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Abstract 
Rising social and economic pressures to build more housing and infrastructure are in tension with 

the need to rapidly reduce GHG emissions from resource extraction and use. This paper presents 

the Future Infrastructure Growth (FIG) model: an open data, bottom-up, generalizable statistical 

tool for forecasting future embodied GHG emissions associated with the construction of housing 

and supportive infrastructure. FIG is demonstrated by examining Canada’s emissions through 

2030 and 2050. Canada needs to build 5.8 million homes by 2030 to restore affordability. If built 

using current construction practices, embodied emission will be more than 376% of the 2030 

national reduction target.  FIG is used to analyse the impact of alternative strategies for reducing 

embodied GHG, including changes in urban form, building design, reductions in material GHG 

intensity, infill and circularity. FIG is able to find a narrow pathway where all five strategies are 

combined to meet both housing and climate goals. 

 

1. Introduction 
This paper introduces a bottom-up model for forecasting and comparing embodied 

greenhouse gas (GHG) emissions from future construction of housing and supporting road, water 

and wastewater infrastructure. Embodied emissions – the upstream GHG emissions from material 

production and construction processes – are accounting for a large and growing share of global 

emissions, increasing from 15% in 1995 to ~25% in 2015 1. Construction materials (e.g., concrete, 

steel, wood, asphalt, plastic) account for 40% of all these material emissions. Reductions in 

embodied emissions, particularly in the built environment, will be critical for achieving global 

sustainability targets 2, such as net-zero emissions by 2050 3–10. 

Reductions in embodied emissions in the built environment are essential, but they are in 

tension with global demand for infrastructure and housing growth in both low- and high-income 

countries. In low-income countries, economic development is expected to spur ~100 billion m2 of 

additional building stock construction and related infrastructure construction through 2050 11–14. 

In high-income countries, like Canada, the United States and England, rapid increases in housing 

costs and a deficit in housing supply compared to demand over the last decades are now driving 

legislation to encourage rapid increases in construction of housing and supporting infrastructure 
15–17. Given that construction growth is linked with accumulation and lock-in of material stocks 

and associated embodied emissions 18, strategies are needed to help society achieve its 



simultaneous commitments of 1) providing adequate housing and infrastructure and 2) curbing 

resource use and GHG emissions. 

While research has established the importance of material use and associated embodied 

emissions reductions, most existing work on material flow in the built environment has focused 

on historical flows and stock accumulation rather than lowering embodied emissions of future 

construction 12,19,20. Additionally, despite increasing availability of bottom-up data, top-down 

methods remain the most common approach for studying country-level stocks. Top-down methods 

lack the spatial detail required to investigate important drivers of embodied emissions (e.g. urban 

form) which previous research has identified as a critical gap in knowledge 19. Conversely, studies 

that use a bottom-up approach to quantify embodied emissions tend to employ data 

archetypes/typologies (extrapolating a single or few observation(s) to an entire type of 

infrastructure) that skew results and ignores variability in building and infrastructure design21. 

These studies also tend to look at housing and horizontal infrastructure (e.g. roads, water 

distribution systems) in isolation rather than as related systems. Finally, existing bottom-up studies 

tend to not consider mitigation strategies and are generally limited to quantifying city-scale stocks 

and flows 8,22,23. To our knowledge, there are no existing studies that project future emissions of 

multiple infrastructure types using detailed, bottom-up modelling. 

In response to these gaps, we present the Future Infrastructure Growth model (FIG). FIG 

forecasts neighbourhood-scale embodied emission from future construction and analyzes the 

effectiveness of different strategies (Table 1) for reducing these emissions. FIG takes a bottom-up 

approach to quantifying embodied emissions, leveraging detailed, open datasets on infrastructure 

properties and future construction growth scenarios. Furthermore, the model captures uncertainty 

and variability in building and infrastructure design by employing a random sampling procedure 

on these datasets. The model considers city planning choices in future construction by simulating 

infill versus greenfield construction and circularity (e.g. the degree to which existing 

buildings/units are maintained and/or building materials are reused). FIG forecasts material 

emissions at a national-level while still facilitating detailed geographic breakdown, captures the 

interaction of multiple infrastructure systems together, and is applicable to any country where input 

data is available or can be approximated. The scope of life-cycle stages included in FIG depend 

on resource use and associated embodied emissions data available for the infrastructure studied 

(E.g. A0, A1-A3, A4, A5, B2, B5, C1-C4)24. 

To demonstrate an implementation of the FIG model, we analyze and forecast future A1-

A3 24 life-cycle embodied construction emissions in Canada. The Federal Government of Canada 

has committed to reducing emissions 40% below 2005 levels by 2030 25 and achieving net-zero 

by 2050 26. At the same time, the government has pledged to build more homes in hopes of 

alleviating the country’s ongoing housing crisis. Canada’s national housing agency estimates that 

that the country will require 5.8 million new units by 2030 27 to restore housing affordability, 

which is more than double Canada’s current annual housing construction rate 27. As such, Canada 

exemplifies a country that must emit less while building much more. By applying the FIG model 

in this case study, we calculate the equivalent modern embodied emissions for tens of thousands 

of neighbourhoods in Canada, quantify future growth and find effective strategies for reducing 

future embodied emission. Finally, we identify a possible, but narrow, pathway where Canada can 



simultaneously provide adequate housing and infrastructure while reducing embodied emissions 

according to its international climate commitments.  

 

2. Methods 

2.1. Future Infrastructure Growth Model 
FIG quantifies and forecasts neighbourhood-level embodied emissions in houses, roads, and 

local water, waste-water, and storm-sewers (referred to hereafter as “water infrastructure”). FIG 

does not include non-local infrastructure such as major highways, rail, schools, hospitals, water 

treatment facilities or non-residential buildings and as such calculates a lower bound of emissions.  

FIG uses open data on housing/infrastructure types and location, modern architectural and 

structural material quantities used to build housing/infrastructure, and present-day GHG intensity 

of materials28–30 (using a 0/0 approach for biogenic carbon 31). The model begins by simulating the 

embodied emissions associated with all neighbourhoods in the study area using existing urban 

form (e.g. arrangement of buildings and infrastructure, types of buildings) and modern material 

intensities and embodied GHG emissions. Here FIG diverges from other city or regional-scale 

material stock and urban metabolism studies: it calculates the embodied GHG required to build 

neighbourhoods as if they were constructed now, rather than determine the emissions from their 

actual construction. In this way, FIG generates a dataset of thousands of neighbourhoods for use 

in modelling future growth, rather than back-calculating accumulated embodied GHG.  

