-
detached residential houses in Canada, which account for 52.6% of residential building stock in the country37,
while other building archetypes can also be studied in future work. City specific weather files and detailed building
parameters serve as inputs to the Vertical City Weather Generator (VCWGv1.6.1), an urban physics model that
enables high resolution (hourly) simulation of building energy performance under diverse Canadian climates.
Full details of this model are provided in our previous publication®. In addition to these physical inputs, a range
of economic and environmental variables are incorporated into the analysis, including energy price inflation
rates (low at 1% annually and high at 5% annually), retrofit and maintenance costs, government incentives,
Social Cost of Carbon (SCC), embodied GHG emissions factors, and current and projected electricity grid
emission intensities. A Micro-Genetic Algorithm (MGA) is employed to perform a multi-objective optimization
of 14 key building retrofit and economic parameters. The objective functions are designed to simultaneously
maximize GHG emission savings, maximize homeowners’ marginal annualized cost savings, and maximize
governments’ marginal annualized cost savings. The optimal retrofit strategies identified through this process
are then evaluated in terms of their broader socioeconomic and environmental impacts, particularly with respect
to reducing household energy burdens and supporting equitable decarbonization across Canadian communities
with regard to the fiscal constraints.

Vertical City Weather Generator (VCWGv1.6.1)

In this study, the Vertical City Weather Generator (VCWG v1.6.1) is employed as an urban physics model to
simulate the energy performance and carbon emissions of residential buildings across 10 Canadian cities spanning
diverse climate zones. These cities include Vancouver (Zone 4), Toronto (Zone 5), Montreal (Zone 6), Halifax
(Zone 6), St. John's (Zone 6), Calgary (Zone 7A), Winnipeg (Zone 7A), Saskatoon (Zone 7A), Whitehorse (Zone
7B), and Yellowknife (Zone 8)>%. VCWG integrates localized weather data and detailed building parameters for
hourly simulations of building energy performance under varying retrofit scenarios. City-specific weather files
for the year 2020, capturing hourly air temperature, wind, air pressure, air humidity, radiation fluxes, and soil
moisture/temperature, are used as boundary conditions*. Each simulation compares baseline (pre-retrofit) and
post-retrofit building performance, accounting for interventions using high thermal insulation and air tightness
for the envelope, roof albedo modification, Building Integrated Thermal Energy Storage (BITES) system, Heat
Pump (HP) system (ground source), Solar Thermal (ST) collector, PhotoVoltaic (PV) collector, Glazing Ratio
(GR) adjustments, and Solar Heat Gain Coefficient (SHGC) adjustments*’. The HP performance is modeled
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Fig. 1. Flowchart for methodological framework.

using a temperature-dependent Coefficient Of Performance (COP) formulation derived from Natural Resources
Canada (NRCan) guidelines*! and implemented within the established VCWG framework*. The COP varies as
a function of heat source and sink temperatures, allowing realistic representation of seasonal changes. The BITES
system is modeled as a sensible thermal energy storage medium that stores/releases thermal energy. Charging
and discharging occurs through ground, ST collectors, HP operation, and heat recovery from building systems
(e.g. ventilation exhaust and water drain). The governing energy balance equations follow the formulation
presented in our previous study?’, ensuring thermodynamic consistency between storage, HP operation, and
building load dynamics. The model calculates both operational GHG emissions, derived from electricity and
fossil fuel consumption, and embodied GHG emissions associated with retrofit materials and construction. The
VCWG framework includes modular sub-models that simulate atmospheric transport, surface energy balances,
radiation exchange, and building energy dynamics*>~%. It also supports the incorporation of key economic and
environmental parameters including local energy prices*¢~%2, forecasts for energy price inflation rates (1% and
5%), retrofit and maintenance costs, government incentives scenarios (rebates, loans), interest rates for loans
payment, taxes for energy consumption, electricity grid emission intensities and projections®>®%, and the SCC®®
to provide a comprehensive basis for retrofit analysis®. The SCC is incorporated in this study as a policy-relevant
economic parameter representing the monetized societal damages associated with greenhouse gas emissions.
Although the SCC is not directly paid by homeowners as a separate line item, it ultimately manifests as a private
cost through multiple mechanisms. Carbon pricing systems, fuel taxes, regulatory compliance costs, insurance
premiums associated with climate-related risks (e.g., flooding and wildfire), and public expenditures financed
through taxation all transmit climate damage costs to households over time®®®’. Therefore, including the
SCC allows the optimization framework to internalize long-term climate externalities in a manner consistent
with real-world policy instruments. Energy price inflation rates are modeled as forward-looking scenario
assumptions reflecting plausible market trajectories rather than fixed policy commitments, enabling evaluation
of retrofit performance under varying future economic conditions. The model’s outputs have been validated
through comparisons with real-world measurements of environmental and building performance variables from
cities such as London (Canada), Guelph (Canada), Vancouver (Canada), and Basel (Switzerland), confirming its
suitability for simulating urban building performance variables across varied climatic and urban contexts*4>¢
(Fig. 2).

Micro-genetic algorithm (MGA)

The Micro-Genetic Algorithm (MGA) is employed to search for optimal retrofit solutions!. MGA is a
computationally efficient version of traditional genetic algorithms, designed to solve problems involving multiple
conflicting objectives. The algorithm operates by evolving a population of potential solutions (population of 5)
(representing different retrofit and government incentive strategies) over a series of generations (up to 100),
selecting the best individuals based on the lowest fitness according to the defined objective functions (Fig. 3). The
primary goal of this study is to identify retrofit strategies that maximize the homeowner’s annualized marginal
cost saving (Cos), the government’s annualized marginal cost saving (Cgs ), and life cycle GHG emissions savings
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Fig. 2. Vertical City Weather Generator (VCWGV1.6.1).
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(GHGg) over N = 20 years of each retrofit strategy (Eqn. 1)*%. These objectives are considered simultaneously
in the optimization process using a weighted sum approach, which is to be minimized

GHG. _ Co.  Co
GHGos  °Co. "9 Cos-

(1)

= —wgHg

A sensitivity analysis on the weighting factors was conducted to evaluate the robustness of the results. Because
the primary objective of this study is to improve homeowner affordability while achieving decarbonization, a
higher weight was assigned to annual marginal homeowner cost savings (0.6), with lower but balanced weights
assigned to life-cycle GHG emission savings (0.2) and annual government cost savings (0.2). The detailed results
of the weighting sensitivity analysis are provided in the Supplementary Table S2. So we assign specific weights
to each sub-objective function, such that wgre = we = 0.2 and wo = 0.6. The sub-objective functions are
normalized using GHGo; [kg-CO2e] and Cos = |Coos| + |Coas| [$], representing the total GHG emissions
savings and the overall absolute value of annualized cost savings, respectively. These values are derived from the
solution of the first iteration of the optimization process.

Using the multi-objective optimization framework, we determine the nearly global optimum values for 14
key retrofit variables (outlined in Table 1) under 4 projected energy price inflation rate scenarios.

Economic analysis
The equations in this section are adapted from*®. For the retrofitted case, the annualized cost for the homeowner
is given by

CRetrofit = C1 + Cr + Cg + Com + L + Taxp + Taxg — Rebate — Loan — Cs — SCCg, (2)

where C7 is the annualized initial investment, C'r is the annualized fossil fuel cost, CE is the annualized grid
electricity consumption cost, Cons is the annualized operation and maintenance cost, L is the annualized
loan cost, Tax  is tax that homeowners pay for their fuel consumption, Taxg is tax that homeowners pay for
electricity consumption, C's is the annualized cost savings by salvaging the equipment, and SCCy is annualized
cost savings due to reduction of the social cost of carbon, all in [$]. The marginal annualized cost saving is given
by

COS = CBase - CRetroﬁt: (3)

where Cpase = Cr + Cg + Con + Taxp + Taxg — Cs is the annualized cost for the base case without any
retrofits in [$]. More detailed calculations of the marginal annualized cost are provided in our recently published
paper’. The government’s annualized marginal cost saving is calculated as follows:

Cags = L + Taxp + Taxg — Loan — Rebate. (4)

Supplementary Table S1 indicates the parameters for economic evaluation of energy retrofit strategies. In
this study, electricity pricing is modeled under a net metering framework, where households can buy and sell
electricity at the same retail rate. Some provinces (e.g. Ontario) utilize the Time Of Use (TOU) scheme, while
others have step structures to charge for grid electricity consumption. Regarding fossil fuel consumption, most

Category Variables Minimum | Maximum | Interval
Volume of BITES (Viites) [m3m 2] 0.05 0.25 0.04
Roof Albedo (ar) 0.1 0.7 0.05
Collector Area for ST (Ast) [m2m 2] 0.2 0.6 0.05
Roof Thermal Resistance (Rroof) [M2K W™ 1] | 4.41-7.04 | 9-14 0.5

Building Parameters | Infiltration Rate (Vinf) [ACH] 0.5 1.5 0.25
Wall Thermal Resistance (Rwa11) [m2K W] | 3.18-5.46 | 6.5-11 0.5
Glazing Ratio (GR) 0.1 0.4 0.05
Solar Heat Gain Coefficient (SHGC) 0.1 0.7 0.1
Collector Area for PV (Apy) [m2m™?] 0.1 0.6 0.1
Rebate [$] 20000 50000 5000
Loan [$] 0 10000 2000

Economic Parameters | Loan Interest Rate [%] 0.25 1.5 0.25
Fuel Tax [%] 0 10 2
Electricity Tax [%] 0 10 2

Table 1. Optimization variables with minimum value, maximum value, and variation interval: Building
Integrated Thermal Energy Storage (BITES), Solar Thermal (ST), PhotoVoltaic (PV); note: the ranges are
informed by building codes and standards in each climate zone”®72.
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provinces have fixed rates or step structures for consumption. VCWG considers all of these mechanisms in the
economic analysis*®.

Environmental analysis

The environmental analysis involves the calculation of potential operational GHG emissions savings
(GHGo,s) and the potential embodied GHG emissions savings (GHGe, s ), which will be negative in our analysis.
The embodied GHG emission, for various building retrofit technologies, is the summation of embodied GHG
emissions for each retrofit technology

GHG. = ApEEF,, 4+ VeiresEEFBITES + EEFHP
+ AstEEFst + ARwallAwallEEFInsulation (5)
+ ARroofAA1roofEI}EFInsulan:ion + AroofEEFCoolRoof

where Apy, Ast, Awail, and Aroof, are PV, ST, wall, and roof areas, all in [mz], VBrTEs is the BITES volume in
[m?]; embodied GHG emissions factor (EEF) for PV systems (EEF ) is 150 kg COQem_Q, for the BITES
system (EEFprres) is 30 kg COyem ™3, for Heat Pump (HP) EEFp is 600 kg CO,e, and for solar thermal
systems (EEFt) is 40 kg CO2em72. Additionally, the embodied GHG emissions factor for insulation materials
(EEF 1nsulation) is 10 kg COQem_QWm_2K_1. Here ARyan and ARyoor [m2K Wfl] are changes made to
the building envelop to achieve a new thermal resistance. For the cool roof, the embodied GHG emissions factor
(EEF CoolRoof) is 5 kg CO,em ™ 27376,

The potential operational GHG emissions saving is the summation of GHG emissions saving through a
reduction of electricity and fossil fuel consumption. The fuel usage reduction is computed as

Fs = [Frg + Funs — (Fh + Fun)]Abna N, (6)

where F1 g, Funp, Fr and Fy,p, [m3 m72] are the fossil fuel usage for the base and retrofitted buildings for space
and water heating, respectively. Here N = 20 is the number of years for the retrofit time horizon. Apiq = 130
[mz] is the building footprint area. Then, the GHG emissions reduction potential in CO2e associated with fossil
fuel saving is estimated by,

MWco,

GHGFs = Fspr———2,
ok PE MWg

(7)
where pr [kgr m73] is the density of fossil fuel (for natural gas or diesel), M Wco, [gco, mole™1] is the
molecular weight of CO2, and MWr [gr mole™"] is the molecular weight of the fossil fuel. The electricity usage
reduction is computed by,

E, = [ECB + EaB — (E(, +En+ Eq — Epv)]AbldN> (8)

where E.p, FqB, E., Ep,and E4 [KW-hr m72] are the electricity usage for space cooling/heating and domestic
appliance in base/retrofitted buildings, and E,, [kW-hr m™2] is electricity generated by PV, in the retrofitted
building. Then, the GHG emissions reduction potential in COze associated with grid electricity saving is found
as

GHGpg,s = EsEIgPg, ©))

where EIr [kgco, kW-hr~!] presents the electricity grid emissions intensity on an annual basis for different
cities in 2020, and Pg [%] denotes the projected percentage reduction in this intensity over the next 20 years®>54,
Finally, the potential operational GHG emissions savings is given by

GHG,.. = GHGr, + GHGp.., (10)

and the total GHG emission savings over N = 20 years is given by:

GHG, = GHG, . — GHG.. (11)

Results and discussion

The results of this study present a comprehensive assessment of how optimized retrofit strategies influence
household energy performance, economic outcomes, and environmental impacts across the ten Canadian cities.
First, we examine the optimization outcomes and associated trade-offs, focusing on the resulting homeowner
cost savings, government investment, and GHG emissions reductions, followed by a detailed analysis of the
optimized economic variables and building parameters that drive these outcomes. Next, we quantify the
extent to which retrofits alleviate household energy burden, highlighting differences among regions and
retrofit configurations. Finally, we evaluate the broader environmental and economic co-benefits of building
decarbonization, demonstrating how well-designed incentive structures and retrofitting measures contribute to
long-term sustainability and affordability objectives.
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Optimization outcomes and trade-offs

This section summarizes the outcomes of the multi-objective optimization by examining how different
retrofit strategies balance environmental benefits with economic considerations for both households and the
government. The optimization scheme simultaneously maximizes three key objectives: total GHG emissions
savings over a 20-year horizon, annual marginal homeowner cost savings, and annual marginal government
cost savings. Because these objectives compete, measures that yield high long-term GHG reductions may impose
higher upfront or ongoing costs, the results highlight important trade-offs that influence retrofit adoption and
policy design. The following subsections present the optimized levels of cost and emissions savings, identify
the economic variables selected by the model, and describe the optimal building parameters that emerge across
different climate regions and future energy price inflation rate scenarios.

Cost and GHG emissions savings

The convergence behavior of the optimization scheme was consistent across all cities. Supplementary Fig.
S1 provides an example of the normalized overall objective function convergence trends for Toronto across
different runs with varying energy price inflation rates. The overall objective function value showed a clear
downward trend over successive generations of the MGA. This decreasing trend eventually stabilized, indicating
that the search space was sufficiently explored and the algorithm had converged toward a global or near-global
optimum. The final sub-objective function values were nearly constant across the last few iterations, confirming
the robustness of the optimization framework and the stability of the solutions. Although MGA does not
guarantee to find the global optimum solution?, this convergence pattern was observed consistently across all
cities and scenarios, providing confidence in the validity and transferability of the optimized retrofit strategies.

Across the ten Canadian cities analyzed, the combined results, shown in Fig. 4, reveal consistent patterns
in how retrofit outcomes respond to variations in electricity and fuel price inflation rates. In all locations,
homeowners’ marginal annual cost savings remain positive or near-positive in most scenarios, indicating that
energy retrofits generally reduce operational energy expenditures for households. In Vancouver, homeowners’
savings are actually higher under lower energy price inflation rates. This occurs because electricity is relatively
inexpensive in British Columbia, and the city’s availability of shortwave solar radiation limits the economic
return from rooftop PV installations, making retrofit savings less sensitive to rising prices. In Toronto, however,
the opposite pattern emerges: homeowners’ savings increase with a higher electricity price inflation rate but
decrease when fuel price inflation rate rises. This is due to the high electricity prices in Toronto and the strong
financial benefit of net-metered rooftop PV, which allows households to generate and sell electricity.