We model future construction and embodied GHG one of two ways: 1) by sampling from 

existing neighbourhoods and ‘building’ them again on greenfield land or 2) by retrofitting existing 

lower density neighbourhoods into higher density neighbourhoods with more housing units. This 

forecasting method aligns future construction within the range of neighbourhoods that already 

exist somewhere in the study area and approximates norms and codes without needing to model 

them directly. With a sufficiently large starting area (in this case all of Canada), the samples cover 

a large range of neighbourhood, building, and infrastructure forms, from dense, tall downtowns to 

suburban and rural neighbourhoods. We modify future growth sampling within scenarios based on 

the density and type of housing being modelled (e.g. when modelling future mid/high rise 

construction, sampling is limited to current mid/high rise neighbourhoods). 

 Figure 1 illustrates the main steps of the FIG model: 1) importing, cleaning, and transforming 

data 2) bottom-up quantification and Monte Carlo sampling and 3) scenario-based forecasting of 

future construction. The major components of FIG and their implementation in the Canadian case 

study are discussed below in sections 2.1.1 and 2.1.2. Supplementary Information (SI) sections 1-

3 provide further detail on the modelling and data sources. 



 

Figure 1: Overview of the Future Infrastructure Growth (FIG) model – a. FIG uses open data on materials in 

housing and related infrastructure. b. Open data is processed and organized into census regions. c. FIG quantifies the 

distribution of embodied emissions in infrastructure for each census area as if it were built today using Monte Carlo 

sampling. Emissions in census areas which lack some data (e.g. water infrastructure locations and sizes) are predicted 

using machine learning. d. Future construction is simulated by sampling many quantified census areas. 

 

2.1.1. Housing and Infrastructure Embodied Emissions Quantification 
FIG starts with the assumption that future neighbourhoods will be built in a form similar 

to that of at least one currently existing standard geographic area somewhere in the overall study 

area. In the Canadian case study, this calculation is done at the census Dissemination Area (DA) 

level. DAs are small geographic units within Canada defined to have a population between 400 – 

700 people 32; there are 57932 dissemination areas which include residential building across 

Canada.  For each standard geographic area, FIG quantifies the mass and embodied emissions of 

materials for all residential buildings, roads, and water infrastructure in that region as if they were 

built in the present (using material intensity data for modern buildings, modern infrastructure, and 

present day or future embodied GHG factors). Equation 1 contains a simplified representation of 

the bottom-up quantification procedure used to determine embodied emissions E (in kgCO2eq) for 

an infrastructure system I: 

 

𝐸𝐼 = ∑ ∑ 𝑉𝑚,𝑖

𝑛

𝑖=1

𝜌𝑚,𝑖𝑓𝑚,𝑖

𝑧

𝑚=1

(1) 

 

Where V is the volume (in m3), ρ is the density (in kg/m3) and f is the present-day or future 

A1-A3 material emission factor (100-year global warming potential 33 in kgCO2eq/kg) for 



infrastructure element i and material m. FIG calculates the embodied emissions of residential 

buildings and roads over the entire geographic region using existing quantification methods 28–30 

for material takeoffs of buildings and horizontal infrastructure, following the procedure laid out in 

Equation 1. However, there are few examples of comprehensive bottom-up material 

quantifications in real water infrastructure systems 34,35, and open data on these systems is sparse. 

FIG uses the procedure in Equation 1 to quantify material mass and embodied emissions in water 

infrastructure where data is available, and then uses machine learning regression to predict 

emissions embodied of water infrastructure in geographic areas that lack public data (see SI section 

1). Once all infrastructure has been quantified, FIG records the embodied GHG and number of 

homes for each geographic area. Critically, all of the inputs to FIG’s bottom-up quantification 

contain uncertainty. FIG fits bounded distributions to all uncertain parameters or takes 

distributions from references if available, and then uses Monte Carlo sampling to propagate the 

uncertainty through the calculation process 36–38 (see SI section 1.2). 

For the Canadian case study, FIG uses Canadian census data 39 on the number and types of 

residential units in each neighbourhood (DA) as inputs to calculate modern embodied GHG in 

housing. The model estimates the distributions of material volumes and densities in housing using 

public data on construction material use in North American buildings 40,41 built between 2009-

2025. This material use data focuses on architectural and structural components and does not 

include mechanical, electrical, or plumping (see SI section 1.4 for more details on exclusions). 

FIG calculates the material mass in standard road cross-sections using a semi-archetypal approach 
29. To diminish archetype bias, we tune the quantification to the local context using detailed 

bottom-up data from Toronto, Canada’s largest city 30 (see SI section 1.1). FIG then multiplies 

road cross sections over the length of all of Canada’s roads using federal geospatial data 42. For 

water infrastructure, we newly quantify material volume and mass in water distribution, 

stormwater, and sewer systems of 7 Canadian cities (see SI section 1.1), and the model extends 

the quantification to the rest of Canada using a random forest regression. For all buildings and 

infrastructure, we convert material mass to CO2eq mass using Canada-specific, system-specific, 

present-day GHG emission factors 38,43. Final embodied emissions are agglomerated by DAs, 

where they are paired with population data.  

The scope (A1-A3 lifecycle processes), bottom-up approach, and exclusion of MEP in FIG 

should be kept in mind when reviewing numerical emissions calculated in the Canadian case study. 

Transport (A4) and onsite construction (A5) processes add ~15% upfront embodied GHG 

emissions 44. Bottom-up methodology may leave a portion impacts out of an analysis depending 

on the defined scope of the assessment 45. FIG’s quantification should be taken as a lower bound 

on true embodied emissions in newly-built neighbourhoods. 

 

2.1.2. Future Construction Simulation 
FIG forecasts new construction by using the existing form of infrastructure systems (both 

vertical and horizontal) as a best guess for what forms will be built in the future. The model 

simulates a given year of new construction by sampling (representing the construction of) a 

geographic area (e.g. a neighbourhood) repeatedly until the quantity of new housing construction 

meets an assigned annual target. For example, the Canadian case study is based on future need for 

housing in the 10 Canadian provinces (the territories are excluded because there is a lack of future 



growth data 27). In a given year, FIG loops through each individual province and samples DAs 

until the number of houses ‘built’ is equal to the future housing projections for that year ± an 

allowed error (1000 per province for this case study). In the high growth scenario, this equals a 

total of 5,794,483 new housing units built between 2023-2030. Neighbourhood sampling is limited 

within each province (e.g. neighbourhoods ‘built’ in Alberta are sampled from existing 

neighbourhoods in Alberta, not other provinces). The sampling process is then repeated and 

modified to consider different future scenarios with embodied emission reduction strategies, such 

as building denser housing, or reducing material emission factors to represent reductions in the 

GHG intensity of material manufacturing. 

FIG simulates infill construction (construction in an existing built-up area) by setting new 

embodied emissions of road and water infrastructure to zero in a redeveloped neighbourhood 

(simulating retaining the existing infrastructure and avoiding new infrastructure development 

associated with greenfield development) and reducing housing emissions by circularity factor k. 