In St. John’s, where households rely heavily on electricity for both heating and cooling, the retrofit benefits
are modest but remain generally positive due to reduced electricity consumption combined with government
rebates or loans. Halifax and Montreal show clear financial gains for the homeowners from retrofits across all
scenarios, with homeowners’ savings increasing as both electricity and fuel price inflation rates rise. Conversely,
in Saskatoon and Calgary, homeowners’ cost savings remain relatively small, although still positive, owing to
lower baseline energy prices. Winnipeg exhibits a stable pattern in which homeowners’ savings remain fairly
consistent across all energy price inflation rate scenarios.

The northern territories demonstrate the strongest financial response to fuel price inflation rate. In
Whitehorse, retrofit measures yield substantial savings for the homeowners, and the benefits grow sharply under
higher diesel fuel price inflation rate. This is mainly due to the dominant heating demand and the significant
reduction in fuel consumption achieved by deep retrofit measures, including HP adoption (ground source).
Yellowknife shows a similar but slightly less pronounced trend.

As shown in Fig. 4, government’s marginal annual cost savings are negative in nearly all cities and under
every energy price inflation rate scenario, clearly demonstrating that achieving low-carbon buildings and
reducing household energy burden cannot occur without meaningful public investment. This directly answers
a central policy question: Is it possible to realize lower-carbon housing while reducing energy poverty without
government spending? The results indicate that the answer is unequivocally ‘no. According to our analysis,
local, provincial, territorial, and federal governments must provide financial support through rebates, loans, or
tax-based instruments if deep retrofits are to be adopted at scale and remain affordable for households. Across
all cities, governments’ cost savings remain negative because incentives and subsidies consistently exceed any
fiscal returns from reduced energy consumption or increased tax revenue. Moreover, the magnitude of negative
savings tends to increase slightly when energy price inflation rates rise, implying that communities require even
greater government support in scenarios of high energy costs. This reflects the economic reality that, as energy
prices escalate, larger incentives are needed to keep retrofit investments financially viable for homeowners and
to ensure that retrofits continue to deliver meaningful reductions in household energy cost burden. Overall,
these results highlight that decarbonizing the building stock and alleviating energy poverty are not cost-neutral
processes for governments; rather, they require sustained and adaptive fiscal commitment, especially under
volatile or rising energy prices.

The total GHG emissions savings (Fig. 4), combining both operational and embodied carbon emissions,
are positive across most cities and energy price inflation rate scenarios, confirming that retrofit packages
deliver meaningful environmental benefits in most regions. The largest reductions occur in cold-climate cities
with carbon-intensive heating fuels, where electrification and the deployment of BITES, HP, and ST systems
substantially reduce heating loads and shift energy demand toward lower-carbon electricity. In cities such as
Vancouver, Montreal, and Winnipeg, which already operate on relatively low grid emission intensities due to
hydro-dominated electricity, GHG emissions reductions primarily arise from replacing natural gas heating
with cleaner technologies. These cities benefit less from fuel switching alone, but still achieve significant savings
through load reduction and improved system efficiencies. In Toronto, where electricity prices are high but the grid
is low-carbon intensity, GHG emissions savings come from two pathways: (1) reducing natural gas consumption
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Fig. 4. Sub-objective functions for different cities under different energy price inflation rates scenarios; legend:
blue: homeowners’ marginal annual cost savings, orange: government marginal annual cost savings, green:
GHG emissions savings (20 years).
through HP, BITES, and ST technologies, and (2) generating on-site renewable electricity via rooftop PV. Net-
metering further results in GHG emissions savings by offsetting grid electricity with clean on-site generation.
In Halifax, Saskatoon, and Calgary, where grid emission intensities remain higher, the optimization
framework prioritizes reducing natural gas use while simultaneously increasing PV deployment to offset carbon-
intensive electricity. This dual mechanism helps achieve significant GHG emissions reductions even in regions
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with comparatively high-carbon intensity grids. A notable exception is St. John’s, where GHG emissions savings
are slightly negative. This occurs because households already rely predominantly on electricity for both heating
and cooling, and the provincial grid is largely green. As a result, retrofitting does not meaningfully reduce GHG
emissions, even though it may still improve energy affordability for households.

In the northern territories, particularly Whitehorse, the highest GHG emissions reductions are observed. The
combination of extremely high heating demand, carbon-intensive fuel use (primarily diesel), and high energy
price inflation rates makes retrofit technologies highly impactful. As energy prices rise, the optimized retrofit
strategies shift more aggressively toward electrification and deep efficiency improvements, amplifying GHG
emissions savings potential even further.

Optimized economic parameters

Optimized rebate allocations, representing direct government contributions toward retrofit costs, do not vary
widely across different cities. In Vancouver rebates span from $25,000 under the 5E5F scenario to $40,000
under the 5E1F scenario. Toronto exhibits a similar pattern, with rebates clustering around $34,000 in most
energy price inflation rate scenarios. The only notable deviation occurs under 1E5F, where the rebate decreases
to $31,000 because high fuel price inflation rate independently improves the financial case for electrification-
oriented retrofits, reducing the level of government support needed. Across most of the remaining cities
including Calgary, Halifax, Montreal, Saskatoon, Winnipeg, Whitehorse, and Yellowknife, rebate levels generally
fall within a narrower band around $30,000 (see Table 2 and Supplementary Fig. S8-17).

Loan allocations and interest rates also adjust dynamically to local climatic and economic conditions. In
Vancouver, loan amounts increase from $2,800 in the 1EIF scenario to $6,000 under 5ESE, reflecting the need
for higher upfront financing as energy price inflation rates magnify the economic value of retrofit measures.
Optimized interest rates for loans remain very low (0.55-0.95%), indicating that the optimization framework
relies on low-interest financing to preserve affordability for homeowners while still achieving deep GHG emission
reductions. Toronto shows a similar moderate loan range ($2,800-$7,200) with interest rates around 0.85-1.10%,
again highlighting the importance of accessible financing for large, electricity-driven retrofit packages. In several
other cities including Halifax, Saskatoon, Calgary, Winnipeg, Whitehorse, Yellowknife, and St. John’s, the pattern
is reversed: loan amounts tend to decrease as electricity and fuel price inflation rates increase. In these regions,
higher energy price escalation already strengthens the economic case for retrofits, reducing the need for large
loans. Across nearly all cities, interest rates remain below 1%, typically fluctuating only slightly with energy
price inflation rate assumptions, indicating that the model consistently favors low-interest public financing as an
effective policy lever to stimulate retrofit adoption (see Table 2 and Supplementary Fig. S8-17).

Another key economic parameter optimized in Table 2 is the energy consumption tax applied to electricity
and fossil fuel usage. Setting this tax appropriately is critical: a tax that is too high can increase the energy cost
burden for households, while a tax that is too low provides little incentive for homeowners to conserve energy
or invest in energy retrofits. Across most Canadian cities, the model identifies a declining tax requirement as
electricity and fuel price inflation rates increase. For instance, in Vancouver, the optimal electricity tax decreases
from 6% to 4%, and the fuel tax drops slightly from 4.0% to 3.6% as energy price inflation rates rise from 1E1F
to 5ES5E, indicating that higher energy prices already motivate households to reduce consumption thus lowering
the need for additional policy pressure through taxation. Toronto shows an even more pronounced decline, with
electricity tax falling from 8% to 4% and fuel tax from 6.4% to 4% as energy price inflation rates rise from 1E1F
to 5E5E. A similar downward trend is observed in St. John’s (7.2% to 3.6%), Montreal, Saskatoon, and Calgary,
demonstrating that in these regions, the increasing energy price inflation rates strengthen the economic incentive
for retrofits, reducing the need for taxation as a behavioral tool. In contrast, cities such as Winnipeg, Whitehorse,
and Yellowknife exhibit the opposite pattern, where energy taxes increase under higher energy price inflation
rates scenarios. These colder regions rely heavily on fuel-based heating, and the model suggests that when energy
price inflation rates rise, a higher energy tax is needed to encourage retrofits and reduce fuel consumption.
Overall, the optimization indicates that energy consumption taxes must be regionally differentiated.

Optimized building parameters
From the optimized building parameters perspective, as shown in Table 3, the model selects retrofit strategies
that reflect each city’s local energy costs, climate conditions, and grid emission intensities. In Vancouver (also
see Supplementary Fig. S18), which has a mild climate (Zone = 4), frequent cloud cover, green electricity, and
relatively low electricity prices, the optimization consistently selects a minimal rooftop PV area (0.10-0.14 m?
m™?). Because insulation upgrades offer limited economic returns under these conditions, both roof and wall
R-values remain near their minimum code-based limits, with only minor variations across economic scenarios.
The infiltration rate decreases from 1.5 ACH toward approximately 1.0 ACH, indicating that tightening the
building envelope provides an optimal balance between maintaining sufficient natural ventilation and reducing
heating/cooling demands. The SHGC is pushed to its maximum allowable value (~0.70), reflecting the benefit
of passive solar heat gains in Vancouvers climate. Meanwhile, the glazing ratio stays in a moderate range
(around 0.20), suggesting that the model limits glazing to avoid excessive heat loss/gain while still permitting
passive daylighting. Importantly, the optimization identifies BITES, ST, and HP as key retrofit components for
Vancouver. Because the city’s electricity supply is already low-carbon intensity, shifting heating from natural
gas to electrified systems supplemented by thermal storage yields meaningful GHG emissions reductions while
keeping operational costs low. Roof albedo values remain in the mid-range (~0.4), indicating that a moderately
reflective roof provides year-round benefits helping reduce summer cooling loads without imposing excessive
winter heating penalties (see Table 3).

In Toronto, the optimized retrofit solutions consistently favor higher PV deployment, reflecting the city’s
relatively high electricity prices and favorable direct shortwave solar radiation availability. Because envelope
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City Scenarios | Rebate [$] Loan [$] Loan Interest Rate [%] | Electricity Tax [%] | Fuel Tax [%]
1E1F 38000 + 13038 | 2800 = 3033 | 0.95 £ 0.41 6.00 + 4.00 4.00 £ 2.45
5E1F 40000 £ 7906 | 4000 + 3162 | 0.55 £ 0.41 5.60 + 3.58 4.40 £2.19

Vancouver
1E5F 27000 + 10368 | 5200 + 4147 | 0.70 £ 0.41 7.20 +4.38 4.40 + 3.85
5E5F 25000 + 5000 | 6000 = 3742 | 0.95 +0.21 4.40 + 3.85 3.60 £2.61
1E1F 34000 + 8215 | 3200 £ 3633 | 1.00 + 0.47 8.00 = 2.00 6.40 £ 2.61
5E1F 34000 + 12942 | 3200 + 2280 | 0.85+0.14 6.00 + 1.41 3.60 +2.97

Toronto
1E5F 31000 £ 9617 | 2800 + 3346 | 1.10 £ 0.45 4.40 +4.34 8.80 +1.79
5E5F 34000 + 9617 | 7200 = 2683 | 0.85 + 0.29 4.00 +4.24 4.00 +2.83
1E 31000 + 9620 | 6000 + 2449 | 0.70 £ 0.54 7.20+2.28 -

St. John’s
5E 29000 + 10840 | 4400 = 3578 | 0.90 £ 0.51 3.60 +4.10 -
1E1F 31000 + 9618 | 5600 = 3286 | 1.00 £ 0.31 6.80 + 3.63 2.40 +3.29

Halif: 5E1F 29000 + 12450 | 4800 + 3033 | 0.40 £ 0.22 2.80 + 2.68 8.80 + 2.68

alifax
1E5F 31000 + 8216 4800 + 3633 | 0.85+0.38 1.60 £ 1.67 5.20 £3.63
5E5F 30000 + 11726 | 4800 = 3633 | 0.95 +0.37 6.40 + 3.85 3.20 +2.68
1E1F 29000 + 10839 | 3200 + 4604 | 1.25+0.18 6.80 +3.90 3.20+2.28
5E1F 27000 + 10368 | 2000 + 2828 | 0.90 £ 0.38 5.20 £3.03 4.00 +3.74

Montreal
1E5F 33000 +9082 | 3200 4147 | 1.25+0.18 5.20+3.03 6.40 + 4.98
5E5F 31000 + 11937 | 7200 + 4381 | 0.90 + 0.38 4.40 £ 2.61 4.80 £ 5.02
1E1F 30000 + 12747 | 5600 + 3577 | 1.05 £ 0.62 6.80 + 2.28 4.40 + 1.67
5EIF 27000 + 10954 | 4800 = 4816 | 0.55 +0.27 5.20 £5.02 4.80 £ 3.63

Saskatoon
1E5F 33000 + 11510 | 4400 +£2190 | 0.95 + 0.41 7.20+1.79 3.60 +2.19
5E5F 34000 + 11937 | 4000 + 2828 | 0.70 £ 0.33 5.60 + 4.10 5.60 + 3.85
1E1F 27000 + 8366 | 6800 = 4147 | 0.80 + 0.44 6.00 +4.24 6.40 + 4.09

Cal. 5E1F 42000 £ 9082 | 5200 + 4147 | 1.00 £ 0.30 520+2.28 6.40 +2.19

algar
gary 1E5F 38000 + 12549 | 2400 £ 2190 | 0.90 + 0.57 4.40 + 4.56 4.40 + 3.57
5E5F 33000 + 10954 | 3600 + 3286 | 0.65 + 0.33 4.80 + 2.68 4.00 +2.82
1E1F 31000 + 9618 | 6000 + 2449 | 0.45 +0.32 4.80 + 5.02 3.60 +4.33
5E1F 35000 + 11180 | 3200 + 4147 | 0.60 + 0.33 3.60 +4.33 5.20+3.03

Winnipeg
1E5F 25000 + 3536 4000 + 2449 | 0.75 £ 0.35 240 +2.19 7.20 £ 3.89
5E5F 34000 + 5477 | 3200 = 3033 | 0.90 £ 0.28 7.20 £ 3.03 520 +4.14
1E1F 32000 + 13038 | 4800 + 5019 | 0.50 + 0.25 2.40 + 1.67 2.80+1.79
5E1F 23000 + 2738 4000 + 4690 | 0.65 £ 0.38 4.00 +2.83 3.60 £2.97

Whitehorse
1E5F 35000 + 11726 | 8000 + 1414 | 1.10 £ 0.58 8.00 + 3.46 5.60 £ 2.61
5E5F 35000 + 6123 | 2800 + 4147 | 0.80 £ 0.37 4.00 +4.24 4.40 £ 3.58
1E1F 23000 + 4472 6000 + 1414 | 0.45+0.20 4.00 + 3.46 4.00 +3.74
5EIF 30000 + 11726 | 2800 = 1788 | 1.30 £ 0.20 0.40 £ 0.89 8.00 + 2.44

Yellowknife
1E5F 34000 + 11937 | 3200 £ 2280 | 1.05 +0.37 5.60 + 3.28 5.20 + 3.63
5E5F 37000 + 7582 1600 + 2190 | 0.95 £ 0.41 7.20 £ 4.38 4.80 +£4.14

Table 2. Optimized economic parameters for each city under different electricity (E) and fuel (F) price
inflation rate (percent) scenarios (average + standard deviation over 5 runs).

upgrades (roof and wall R-values) provide limited economic returns under Ontario’s incentive structure, the
model keeps these parameters near the minimum bounds defined by building codes and standards. The SHGC
is pushed to its maximum value, enhancing passive solar heat gains during Toronto’s cold winters, while the
glazing ratio remains in a moderate range to balance daylighting against heat loss/gain penalties. The optimized
infiltration rate stabilizes around 1.0-1.2 ACH, indicating envelope tightening without over-restricting natural
ventilation. The model also selects high levels of BITES, mid-range ST deployment, and HP (ground source),
technologies that support electrification and reduce natural gas consumption. Notably, ST area increases from
0.38 to 0.48 m?m ™~ as energy price inflation rates rise from 1E1F to 5E5F, demonstrating how higher future
energy costs make solar thermal heating increasingly cost-effective. These selections reflect the combined
influence of Ontario’s relatively higher grid electricity GHG intensity, colder winters, and a high electricity price,
where a coordinated package of PV, ST, HP, and thermal storage delivers substantial reductions in both GHG
emissions and long-term homeowners energy costs (see Table 3, Supplementary Fig. S19).