The circularity factor is a multiplier ∈ [0,1] that represents of emissions required to create the new 

residential infill housing units compared to building equivalent units entirely anew. For example, 

a future neighbourhood made up of new buildings that reuse the foundation of previous structures, 

or new apartments created by subdividing an existing building, will have a lower k than infill which 

reuses no existing structures or recycled materials. Unless otherwise noted, the factor k is assumed 

to be 0.8 based on engineering judgement regarding current construction norms in Canada. FIG 

assumes that infilled housing units are added in a built-up area somewhere within the study 

geography (the province in the case of Canada) rather than assigning them a specific spatial 

location. For the Canadian case study, we used infill rates from the last decade in each province as 

a baseline for the forecast, and these rates were modified when modelling emission reduction 

strategies (see SI section 3 for more detail). 

 

2.2. Emission Reduction Strategies 
Inputs and variables in the FIG model can be modified to simulate the effects of different 

embodied emission reduction strategies. The Canadian case study specifically investigates five 

main strategies for reducing embodied emissions in future construction. Table 1 describes each 

reduction strategy. 
 

  



Table 1: FIG model embodied emissions reduction strategies. SI Table 4.1 summarizes which strategies were 

used for the analysis in section 3 

Emission Reduction Strategy Description 

Urban form Limiting construction to neighbourhoods 

defined by their percentage of certain housing 

forms. Form is broken down into three 

general types: 1) single family homes, 2) 

mid/high rise construction and, 3) low-rise 

multi-unit buildings. For example, in one 

scenario only neighbourhoods with the 

highest proportion (95th percentile) of single-

family homes in their respective Canadian 

provinces are sampled for future construction. 

The percentile is set by province. In New 

Brunswick (a rural province), the 

neighbourhoods with the most mid/high rise 

building (95th percentile) include areas that 

are only <1% mid/high rise. Whereas in 

Ontario (a province with taller 

neighbourhoods) the 95th percentile cut off is 

76% mid/high rise.  

 

Best-in-class building design  Best-in-class design; specifically, this strategy 

limits housing construction to well-designed, 

lightweight buildings in the 1st quartile of 

kgCO2eq/unit for their given form. Examples 

of best-in-class design include single-family 

homes with lower gross floor area, low-rise 

multi-unit buildings with wooden structural 

elements and non-metal cladding, mid/high 

rise buildings with less slab volume (e.g. 

avoiding transfer slabs), and a decrease in 

substructure size across the all buildings 46. 

 

Material technology improvements (leading 

to reductions in material GHG intensity) 

The potential of embodied emission 

reductions through improved material 

production and technology (e.g. carbon 

capture). In the Canadian study these 

improvements are applied as percentage 

reductions to the emission factor every year 

based on expected future reductions from 

literature 25,47–52. The model defines specific 

reductions for 6 major materials (concrete, 

lumber, insulation, asphalt, steel, plastic). 

Remaining materials are assumed to achieve 

20% reductions by 2030 and decay to net zero 



exponentially in line with existing projections 

thereafter 53 

 

Infill rate The relative percentages of housing built 

within existing built-up areas vs. greenfield 

land. This influences most directly the amount 

of new horizontal infrastructure needed (roads 

and water). The FIG model does not include 

land use change and forestry impacts from 

greenfield development. 

 

Circularity (k) (100% – X), where X is the percentage of 

housing units and/or material retained during 

infill development (e.g. is a new building built 

in place of an old one or beside the old one 

with no units lost? Are existing buildings 

subdivided or do new units require new 

buildings? Are the bricks from a demolished 

building reused?) 

 
 

SI section 2 provides further details on the development of reduction strategies. Yearly 

emission reductions in 2030 are compared to allowable emissions based on a proportionally-

downscaled version of the Canada’s economy-wide commitment to reduce GHG emissions by 

40% below 2005 levels by 2030 25. This downscaling holds the amount of yearly emissions 

allowed to new construction equal to their current proportion of Canada’s overall emissions.  

 

2.3. Future Housing Growth 
In the Canadian case study, we project housing starts from 2023 to 2030 in two scenarios taken 

from national economic research conducted by the Canadian Mortgage and Housing Corporation 

(CMHC) 27: 

 

1. Business-as-usual (BAU) Growth – this first scenario assumes BAU growth equating to 

~2.3 million additional housing units by 2030, with yearly growth staying relatively 

constant. 

2. Affordability Growth – This second scenario assumes construction experiences the 

increased growth (starting in 2023) required to restore housing affordability and that 5.8 

million additional housing units are built by 2030. 

 

Affordability growth is modelled using a logistic function, following the common growth 

curve that occurs under new market pressures 54. This approximates growth in housing delivery 

capacity that could result from growing the work force (e.g. targeted immigration) 55 or the 

introduction of new construction technologies, techniques, and designs that make housing delivery 

more efficient.  Beyond 2030, the Canadian case study estimates yearly housing starts by 



converting the government’s projected population growth scenarios 56 to new housing stock using 

fixed, provincial household formation rates from the 2021 census 57. SI section 3 provides further 

detail on projections, along with an analysis of time-series forecasting models that are fit to historic 

housing start data. 

 

3. Canadian Case Study Results 

3.1. Drivers of Neighbourhood-Scale Emissions 
Neighbourhood-level embodied emissions calculated by FIG in the Canadian case study are 

governed by residential buildings. Embodied emissions from residential buildings range from 345-

46,700 kgCO2eq per capita (median 21,000 kgCO2eq) across 500 Monte Carlo samples. On 

average, residential building emissions are an order of magnitude higher than embodied emissions 

in a neighbourhood’s roads (median 1390 kgCO2eq), which in turn are nearly an order of 

magnitude higher than the embodied emissions in the neighbourhood’s water infrastructure 

(median 260 kgCO2eq) (Figure 2a). Some rural neighbourhoods and those near critical non-

residential infrastructure (e.g. an airport) have embodied road emissions that are equal to or exceed 

their housing emissions. More rural regions of Canada (e.g. Atlantic Canada) tend to have 

neighbourhoods with higher road emissions compared to more urban provinces (e.g. Ontario, 

Quebec). The highest embodied water emissions per capita are found in neighbourhoods at the 

rural periphery of cities.  