In Halifax, the optimized retrofit configurations show moderate but consistent improvements across different
energy price inflation rate scenarios. Roof insulation remains close to the code-minimum range (5.56-5.76 m?
K W™1), and wall insulation stays within 4.05-4.25 m?K w L, confirming that additional envelope insulation
provides limited economic benefit relative to other measures. In contrast, PV deployment is consistently high at
0.6 m2m™ 2, reflecting Halifax’s favorable solar potential and high grid emission intensity, which increases the
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Vhbites [m3m 2] Ast [m2m™?] | Rroot [m?K | Rwan [m?K Apy
w1 w1 [m
City Scenarios aRr GR Vinr [ACH] | SHGC m_z]
0.560 + 0.190 £ 0.700 £ | 0.100 =
1E1F 0.234 £ 0.035 0114 0.420 £ 0.178 4.610 £ 0.273 | 3.180 + 0.000 0124 1.100 £ 0.418 0.000 0.000
0.440 + 0.210 £ 0.700 £ | 0.100
5E1F 0.242 £ 0.017 0251 0.380 £ 0.178 4.510 £ 0.223 | 3.180 + 0.000 0114 0.900 + 0.379 0.000 0.000
Vancouver 0.320 0.270 0.680 0.140
.320 + 270 + 680 + | 0.140 +
1E5F 0.202 + 0.086 0204 0.300 + 0.187 4.710 £ 0.447 | 3.280 +0.223 0057 1.050 £ 0.512 0.044 0.089
0.420 + 0.250 + 0.700 + | 0.100 +
5E5F 0.250 + 0.000 0258 0.300 + 0.158 4.610 £ 0.447 |3.280 +0.223 0141 1.100 £ 0.379 0.044 0.000
0.520 £ 0.200 £ 0.700 £ | 0.500
1E1F 0.242 £ 0.018 0.268 0.380 + 0.259 5.460 + 0.000 | 3.700 +0.224 0.117 0.950 £ 0.411 0.000 0.224
0.440 £ 0.240 + 0.700 = | 0.600 =
5E1F 0.250 + 0.000 0207 0.340 + 0.152 5.460 + 0.000 | 3.600 + 0.000 0102 1.100 £ 0.418 0.000 0.000
Toronto 0.420 0.270 0.700 0.300
. + . + . + . +
1E5F 0.250 £ 0.000 0179 0.460 + 0.207 5.660 + 0.447 | 3.700 +0.224 0.057 1.200 + 0.447 0.000 0.235
0.300 + 0.260 + 0.660 + | 0.580
5E5F 0.250 + 0.000 0212 0.480 + 0.130 5.460 + 0.000 | 3.600 + 0.000 0147 0.950 + 0.326 0.055 0.045
0.500 + 0.270 £ 0.640 £ | 0.100 =
1E 0.066 + 0.022 0173 0.340 £ 0.230 5.560 + 0.224 | 4.050 = 0.000 0.091 1.050 £ 0.512 0.089 0.000
St. Johns 0.420 0.250 0.700 0.100
420 + .250 + .700 + | 0.100 +
5E 0.082 + 0.052 0192 0.220 + 0.217 5.460 + 0.000 | 4.050 + 0.000 0122 0.900 + 0.379 0.000 0.000
0.400 + 0.280 + 0.680 + | 0.600
1E1F 0.242 £ 0.018 0224 0.260 + 0.152 5.660 + 0.274 | 4.050 = 0.000 0120 0.850 £ 0.379 0.045 0.000
0.360 + 0.220 £ 0.700 £ | 0.600
5E1F 0.234 + 0.036 0.152 0.360 £ 0.195 5.660 + 0.274 | 4.150 + 0.224 0.130 1.050 £ 0.326 0.000 0.000
Halifax 600 300 0.680 0.600
0.600 + 0.300 + .680 + | 0.600 +
1ESF 0.234 £ 0.036 0.100 0.360 + 0.167 5.560 + 0.224 | 4.050 = 0.000 0071 1.100 £ 0.548 0.045 0.000
0.420 £ 0.250 + 0.700 £ | 0.600
5E5F 0.162 £ 0.104 0192 0.340 £ 0.207 5.760 + 0.671 | 4.250 £ 0.274 0117 0.950 + 0.447 0.000 0.000
0.580 + 0.170 £ 0.700 £ | 0.100 =
1E1F 0.242 £ 0.018 0130 0.480 + 0.130 5.560 + 0.224 | 4.050 + 0.000 0057 1.100 £ 0.379 0.000 0.000
0.380 £ 0.320 £ 0.700 £ | 0.100 =
5E1F 0.250 £ 0.000 0.259 0.380 £ 0.217 5.560 +0.224 | 4.250 £0.274 0.091 1.000 £ 0.395 0.000 0.000
Montreal 0.420 0.250 0.680 0.100
420 + .250 + .680 + | 0.100 £
1E5F 0.242 £ 0.018 0217 0.400 + 0.100 5.560 + 0.224 | 4.150 + 0.224 0127 1.200 £ 0.274 0.045 0.000
0.400 + 0.270 £ 0.680 + | 0.100 +
5E5F 0.226 £ 0.036 0071 0.420 + 0.148 5.460 + 0.000 | 4.250 +0.274 0.067 0.900 + 0.224 0.045 0.000
0.440 = 0.290 + 0.660 = | 0.600
1E1F 0.234 £ 0.022 0.195 0.280 + 0.192 6.470 £ 0.447 | 4.960 + 0.274 0108 0.800 + 0.209 0.055 0.000
0.220 + 0.270 £ 0.700 £ | 0.600 +
5E1F 0.194 £ 0.088 0084 0.280 + 0.217 6.270 £ 0.224 | 4.860 + 0.224 0104 1.050 £ 0.209 0.000 0.000
Saskatoon 0.420 0.260 0.660 0.600
. + . + . + K +
1E5F 0.234 £ 0.022 0.228 0.200 £ 0.122 6.170 £ 0.000 | 4.760 £+ 0.000 0.119 0.850 £ 0.418 0.055 0.000
0.280 £ 0.280 £ 0.700 = | 0.600 =
5E5F 0.210 £ 0.069 0164 0.320 + 0.164 6.270 £ 0.224 | 4.960 + 0.274 0115 1.100 £ 0.285 0.000 0.000
0.380 £ 0.300 £ 0.700 £ | 0.600
1E1F 0.242 £ 0.018 0.164 0.420 £ 0.164 6.370 £ 0.274 | 4.860 £ 0.224 0.079 1.150 £ 0.418 0.000 0.000
0.480 £ 0.160 £ 0.700 £ | 0.600
5E1F 0.106 + 0.088 0130 0.360 + 0.207 6.370 £ 0.274 | 4.860 + 0.224 0.065 0.700 + 0.209 0.000 0.000
Calgary 0.520 0.190 0.640 0.540
.520 + .190 + .640 + | 0.540 +
1E5F 0.250 £ 0.000 0.249 0.200 £ 0.122 6.670 £ 0.707 | 4.960 + 0.274 0102 1.150 £ 0.379 0.089 0.134
0.400 0.240 £ 0.680 £ | 0.600
5E5F 0.194 + 0.088 0122 0.340 £ 0.182 6.770 £ 1.342 | 5.460 + 1.565 0108 1.050 £ 0.411 0.045 0.000
0.400 + 0.290 + 0.700 + | 0.100 +
1E1F 0.234 £ 0.036 0187 0.260 + 0.152 6.270 £ 0.224 | 4.760 + 0.000 0108 1.000 £ 0.395 0.000 0.000
0.460 + 0.300 £ 0.700 £ | 0.120 =
5E1F 0.242 £ 0.018 0251 0.340 £ 0.167 6.270 £ 0.224 | 4.860 £ 0.224 0.117 0.900 + 0.379 0.000 0.045
Winnipeg 320 280 00 0
0. + 0. + 0.700 £ 1100 £
1ESF 0.202 £ 0.066 0179 0.280 + 0.148 6.170 £ 0.000 | 4.760 + 0.000 0076 0.750 + 0.433 0.000 0.000
0.600 + 0.220 £ 0.700 £ | 0.120 =
5E5F 0.202 £ 0.087 0173 0.320 £ 0.228 6.370 £ 0.447 | 4.860 + 0.224 0.084 1.000 £ 0.354 0.000 0.045
Continued
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Vhbites (m3m—2] Agy [m2m—2] Rmff [m2K Rwalu [m2K A%‘,
w1 w1 [m
City Scenarios ar GR Vinf [ACH] | SHGC m_2]

0.240 £+ 0.280 0.700 £ | 0.120 =

1EIF 0.226 £ 0.036 0114 0.400 + 0.187 6.270 £ 0.224 | 4.960 + 0.274 0.120 0.900 £ 0.335 0.000 0.045
0.240 + 0.250 + 0.700 £ | 0.140 +

5E1F 0.242 £ 0.018 0.167 0.360 £ 0.167 6.270 £ 0.224 | 4.760 £ 0.000 0117 1.050 = 0.371 0.000 0055

Whitehorse 0.360 0.300 0.700 0.100
.360 + .300 + .700 + | 0.100 +

1E5F 0.242 £ 0.018 0195 0.460 + 0.152 6.670 £ 0.612 | 4.960 + 0.274 0071 1.050 £ 0.411 0.000 0.000
0.440 + 0.290 + 0.700 £ | 0.100 +

5ESF 0.250 £ 0.000 0167 0.400 £ 0.200 6.570 £ 0.224 | 4.760 £ 0.000 0114 1.000 + 0.354 0.000 0.000
0.360 0.190 = 0.700 £ | 0.100 =

1E1F 0.058 £0.018 0.207 0.420 £ 0.130 7.340 £ 0.274 | 5.460 £ 0.000 0.082 1.150 £ 0.285 0.000 0.000
0.300 £ 0.250 £ 0.700 £ | 0.100 £

5E1F 0.058 £ 0.018 0224 0.440 £ 0.134 7.140 + 0.224 | 5.460 + 0.000 0.094 1.150 £ 0.335 0.000 0.000

Yellowknife 0.360 0.230 0.700 0.100
. + . + A + . +

1E5F 0.058 £ 0.018 0.241 0.440 £ 0.114 7.040 £ 0.000 | 5.560 + 0.224 0.097 1.150 £ 0.224 0.000 0.000
0.320 £ 0.290 + 0.700 £ | 0.120 =

5E5F 0.066 £ 0.022 0217 0.200 £ 0.100 7.140 £ 0.224 | 5.460 = 0.000 0.125 1.300 £ 0.209 0.000 0.045

Table 3. Optimized building parameters for each city under different electricity (E) and fuel (F) price inflation
rate (percent) scenarios (average + standard deviation over 5 runs).

GHG emissions reduction value of on-site electricity generation. The model strongly favors BITES, selecting
relatively high storage volumes across all scenarios, which indicates that thermal storage plays a meaningful role
in reducing heating demand and stabilizing energy use in Halifax’s cold and humid climate. Infiltration rates
range from 0.85 to 1.10 ACH, suggesting that moderate envelope tightening is cost-effective, especially when
fuel prices rise and heating energy becomes more expensive. The SHGC is consistently at the upper bound (~
0.70), showing that passive solar heat gains are beneficial in Halifax’s climate to offset heating demand during
colder seasons. Meanwhile, the glazing ratio remains in the mid-range, balancing daylighting benefits with the
need to control heat loss/gain (see Table 3, Supplementary Fig. $20).

Given Montreal’s extremely low-carbon intensity and low-cost electricity supply, electrification becomes
the most effective pathway. HPs (ground source) address heating needs well, while BITES provides thermal
storage that reduces peak heating demand, and ST captures useful solar heat during winters. This integrated
approach allows the building to decrease fuel consumption without relying heavily on costly envelope retrofits.
Because electricity in Montreal is both clean and inexpensive, PV deployment is not favored by the optimization
(0.10 m2m™?2) across different economic scenarios. PV provides limited economic benefit compared to other
technologies in this region. Meanwhile, the glazing ratio and SHGC vary within the mid-to-high range, allowing
the model to optimize passive solar heat gains in winter while keeping summer cooling loads manageable across
different energy price inflation rate scenarios. Overall, Montreal’s optimal retrofit strategy leverages province’s
clean electricity grid and focuses on thermal storage, solar thermal gains, and electrification, rather than envelope
upgrades or large-scale PV installations (see Table 3, Supplementary Fig. S21).

St. John’s exhibits the smallest retrofit interventions overall. The optimized BITES volume is very low (0.066-
0.082 m3m™?), indicating that added thermal inertia provides minimal benefit in Newfoundland’s climatic and
economic context. The roof and wall R-values remain fixed at near-minimum values, and ST area drops from
0.34 t0 0.22 m2m ™2 when electricity price inflation rate increases from 1E to 5E. PV area remains minimal (0.10
m2m™2), as St. John’s has low solar potential. Infiltration remains mid range for the optimized solution (see
Table 3, Supplementary Fig. S22).

In Calgary, the optimization results identify retrofit strategies that rely heavily on solar-driven technologies
while maintaining envelope characteristics close to code-minimum levels. Although Calgary experiences long
and cold winters, the R-values for both roof and wall insulation remain near the lower bound of the optimization
space, confirming that increasing thermal insulation does not provide strong economic returns relative to
other retrofit measures. The model allocates substantial retrofit effort to ST and PV, both of which are highly
effective in Calgary due to the province’s strong solar resource and high grid GHG emissions intensity. Solar
thermal area varies considerably across scenarios (0.20-0.42 m2m™2), reflecting the model’s attempt to balance
solar heat gains with fuel displacement under different electricity and fuel price inflation rates. Similarly, PV
deployment remains consistently favored (0.54-0.60 m2m ~2), indicating that on-site clean electricity generation
is economically and environmentally attractive in Alberta’s carbon-intensive grid. Optimized BITES volumes
show significant variability (0.10-0.25 m3m™2), suggesting that thermal storage is selectively valuable under
scenarios where fuel prices or heating loads intensify. The glazing ratio also varies across energy price inflation
rate scenarios, allowing the model to increase passive solar heat gain in colder conditions while controlling
overheating risks in milder periods (see Table 3, Supplementary Fig. $23).

Saskatoon demonstrates strong reliance on operational strategies such as solar thermal and PV (always 0.6
m2m™?). Despite extremely cold winters, the optimization maintains roof and wall R-values near the lower code
limits (6.17-6.47 m2K W~ for roof and 4.76-4.96 m2K W " for wall), because additional insulation provides
diminishing returns beyond the regulatory minimum. Instead, the optimization adjusts the albedo (0.22-0.44)
and BITES volume (0.19-0.23 m3m™~2) to manage peak loads and improve long-term economic outcomes (see
Table 3, Supplementary Fig. S24).
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In Winnipeg, the optimization results indicate stable yet relatively modest retrofit interventions, influenced
by the city’s cold climate but also its low-carbon intensity electricity supply. Roof and wall insulation values
remain close to the code-minimums (approximately 6.27 m2K W™ for roofs and 4.76 m2K W™ for walls),
confirming that added insulation does not generate sufficient economic return to justify higher material costs
within the optimization framework. Because Manitoba’s electricity grid is already highly renewable and low
in carbon intensity, the model selects minimal PV deployment (0.10-0.12 m2m™?2). In such a clean grid, PV
provides limited GHG emissions reduction benefits, and its economic attractiveness is weaker than in provinces
with higher emission intensities. Conversely, ST is selected at moderate levels (0.26-0.34 m2m™2), helping offset
space-heating demand during Winnipeg’s long winters. Variables such as SHGC remain at their maximum
value, enabling greater passive solar heat gains in a cold climate. The optimized glazing ratio is ~0.3, balancing
daylighting and solar gain while avoiding excessive heat loss. The optimization also prioritizes BITES and HP,
which complement Manitoba’s clean electricity by shifting heating loads from fossil fuels to low-carbon intensity
electricity. These measures offer environmental benefits without requiring large capital investments in envelope
upgrades (see Table 3, Supplementary Fig. S25).