Single-family homes are more GHG-intensive than other forms of housing, and 

neighbourhoods dominated by single-family housing have higher embodied emissions across all 

studied infrastructure systems. Figure 2b contains a principle component analysis (PCA; a low-

dimensional representation of data where the axes are uninformative) of neighbourhood properties 

for every DA in Canada. A gradient of single-family home percentage and embodied emissions 

are overlaid on the data. The analysis shows that percentage of single-homes is a large driver of 

the variance between neighbourhoods. It also shows that a higher percentage of single-family 

homes in a neighbourhood increases the per-capita embodied emissions in all infrastructure 

systems. Compared to low-rise multi-unit and mid/high rise buildings, the percentage of single-

family homes in a neighbourhood is a strong predictor (linear fit R2=0.87, p=0.00) of embodied 

residential building emissions per capita. Neighbourhoods with a high percentage of single-family 

homes also have higher road (linear log-transform, R2=0.82, p=0.00) and water infrastructure 

(linear log-transform, R2=0.81, p=0.00) embodied emissions because their less dense layouts have 

higher horizontal infrastructure requirements and house fewer people. Lower log population 

density is also a predictor of increased building and infrastructure emissions (R2=0.77-0.87, 

p=0.00) as is mean household size in a neighbourhood (R2=0.92-0.96, p=0.00) (Figure 2c). Denser 

neighbourhoods with <10% single-family buildings, whether they are composed of taller mid/high 

rise or dense low-rise buildings, reduce embodied emissions by 19600 kgCO2eq per person 

(56.8%) on average compared to neighbourhoods which are made up exclusively or almost 

exclusively (>90%) of single-family homes. 



 

Figure 2: Neighbourhood-level analysis of embodied emissions – a. Probability distribution of per-capita A1-

A3 embodied emissions (kgCO2eq/person) of the median sample for neighbourhoods in regions of Canada if they 

were built with current material intensities and emission factors. The horizontal axis is log-transformed. b. Principle 

component analysis of houses per person of all neighbourhood configurations in Canada. Each datapoint is a 

neighbourhood. The gradients on the plots show the share of single-family homes and per-capita embodied emissions 

of different infrastructure systems. The number of single-family homes per capita is the largest driver of variance and 

emissions in neighbourhoods across the country. c. Relationship between neighbourhood properties and total per-

capita embodied emissions. Each count is a neighbourhood. Plots showing distributions across the Monte Carlo 

samples and individual infrastructure relationships can be found in SI section 4 Figures 4.1-4.2 

 

3.2. 2030 growth forecasts and reduction of embodied emissions 

We analyzed the effect of the reduction strategies from Table 1 on future embodied 

emissions in two stages. First, we isolated the effects of changing urban form, improving 

material technology, and building best-in-class buildings in future neighbourhoods while 

maintaining current infill and circularity rates. We then analyzed the combined reduction 

potential of these strategies together with changing infill and circularity percentages. Finally, 

we looked at how future embodied emission vary geographically across Canada. SI Table 4.2 

summarizes key results from this section. 

 

3.2.1. Impact of Reduction Strategies 
When analyzing the effect of urban form, material technology, and best-in-class design in the 

affordability (high-growth) scenarios, total cumulative A1 to A3 embodied emissions through 

a. c. 

b. 



2030 range between 178-418 MtCO2eq (Figure 3a). This range is largely dependant on choices 

related to housing form (e.g. reductions in the share of single-family homes and improving 

building design to the 1st quartile). Shifting construction away from single-family urban forms to 

neighbourhoods made up almost entirely of mid/high rise and/or low-rise multi-unit buildings 

reduces cumulative embodied emission by up to 57.5% (240 MtCO2e) in the affordability growth 

scenario. By itself, 1st quartile best-in-class design can achieve cumulative reductions of up to 

38.0% (158 MtCO2e). Conversely, improvements in material technology and production, even 

when in line with government net-zero pledges, only have an up to 9.05% (37.8 MtCO2e) 

cumulative reduction potential by 2030.  Best-in-class design provides at least double the 

embodied emission reductions compared to material technology improvements in each urban form 

scenario. 

If current construction practices continue, yearly A1 to A3 embodied emissions in 2030 exceed 

Canada’s 2030 emission reduction target by 35.1% (3.26 MtCO2e) and 376% (35.0 MtCO2e) in 

the BAU growth and affordability growth scenarios, respectively (Figure 3b and 3c). Forecasts of 

yearly emissions in 2030 with affordability growth and without reductions strategies have an 

uncertain sample range between 44.0-44.7 MtCO2eq, with a median value of 44.3 MtCO2e. Figure 

3b shows that reducing these emissions below the 2030 emission target requires all of the reduction 

strategies from Table 1: single-family urban form must be almost completely eliminated, material 

technology must be improved, all buildings must follow best-in-class designs, the infill rate must 

be nearly 100% and circularity must be doubled. Collectively these reduce future emissions 3.12 

MtCO2eq below the target in 2030. Achieving sufficient reductions with BAU growth is much 

easier but would leave Canada’s growing housing crisis unaddressed. Figure 3c shows that with 

BAU growth, a subset of reduction strategies or a single aggressive strategy, such as changing 

urban form or pursuing best-in-class design, is sufficient to reach the reduction target. 

 

 



 

Figure 3: 2030 embodied emissions from neighbourhood construction and effect of embodied emission 

reduction strategies – a. Cumulative emissions in the affordability growth scenario simulated with different urban 

forms. The two dotted lines show the reduction potential of a single strategy: material technology improvements or 

best-in-class design. The embedded bar plot shows the total number of residential units built in the mix, broken down 

by single-family, low-rise multi-unit, and mid/high-rise houses. The bottom plots show median forecasted emissions 

in the year 2030 plotted against a linearly-downscaled federal budget. b. shows the reduction potential of strategies in 

the median affordability growth scenario. c. shows emissions in the median BAU growth scenario. The 2030 baseline 

is calculated by running the construction simulation with single-family, low-rise multi-unit, and mid/high-rise unit 

proportions equal to the historic ten-year average in each province. SI Figures 4.3-4.4 show the sampling uncertainty 

for these results. 

 

Figure 4 further explores the sensitivity of infill and circularity savings from Figure 3a. When 

all other strategies are applied, the impact of changes in the circularity constant k increases as 

national infill rate increases. At the current national infill rate of 31%, increasing circularity from 

k = 0.8 to k = 0.4 results in 1.94 MtCO2eq yearly savings in 2030. At a double national infill rate 

of 62%, the shift from k = 0.8 to k = 0.4 results in 3.85 MtCO2eq yearly savings. Without increasing 

circularity of residential building construction, increasing infill rates have minimal savings 

potential, due to the order of magnitude difference between the embodied GHG of buildings and 

b. 

a. 

c. 



infrastructure in most neighbourhoods. FIG assumes a shift to 100% infill only eliminates 

construction of horizontal infrastructure, reducing yearly emissions by a maximum of 1.48 

MtCO2eq without simultaneous increases in circularity. Accordingly, these approaches are 

complimentary.  Other environmental impacts of infill development (e.g. reduction in driving 

distances and associated emissions) are outside the scope of this analysis.  

 

 

Figure 4 Circularity and infill sensitivity – Embodied emissions reductions analyzed for a range of infill and 

circularity strategies. The plot values show yearly emissions for 2030 when the other tested embodied emission 

reduction strategies have already been applied (high LRMU, improved material technology and best-in-class design 

as per Figure 3b). The “base case” denotes the assumption of infill rate and circularity factor for other forecasts in the 

Canadian case study (the bottom of the yellow bar in Figure 3b). The reduction target labels Canada’s 2030 goal (same 

as Figure 3b/c). 

 

The quantification above excludes ~15% 44 of emissions from A4-A5 lifecycle processes and 

up to ~20% 71 from building components not quantified in the input data (like mechanical, 

electrical, and plumbing) plus major infrastructure which is unevenly distributed between 

neighbourhoods (e.g. water treatment plants) (see SI section 1.4 for a full list of excluded elements) 
44. These exclusions are mostly proportional across forms (e.g. construction energy), and the 

inclusion of major infrastructure would reinforce the findings in results (e.g. more highways are 

built to serve lower density development than higher density). For example, within the 



affordability growth scenario where 5.8 million homes are constructed, adding 30% factors to the 

calculated A1-A3 numbers (to adjust for MEP, A4 and A5 exclusions) leads to an estimate of 

embodied emissions for housing and neighbourhood scale infrastructure of 94.2 MtCO2eq/year in 

2030 if future housing construction is 100% single family homes (the worst case modelled). If 

current housing norms around building types, design, infill and circularity persist we estimate 57.6 

MtCO2eq per year in 2030.  In the best case modelled, where future housing construction is entirely 

in multi-unit buildings using best-in-class design with high infill rates and circularity, A1 to A5 

emissions for housing and neighbourhood infrastructure is estimated at 8.04 MtCO2eq per year in 

2030. Cumulatively each would lead to 544 MtCO2eq through 2030 in the worst case, 333 

MtCO2eq if current norms continue and 70.9 MtCO2eq in the best case modelled. Major 

infrastructure would add further emissions on top of these estimates.  

 

3.2.2 Geographic Variability 
FIG supports regional analysis. In the Canada case study, each province samples only their 

respective DAs when modeling future growth, so the analysis captures variations in built form 

(and likely future form) between provinces. Figure 5 breaks down forecasted embodied emissions 

and the effect of urban form by province (smaller neighbouring provinces are grouped, e.g. 

Atlantic Canada). Increased embodied emissions are not evenly distributed across the country in 

the affordability growth scenario. Ontario sees the largest increase by far compared to BAU 

growth, with a maximum of 127 MtCO2eq additional cumulative emissions by 2030 (Figure 5b). 

Alberta sees only 1.41 MtCO2eq in cumulative emissions difference between the two growth 

scenarios due to very small differences in projected housing units between the scenarios. 

The effectiveness of urban form as an embodied emissions reduction strategy also varies 

by province. Figure 5b compares changes in urban form to a base case where future construction 

has a similar urban form as historic construction within the province. Shifts towards low-rise multi-

unit and mid/high rise urban forms have similar saving potential in most provinces, but some 

benefit less when switching to mid/high rise construction. Prince Edward Island and Saskatchewan 

specifically see a 6.85% and 8.65% increase in embodied emissions when shifting towards 

mid/high rise urban forms in the affordability growth scenario. Because there are so few mid/high 

rise buildings in these provinces (Prince Edward Island only has 120), and neighbourhoods with 

mid/high rise buildings tend to also have many single-family homes, a ‘shift to mid/high rise’ 

scenario actually results in the construction of a few mid/high rise buildings and many single-

family buildings/neighbourhoods and associated infrastructure. These results are dependent the 

continued construction of low-density neighbourhoods forms within these rural provinces. To gain 

the GHG reduction advantages of mid/high rise buildings, Prince Edward Island and Saskatchewan 

will need to adopt neighbourhood forms extant in other Canadian provinces (e.g. narrower streets, 

denser, higher percentage of multi-unit buildings per neighbourhood).   



Figure 5 Geographic breakdown of future Canadian emissions – a. Cumulative embodied emissions by 

grouped regions in Canada under the two growth scenarios. The only strategy applied in this forecast is change in 

urban form. The top of the band shows high single-family (SF) construction, and the bottom shows high low-rise 

multi-unit (LRMU) construction. The bottom plots show effectiveness of urban form changes by province under b. 

affordability growth and c. BAU growth. Provinces like Saskatchewan and PEI would need to copy urban denser 

urban forms from other provinces to achieve form-related savings. Savings are calculated based on yearly embodied 

emissions in 2030. Each data point is sized based on its relative contribution to overall embodied emissions in their 

respective scenarios. 
 

3.3. Net-zero under housing and infrastructure requirements to 2050 
Beyond 2030, Canada has committed to achieving net-zero emissions by 2050. Achieving net-

zero embodied emissions for construction materials requires large improvements in material 

production technology and large-scale deployment of carbon capture and storage 58. SI Figure 4.6 

shows three potential embodied emissions scenarios through 2050 in Canada forecasted using FIG. 

In the scenario where material technology and carbon capture are the only strategies employed and 

follow best-case, net-zero predictions 53, A1-A3 embodied emissions modelled by FIG reach zero 

by 2050, but yearly embodied emissions remain higher than if other strategies (changing urban 

form, best-in-class design, increased infill/circularity) were employed without technology 

improvements until 2036.  

b. c. 

a. 



In a scenario where material technology and carbon capture is the only strategy employed 

embodied emissions associated with future housing and infrastructure construction becomes very 

sensitive to the timeline and scale of technology deployment (e.g. widescale deployment of carbon 

capture starting in 2030). If this technology is delayed or does not scale as planned, Canada sees 

growing embodied emissions from construction in 2050 – up to 18.8 MtCO2eq per year in 2050 if 

population growth is high. Employing other reduction strategies will be critical for delivering low 

embodied GHG housing and infrastructure as they can greatly reduce the risk of relying solely on 

material technology and carbon capture; combined use of the strategies from Figure 3b can 

decrease year embodied emissions in 2050 to as low as 0.595-3.15 MtCO2eq depending on 

population growth.   

4. Discussion 

4.1. Model-driven insights for neighbourhood-scale infrastructure systems 
When applied in the Canadian case study, FIG highlights that business-as-usual construction 

methods and urban form norms in Canada are incompatible with meeting long-term climate goals. 

If enough housing is built by 2030 to restore affordability, using current approaches to form, infill 

and circularity will lead to a 376% (35.0 MtCO2e in 2030) increase in A1-A3 (or 45.5 MtCO2e 

when factoring to include MEP, A4 and A5) emissions above a proportional allocation of Canada 

GHG reduction commitments.  

By calculating the embodied GHG of 57,932 DAs in Canada, the FIG model generates a large 

dataset of neighbourhood forms and their associated embodied GHG emissions. We find that 

housing form and design drive variance in embodied emissions at a neighbourhood level. Beyond 

just reducing the size of new homes 6,59,60 or extending the lifetime of existing ones 9,61, the 

difference between building single-family neighbourhoods using average design practices and 

building dense, multi-unit neighbourhoods with best-in-class designs (e.g. reducing substructure 

size 62, avoiding transfer slabs) can reduce cumulative embodied emissions by up to 77.2% in the 

affordability growth scenario without having to hedge on future technological changes. Savings 

from design choices are also conservative compared to what is technically possible; FIG uses the 

top 25% of existing building designs, which is not particularly strict and does not account for future 

improvements in design such as structural light weighting 63. The results further previous work on 

the sustainability of different neighbourhood forms 64,65, showing that denser neighbourhood 

layouts have predictably lower (0.838-1.16 kgCO2eq/km2 less GHG for every person added) 

embodied emissions in houses, roads, and water infrastructure across Canada’s varied geography. 