Whitehorse, in the far north, shows moderate optimized BITES volumes (0.23-0.25 m3m~?) but maintains
low PV levels (0.10-0.14 m2m~?2) due to limited winter solar availability. R-values again remain near the
minimum code requirement, reinforcing that insulation amount beyond code does not significantly improve
the trade-off function in extremely cold climates where heating loads dominate regardless. The optimized solar
thermal collector area is moderate (0.36-0.46 m2m~2), and infiltration is maintained around 0.90-1.05 ACH.
Yellowknife exhibits the lowest optimized BITES volumes (0.058-0.066 m3m~?), which shows that large thermal
inertia does not improve energy performance in this extreme subarctic climate. R-values remain fixed near the
minimum code requirement (around 7.0 m2K W' for roof and 5.5 m2K W~ for wall). Optimized solar
thermal collector area is moderate (0.20-0.44 m?m™2), while glazing ratios remain relatively low. The optimized
infiltration rate is high compared to other cities (around 1.15-1.30 ACH), indicating that envelope tightening
was not prioritized by the optimization engine. PV deployment remains very small (0.10-0.12 m?m ™) owing
to limited solar resource and low marginal benefit (see Table 3, Supplementary Figs. S26-5S27).

Beyond city-specific outcomes, several cross-cutting national patterns emerge. First, insulation levels for
both roof and walls consistently remain close to code-minimum values across all climates, including cold regions
such as Winnipeg, Saskatoon, Calgary, and Yellowknife. This indicates that, within the optimization framework,
increasing envelope insulation beyond current standards yields diminishing economic returns relative to other
retrofit options. High upfront capital costs combined with already stringent building codes reduce the marginal
benefit of further insulation upgrades. Instead, the model systematically prioritizes air tightness, electrification,
solar technologies (PV and ST), thermal storage (BITES) and SHGC, which provide stronger combined
economic and emissions reduction benefits under most energy price and grid emission intensity conditions.
Second, PV deployment is favored with high electricity prices or high grid emission intensities, while remaining
minimal in provinces with low-carbon intensity grids or low-cost electricity, where heat pumps can be favored
(e.g., Montreal, Winnipeg, Vancouver). These consistent patterns highlight that future retrofit policies should
focus less on universal envelope thermal insulation mandates and more on regionally-tailored electrification and
renewable strategies that reflect local energy systems and price structures.

Retrofit impact on household energy burden

Energy poverty in this study is defined using the widely applied 10% expenditure threshold, whereby a
household is considered energy-poor if annual energy costs exceed 10% of gross household income. Household
income data were obtained from the Canadian Census published by Statistics Canada, using publicly available
city-level income statistics>*””. Pre- and post-retrofit annual energy expenditures were calculated based on
simulated building energy consumption combined with city-specific utility rates. Baseline energy poverty rates
were derived by comparing modeled pre-retrofit energy costs against census-reported household incomes. Post-
retrofit energy poverty levels were then recalculated using optimized retrofit energy expenditures under the
same income assumptions. This consistent framework ensures that the reported changes in energy poverty are
grounded in nationally representative government data and transparent modeling assumptions. The impact of
retrofits on energy burden and consequently energy poverty was analyzed for different regions. The results are
presented in Fig. 5 (also see Supplementary Figs. S2 to S4). The results show that before retrofits, energy-poverty
rates vary substantially across Canadian provinces and territories, reflecting differences in climate conditions,
energy sources, and socioeconomic state.

In Vancouver, baseline energy-poverty levels range between 25% and 50% depending on the energy price
inflation rate scenario, yet retrofits reduce these burdens to between 5% and 30%, representing one of the most
effective socioeconomic improvements nationally. Calgary follows a similar trend, with pre-retrofit levels of
20-30% dropping to 10-20% in most economic scenarios, although the benefits diminish under the highest fuel
and electricity price inflation rates (5E5F), indicating stronger sensitivity to combined energy price pressures.
Toronto also experiences considerable reductions: pre-retrofit rates of 20-30% fall to 5-10% across different
economic scenarios, highlighting how retrofit interventions can substantially ease the energy cost burden for
a large share of households in Canada’s most populated city. Montreal, where baseline energy-poverty rates
reach 60% under more severe energy price inflation scenarios, shows meaningful decreases after retrofit, with
reductions to 15-25%. This represents an improvement and reflects the high thermal loads of Montreal’s building
stock and the strong effect of retrofit measures on winter energy demand. The Atlantic provinces exhibit some of
the highest baseline energy-poverty burdens in the country. In Halifax, pre-retrofit levels range from 50% to 90%,
and although retrofits reduce these to 30-60%, a significant proportion of households continue to face energy
affordability challenges. St. John’s trends indicate that while retrofits reduce energy poverty from 50-75% down
to 40-75%, the region remains one of the least responsive to retrofit interventions. These findings suggest that
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Fig. 5. Energy burden comparison for 1E1F energy price inflation rate before and after retrofitting; map
generated using python 3.10 and various libraries: geopandas 1.0.1, matplotlib 3.9.0, and unidecode 1.4.0
(https://www.python.org/).

while retrofits help, structural challenges such as dependence on electricity-based heating and persistent cold-
season demand prevent deeper reductions. The Prairie provinces show moderate but notable improvements. In
Calgary, the share of households experiencing energy poverty was approximately 20-30% before retrofitting, and
the optimized retrofit strategy reduces this range to roughly 10-25%, indicating a meaningful though moderate
improvement in affordability. In Winnipeg, a baseline range of 25-50% contracts to 5-30% after retrofitting,
indicating that energy upgrades are highly effective in reducing the energy cost burden for this region. Saskatoon
shows a smaller reduction, with energy poverty decreasing from 30-50% to 30-40%. Canadas northern
territories remain the most vulnerable in all scenarios. Both Whitehorse and the Yellowknife cities exhibit near-
universal baseline energy poverty (99%). These outcomes highlight the extreme climatic conditions and high
operating costs in the North, where even optimized retrofits cannot sufficiently lower energy expenditures to
remove households from energy poverty.

Across most of the cities considered, the results demonstrate that retrofits can significantly reduce energy-
poverty severity especially in urban southern regions with electricity-based heating while northern and Atlantic
regions require additional financial support, energy-price stabilization policies, or fuel-switching measures to
achieve comparable gains. Overall, the analysis confirms that optimized retrofit strategies can effectively reduce
energy poverty in Canada, but their impact varies strongly with regional energy sources, climate conditions,
and energy price inflation pressures. The results reveal significant regional disparities in both baseline
energy-poverty levels and the effectiveness of retrofit interventions, underscoring the need for geographically
differentiated policy design. In southern urban regions of Ontario, British Columbia, Alberta, and Quebec,
retrofits consistently reduce energy poverty by 20-40% across all inflation scenarios. These findings indicate
that the proposed incentive structures such as rebates, low-interest loans, and performance-based support can
be strategically expanded to accelerate adoption, as the marginal public investment required to lift households
out of energy poverty is relatively low compared to the resulting long-term societal and environmental
benefits. By contrast, the Atlantic provinces and the northern territories require a substantially different policy
approach. Nova Scotia and Newfoundland/Labrador continue to exhibit 50-60% energy-poverty prevalence
even after optimized retrofits, suggesting that energy efficiency improvements alone cannot compensate for
high energy costs and volatile price exposure. For these regions, retrofit programs must be complemented by
targeted measures such as fuel-switching incentives (e.g. to HPs), province-specific energy-price stabilization
mechanisms, and expanded low-income energy-support programs. Meanwhile, Yukon and the Northwest
Territories demonstrate almost no improvement despite retrofits. This indicates that in the North, extreme
climatic conditions, high delivered energy costs, and structural limitations in existing housing stock outweigh
the benefits of conventional retrofit packages. Policies for these regions should prioritize large-scale heating
system transitions, community energy infrastructure investment, and ongoing subsidies for essential energy
services, not just only one time retrofit financial assistance. Importantly, the results also show that the higher
electricity and fuel price inflation rate (SESF scenario) erodes retrofit effectiveness in all provinces, particularly
in Alberta, Saskatchewan, and Newfoundland/Labrador. This implies that national strategies to mitigate energy-
price volatility through carbon credit redistribution, progressive energy tariffs, or regulated price smoothing
may be necessary to ensure that retrofits continue to alleviate, rather than merely buffer, household energy cost
burdens under inflationary conditions.