Embodied emissions savings from denser urban environments also coincide with reductions in 

transportation 66,67 and operational energy use and emissions 68–70 not modelled here.   

Methodologically, FIG presents one of the first detailed bottom-up quantifications of embodied 

emissions in water infrastructure and introduces a machine-learning tool for predicting embodied 

emissions in neighbourhoods/regions where data on infrastructure is sparse. Critically, the model 

provides a new approach for projecting future housing and infrastructure growth based on 

combining existing neighbourhood forms with modern building and infrastructure material 

intensities and modern/future GHG factors. This is an effective method for capturing variability in 

neighbourhood forms that could be built in the future while retaining the detail of bottom-up 

modelling. 



The embodied emissions quantified by FIG are a lower bound on actual future kgCO2eq of 

embodied emissions given housing and infrastructure growth. Bottom-up methods systematically 

underestimate emissions because they exclude the quantification of some elements and lifecycle 

processes. FIG quantification in the Canadian case study does not include some infrastructure 

elements, such as mechanical, electrical, and plumbing in buildings or service lines in water 

infrastructure – though this is only a limit of the case study as the FIG model could account for 

these elements if given bottom-up data. Due to the focus on new construction, embodied emissions 

are quantified for cradle-to-gate (A1-A3) lifecycle stages and do not include later life stages, 

though again this can be included in FIG with the appropriate baseline data. Some major 

infrastructure like large highways and water treatment facilities are excluded from forecasted 

emissions due to the focus on residential emissions and the one-off/few-off nature of major 

infrastructure.  

 

4.2. Reduction strategies for achieving both adequate housing and emission goals 
The effectiveness of the analyzed embodied emission reduction strategies is highly dependent 

on growth scenarios and the time of deployment. In 2030, the potential for reductions via 

improvements in material production and technology is lower than the reduction required for 

Canada’s 2030 target with both BAU and affordability growth. Achieving this target requires 

relying more on non-technology strategies like shifting away from single-family neighbourhood 

construction, building best-in-class designs, and providing new housing units using infill 

construction that reuses/maintains existing housing stock and materials.  

While there is near-term potential for form and design optimization to greatly reduce 

cumulative embodied emissions in high-growth scenarios, getting new construction to net-zero 

will ultimately rely on some large-scale deployment of new materials technology and production 

improvements (e.g. carbon capture) before 2050. Without these technologies, the model forecasts 

a mitigation gap of ~0.5-9 MtCO2eq embodied per year regardless of the growth scenario. Other 

construction of infrastructure and buildings not addressed here, such as commercial buildings, 

major infrastructure projects, investment demand for housing, and major renovations, will add 

further emissions over the coming decades. At the same time, major construction materials are 

persistently difficult to decarbonize 58. As shown by FIG, reliance on the emergence of new 

material technologies and carbon capture 72 to reduce emissions from materials can lead to 

pathways with higher and potentially growing embodied emissions in 2050 compared to scenarios 

where a suite of strategies is deployed. Employing many reduction strategies reduces the risk of 

relying on future material technology and carbon capture scaling. 

Given the results of the FIG-Canada forecasts, it will be difficult to meet the demand for 

housing and infrastructure while also reducing embodied emissions in line with promised 

reductions goals, even with the aggressive implementation of multiple strategies. The increase in 

housing supply required to address affordability makes meeting sustainability goals challenging. 

A decrease in demand for new construction and the associated embodied emissions by 2050 is 

unlikely in Canada and other countries with similar growing population trends 73,74. Changes at the 

neighbourhood, building and materials scale are critical to a sustainable future. This will require 

culturally challenging changes, such as shifting away from the construction of single-family 



neighbourhoods. It also challenges design and construction practitioners to immediately move 

towards only designing and building best-in-class buildings and urban forms.  

There are variables and policies which would increase the likelihood of achieving emission 

reduction commitments under high growth scenarios outside of choices on how to build housing 

and supporting infrastructure. Delaying increases in housing production would result in more 

housing and infrastructure built in the future using better material technologies (assuming material 

technology improve as projected), though it would exacerbate the ongoing housing affordability 

crisis. Greater-than-expected emission reductions in other sectors (e.g. transportation, energy) 

could give the construction sector a greater share of the overall sectoral carbon budget on the way 

to net-zero 13. Demand-side changes, such as increasing average household size (which has been 

studied previously 59 and is explore briefly in SI section 4.2), reducing floor space per capita (e.g. 

by building smaller homes) 75, extending the lifetime of housing units that would otherwise come 

off the market, or reducing in the demand for second homes and housing as an investment 15 , 

could lower the total demand for housing supply and associated embodied emissions required to 

achieve affordability. Overall, the social need for housing and related infrastructure and the need 

to reduce embodied emissions for sustainability goals are two closely-linked problems that will 

require careful choices around what we build and how we build it. 

 

5. Conclusions 
This paper presented a new model for calculating future embodied emissions due to housing 

and supporting infrastructure construction at the neighbourhood scale, and it analyzed strategies 

for reducing future embodied emissions while still meeting demand for housing. It introduced the 

bottom-up FIG model, which captures variability in house and infrastructure design across an 

entire country at a detailed level. As a case study, we applied the model to Canada in order to 

analyze embodied emissions through 2030 and 2050.  

In Canada, residential buildings have on average one and two orders of magnitude more 

embodied emissions per capita at a neighbourhood level compared to roads and water 

infrastructure, respectively. The percentage of single-family homes in a neighbourhood is a 

significant and strong (R2 = 0.81-0.87, p = 0.00) predictor of higher embodied emissions in all 

infrastructure systems, and dense neighbourhoods made up almost entirely of low-rise multi-unit 

or mid/high rise buildings had 56.8% less (19600kgCO2eq/person) embodied emissions than 

single-family neighbourhoods. 

The model found that if Canada were to build enough housing to restore affordability using 

current construction norms, it would exceed its 2030 emission reduction commitment by 376%. 

Shifting away from single-family urban forms, designing best-in-class residential buildings, and 

increasing the circularity of construction were found to have high emission reduction potential 

(38.0-57.5%) this decade. These strategies were more effective through 2030 than improvements 

in material product and technology, which had minimal reduction potential (9.05%). Between 2030 

and 2050, rapid decreases in projected GHG intensity of materials lead to increasing savings as 

long as CCS and manufacturing improvements scale up in the 2030s.  