Finally, because retrofit effectiveness correlates strongly with household count in major cities, directing a
larger share of incentives to highly populated cities such as Toronto, Vancouver, and Montreal can maximize
national-scale poverty reduction while maintaining equity through enhanced support for high-burden, low-
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SCC savings (color); map generated using python 3.10 and various libraries: geopandas 1.0.1, matplotlib 3.9.0,
and unidecode 1.4.0 (https://www.python.org/).

population regions. As shown in Fig. 6, the optimized retrofit strategies under the 1E1F energy price inflation rate
scenario can lift approximately 204,000 households in Montreal, 132,000 in Toronto, and 58,000 in Vancouver
out of energy poverty. Overall, the findings support a tiered policy architecture combining universal retrofit
incentives with region-specific energy affordability interventions to effectively reduce energy poverty across
Canada (also see Supplementary Figs. S5 to S7).

Environmental and economic co-benefits of decarbonization

The results in preceding sections reveal that retrofitting strategies generate significant GHG emission reductions
across all Canadian cities considered in this study, delivering both climate and economic benefits. Cities achieve
up to 100 tonnes CO2e GHG emissions savings over a 20-year time horizon. These GHG emissions reductions
correspond to notable Social Cost of Carbon (SCC) savings, estimated using a conservative carbon price
benchmark. As shown in Fig. 7, under the 1E1F energy price inflation rate scenario, nearly all cities (except St.
Johns) demonstrate robust environmental and economic benefits from optimized retrofit strategies. In Toronto,
households achieve approximately $1,000 in SCC savings and reduce GHG emissions by about 70 tonnes COze.
Montreal performs even better, with $1,500 in SCC savings and approximately 80 tonnes CO2e of GHG emissions
savings, reflecting the city’s strong alignment with retrofit potential. Calgary also shows significant mitigation
benefits, reducing GHG emissions by around 70 tonnes COze, while not too much overall cost savings are
possible. Winnipeg exhibits high impact as well, with SCC savings nearing $1,500 and GHG emissions savings
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of 80 tonnes COze. Notably, Whitehorse stands out as the top-performing city, achieving the highest GHG
emissions and SCC savings under these conditions (100 tonnes CO2e of GHG emissions savings and $1,700 of
SCC saving), likely due to its extreme climate, high baseline energy use, and cost of heating fuels. Results for
other economic scenarios are featured in Supplementary Figs. S28 to S30. In the 5E1F energy price inflation rate
scenario, Whitehorse leads with a reduction of over 100 tonnes CO2e in GHG emissions, combined with an SCC
savings of $1,500, while Toronto achieves over 60 tonnes CO2e in GHG emissions savings, combined with SCC
savings of $1000. GHG emissions savings in cities like Yellowknife and Calgary (approximately 10 and 75 tonnes
COa2e, respectively) demonstrate the nationwide reach of retrofit benefits. Scenarios involving higher fossil fuel
energy price inflation rates (1E5F) shift the advantage slightly toward colder regions like Saskatoon, which could
save over 65 tonnes COze emissions, while Whitehorse and Winnipeg remain top performers. Toronto continues
to benefit from retrofits even under scenarios with higher fossil fuel energy price inflation rates. At a high energy
price inflation rate (5E5F), Winnipeg and Halifax both reach 80 tonnes COz2e of GHG emissions savings, with
SCC benefits exceeding $1,000. Montreal results are similar across all economic scenarios, consistently saving
over 80 tonnes COze of emissions and over $1,000 in SCC, showing similar results regardless of energy price
inflation rate scenarios.

Boundaries and limitations

This study presents an integrated simulation-optimization framework to evaluate building energy retrofit
strategies under fiscal policy constraints. While the framework provides valuable insights, several boundaries
and limitations should be acknowledged. First, the analysis is based on a specific representative residential
building archetype, which may not fully capture the diversity of building characteristics, occupant behavior, and
retrofit feasibility across the housing stock. Variations in construction quality, year of construction, occupancy
patterns, and user behavior are not explicitly modeled and may influence actual energy performance and cost
savings. Second, the building energy simulations rely on predefined assumptions regarding system performance,
operational schedules, and technology specifications. Although these assumptions are consistent with standard
practice, real-world performance may deviate due to installation quality, maintenance, and climatic variability.
Third, the economic analysis incorporates simplified representations of fiscal policy instruments, including
rebates, low-interest loans, and energy taxes. The implementation of such policies in practice may involve
administrative constraints, eligibility criteria, and regional variations that are not fully captured in the model.
Fourth, future electricity and fuel price trajectories are represented through predefined inflation scenarios.
While these scenarios aim to reflect plausible uncertainties, actual energy price evolution may differ due to
market dynamics, regulatory changes, technological, and political disruptions.

Conclusion

This study developed an integrated simulation-optimization framework to identify cost-effective and low-
carbon intensity retrofit strategies across ten Canadian cities under varying energy price inflation rates. By
coupling building energy modeling with fiscal policy instruments, the framework evaluates trade-offs between
homeowner affordability, government expenditure, and GHG emissions reductions. Results show that optimal
retrofit strategies are strongly influenced by regional climate conditions, energy prices, and grid emissions
intensity. Active technologies, including HPs, BITES, ST systems, and PV systems, consistently outperform
envelope improvements, with insulation levels remaining close to code minimums and air tightness improvements
and increasing SHGC playing key roles. PV deployment is maximized in regions with high electricity costs or
carbon-intensive grids, while it is reduced in low-emission or low-solar-potential regions. From an economic
perspective, moderate rebates, low-interest loans, and targeted energy taxes are sufficient to enable widespread
retrofit adoption while balancing fiscal constraints. These policy instruments play a critical role in reducing
upfront costs and influencing technology selection, highlighting the importance of integrated policy design. The
analysis also demonstrates that optimized retrofit strategies can significantly reduce household energy burden
and contribute to alleviating energy poverty, although regional disparities persist.

Moreover, these findings emphasize large-scale residential decarbonization and energy poverty reduction
cannot be achieved without sustained public investment. Although government marginal savings are negative
in most scenarios, these expenditures represent strategic climate and social infrastructure investments rather
than short-term fiscal losses. Retrofit programs reduce long-term climate damages, improve household energy
affordability, and enhance energy system resilience, generating benefits that extend beyond immediate budget
balances. The results indicate that effective policy design requires deliberate prioritization of public resources,
balancing fiscal responsibility with long-term environmental and social objectives. Governments face trade-
offs similar to other public spending domains such as healthcare, education, housing, and infrastructure, and
the scale of investment in building decarbonization, ultimately reflects societal priorities. Overall, the results
highlight that large-scale residential decarbonization requires coordinated technological and policy solutions.
Well-designed incentive structures can simultaneously reduce emissions, improve affordability, and support
long-term climate and social objectives.

Data availability

The Atmospheric Innovations Research (AIR) Laboratory at the University of Guelph provides the model source
code. For access, contact Amir A. Aliabadi (aaliabad@uoguelph.ca), visit http://www.aaa-scientists.com/, or visit
https://github.com/AmirA Aliabadi.
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