In the meantime, reaching Canada’s reduction targets by 2030 will require ambitious roll 

out of a mix of strategies, including a rapid shift to multi-family buildings for nearly all new 



housing, top quartile or better design of new buildings, near 100% infill rates and doubling 

circularity in parallel with material GHG intensity improvements. By 2050, achieving net-zero 

embodied emissions from new construction in Canada is not possible without large reduction in 

emissions from the manufacturing of materials (e.g. through carbon capture and storage); however, 

relying largely on these technologies to reduce the emissions burden from new housing is risky as 

it could lead to growing embodied emissions from new construction in 2050 if optimistic 

technological improvements are not achieved. 

 

Acknowledgements 
This research is funded by the Centre for the Sustainable Built Environment (CSBE) at the 

University of Toronto, Canada Research Chair in Sustainable Infrastructure grant number 232970 

and the Clean Economy Fund. CSBE in turn is funded by an NSERC Alliance Grant (ALLRP 

582941 – 23), the Climate Positive Energy Initiative and the School of Cities both at the University 

of Toronto and 12 industry partners (Colliers; the Cement Association of Canada; Chandos 

Construction; Mattamy Homes; Northcrest; Pomerleau; Purpose Building, Inc.; ZGF Architects; 

Arup; SvN Architects + Planners; Entuitive; and KPMB Architects). We thank Bradley Kloostra 

for support in validating FIG’s bottom-up road quantification procedure and Hatzav Yoffe for help 

with figure design. 

Author contributions: K.H.R. and S.S. conceptualized research, developed the methodology, 

created scenarios, validated results, and wrote the paper. K.H.R. collected and cleaned data, 

coded the model, and created visualizations. 

Competing interests: The authors declare no competing interest. 

  



References 

1. International Resource Panel. Resource Efficiency and Climate Change: Material 

Efficiency Strategies for a Low-Carbon Future. (United Nationa Environment Programme, 

2020). doi:10.5281/zenodo.3542680. 

2. IPCC_AR6_WGII_FinalDraft_TechnicalSummary. 

3. Pauliuk, S. et al. Global scenarios of resource and emission savings from material 

efficiency in residential buildings and cars. Nat Commun 12, (2021). 

4. Hertwich, E. G. et al. Material efficiency strategies to reducing greenhouse gas emissions 

associated with buildings, vehicles, and electronics - A review. Environmental Research Letters 

14, (2019). 

5. Röck, M. et al. Embodied GHG emissions of buildings – The hidden challenge for 

effective climate change mitigation. Appl Energy 258, 114107 (2020). 

6. Stephan, A. & Crawford, R. H. The relationship between house size and life cycle energy 

demand: Implications for energy efficiency regulations for buildings. Energy 116, 1158 (2016). 

7. Akenji, L., Bengtsson, M., Bleischwitz, R., Tukker, A. & Schandl, H. Ossified 

materialism: introduction to the special volume on absolute reductions in materials throughput 

and emissions. J Clean Prod 132, 1–12 (2016). 

8. Soonsawad, N., Martinez, R. M. & Schandl, H. Material demand, and environmental and 

climate implications of Australia’s building stock: Current status and outlook to 2060. Resour 

Conserv Recycl 180, (2022). 

9. Zhong, X. et al. Global greenhouse gas emissions from residential and commercial 

building materials and mitigation strategies to 2060. Nat Commun 12, (2021). 

10. Worrell, E., Allwood, J. & Gutowski, T. The Role of Material Efficiency in 

Environmental Stewardship. Annu Rev Environ Resour 41, 575–598 (2016). 

11. Marinova, S., Deetman, S., van der Voet, E. & Daioglou, V. Global construction 

materials database and stock analysis of residential buildings between 1970-2050. J Clean Prod 

247, (2020). 

12. Deetman, S. et al. Modelling global material stocks and flows for residential and service 

sector buildings towards 2050. J Clean Prod 245, (2020). 

13. Zhong, X. et al. Global greenhouse gas emissions from residential and commercial 

building materials and mitigation strategies to 2060. Nat Commun 12, 6126 (2021). 

14. International Resource Panel. The weight of cities: resource requirements of future 

urbanization. (2018). 

15. zu Ermgassen, S. O. S. E. et al. A home for all within planetary boundaries: Pathways for 

meeting England’s housing needs without transgressing national climate and biodiversity goals. 

in Ecological Economics vol. 201 (Elsevier B.V., 2022). 



16. Canadian Mortgage and Housing Corporation. Progress on the National Housing 

Strategy. https://assets.cmhc-schl.gc.ca/sites/place-to-call-home/pdfs/progress/nhs-progress-

quarterly-report-q1-2023-en.pdf?rev=10e67586-3549-4647-8d8a-2dfacc296a5f (2023). 

17. Government of Ontario. An Act to amend various statutes, to revoke various regulations 

and to enact the Supporting Growth and Housing in York and Durham Regions Act, 2022. 

(https://www.ola.org/en/legislative-business/bills/parliament-43/session-1/bill-23, 2022). 

18. Cao, Z., Shen, L., Løvik, A. N., Mu, D. B. & Liu, G. Elaborating the History of Our 

Cementing Societies : An in-Use Stock Perspective. (2017) doi:10.1021/acs.est.7b03077. 

19. Lanau, M. et al. Taking Stock of Built Environment Stock Studies: Progress and 

Prospects. Environ Sci Technol 53, 8499–8515 (2019). 

20. Augiseau, V. & Barles, S. Studying construction materials flows and stock: A review. 

Resour Conserv Recycl 123, 153–164 (2017). 

21. Arceo, A., Tham, M., Guven, G., MacLean, H. L. & Saxe, S. Capturing variability in 

material intensity of single-family dwellings: A case study of Toronto, Canada. Resour Conserv 

Recycl 175, 105885 (2021). 

22. Yang, X., Hu, M., Zhang, C. & Steubing, B. Key strategies for decarbonizing the 

residential building stock: Results from a spatiotemporal model for Leiden, the Netherlands. 

Resour Conserv Recycl 184, (2022). 

23. Stephan, A. & Athanassiadis, A. Quantifying and mapping embodied environmental 

requirements of urban building stocks. Build Environ 114, 187–202 (2017). 

24. European Standards. UNE EN 15804:2012+A2:2020. https://www.en-standard.eu/une-

en-15804-2012-a2-2020-sustainability-of-construction-works-environmental-product-

declarations-core-rules-for-the-product-category-of-construction-products/ (2020). 

25. Government of Canada. 2030 emissions reduction plan : Canada’s next steps to clean air 

and a strong economy. publications.gc.ca/pub?id=9.909338&sl=0 (2022). 

26. Government of Canada. Canadian Net-Zero Emissions Accountability Act. (2023). 

27. CMHC. Canada’s Housing Supply Shortages: Estimating what is needed to solve 

Canada’s housing affordability crisis by 2030. https://www.cmhc-

schl.gc.ca/en/blog/2022/canadas-housing-supply-shortage-restoring-affordability-2030 (2022). 

28. Arceo, A., MacLean, H. L. & Saxe, S. Material intensity in single-family dwellings: 

Variability between locations, functional unit and drivers of material use in Toronto, Perth, and 

Luzon. Resour Conserv Recycl 188, 106683 (2023). 

29. Rousseau, L. S. A. et al. Material Stock and Embodied Greenhouse Gas Emissions of 

Global and Urban Road Pavement. Environ Sci Technol 56, 18050–18059 (2022). 

30. Kloostra, B., Makarchuk, B. & Saxe, S. Bottom-up estimation of material stocks and 

flows in Toronto’s road network. J Ind Ecol 26, 875–890 (2022). 

31. Andersen, C. E., Rasmussen, F. N., Habert, G. & Birgisdóttir, H. Embodied GHG 

Emissions of Wooden Buildings—Challenges of Biogenic Carbon Accounting in Current LCA 

Methods. Front Built Environ 7, (2021). 



32. Statistics Canada. 2021 census boundary files. https://www12.statcan.gc.ca/census-

recensement/2021/geo/sip-pis/boundary-limites/index2021-eng.cfm?year=21 (2022). 

33. IPCC. IPCC_AR6_WGII_SummaryForPolicymakers. (2022). 

34. Wong, H., Filion, Y. R. & Speight, V. A Neighbourhood-Level Analysis of the Impact of 

Common Urban Forms on Energy Use in Drinking Water Distribution Systems. Water 

Resources Management 34, 2641–2655 (2020). 

35. Prosser, M. E. E., Speight, V. L. & Filion, Y. R. Life-cycle energy analysis of 

performance- versus age-based pipe replacement schedules. J Am Water Works Assoc 105, 

E721–E732 (2013). 

36. Gregory, J. R., Noshadravan, A., Olivetti, E. A. & Kirchain, R. E. A Methodology for 

Robust Comparative Life Cycle Assessments Incorporating Uncertainty. Environ Sci Technol 50, 

6397–6405 (2016). 

37. Zhang, Y.-R., Wu, W.-J. & Wang, Y.-F. Bridge life cycle assessment with data 

uncertainty. Int J Life Cycle Assess 21, 569–576 (2016). 

38. Arceo, A., Saxe, S. & MacLean, H. L. Product stage embodied greenhouse gas reductions 

in single-family dwellings: Drivers of greenhouse gas emissions and variability between 

Toronto, Perth, and Luzon. Build Environ 242, 110599 (2023). 

39. Statistics Canada. 2021 Census Profile. https://www12.statcan.gc.ca/census-

recensement/2021/dp-pd/prof/index.cfm?Lang=E (2023). 

40. Arceo, A. et al. A Construction Classification System Database for Understanding 

Resource Use in Building Construction. Zenodo Preprint at 

https://doi.org/10.5281/zenodo.5576147 (2020). 

41. Guven, G. et al. A construction classification system database for understanding resource 

use in building construction. Sci Data 9, (2022). 

42. Statistics Canada. National Road Network . 

https://open.canada.ca/data/en/dataset/3d282116-e556-400c-9306-ca1a3cada77f (2022). 

43. Circular Ecology. ICE Database V3.0. https://circularecology.com/embodied-carbon-

footprint-database.html (2019). 

44. Yoffe, H., Rankin, K. H., Bachmann, C., Posen, D. & Saxe, S. Setting national 

construction sector GHG budgets. 

45. Ward, H., Wenz, L., Steckel, J. C. & Minx, J. C. Truncation Error Estimates in Process 

Life Cycle Assessment Using Input‐Output Analysis. J Ind Ecol 22, 1080–1091 (2018). 

46. Rankin, K. H., Arceo, A., Isin, K. & Saxe, S. Embodied GHG of missing middle: 

residential building form and strategies for more efficient housing. J Ind Ecol. 

47. Vahidi, E., Kirchain, R., Burek, J. & Gregory, J. Regional variation of greenhouse gas 

mitigation strategies for the United States building sector. Appl Energy 302, (2021). 

48. Shacat, J., Willis, R. & Ciavola, B. GHG emissions inventory for asphalt mix production 

in the united states. https://www.asphaltpavement.org/uploads/documents/Sustainability/SIP-



106_GHG_Emissions_Inventory_for_Asphalt_Mix_Production_in_the_US_%E2%80%93_NAP

A_June_2022.pdf (2022). 

49. Swarna, S. T., Hossain, K. & Bernier, A. Climate change adaptation strategies for 

Canadian asphalt pavements; Part 2: Life cycle assessment and life cycle cost analysis. J Clean 

Prod 370, 133355 (2022). 

50. Cement Association of Canada. Concrete zero: Canada’s cement and concrete industry 

action plan to net-zero. https://cement.ca/sustainability/our-roadmap-to-net-zero/ (2021). 

51. Government of Canada. Roadmap to net-zero carbon concrete by 2050. https://ised-

isde.canada.ca/site/clean-growth-hub/en/roadmap-net-zero-carbon-concrete-2050 (2022). 

52. Whitfield, R., Brown, F. & Hart, D. M. Pathways to Decarbonize the PVC Value Chain 

in 2050. https://cesp.gmu.edu/pvc/ (2022). 

53. The Climate Change Committee. The Sixth Carbon Budget: Manufacturing and 

construction. https://www.theccc.org.uk/publication/sixth-carbon-budget/ (2020). 

54. Kucharavy, D. & De Guio, R. Application of S-shaped curves. Procedia Eng 9, 559–572 

(2011). 

55. Government of Canada. Canada launches new process to welcome skilled newcomers 

with work experience in priority jobs as permanent residents. 

https://www.canada.ca/en/immigration-refugees-citizenship/news/2023/05/canada-launches-

new-process-to-welcome-skilled-newcomers-with-work-experience-in-priority-jobs-as-

permanent-residents.html (2023). 

56. Statistics Canada. Table 17-10-0057-01  Projected population, by projection scenario, age 

and sex, as of July 1 (x 1,000). (2023) doi:https://doi.org/10.25318/1710005701-eng. 

57. Statistics Canada. 2021 Census of Population. Statistics Canada Catalogue Preprint at 

https://www12.statcan.gc.ca/census-recensement/2021/dp-pd/prof/index.cfm?Lang=E (accessed 

January 27, 2023). (2022). 

58. Davis, S. J. et al. Net-zero emissions energy systems. Science (1979) 360, (2018). 

59. Berrill, P., Wilson, E. J. H., Reyna, J. L., Fontanini, A. D. & Hertwich, E. G. 

Decarbonization pathways for the residential sector in the United States. doi:10.1038/s41558-

022-01429-y. 

60. Berrill, P. & Hertwich, E. G. Material flows and GHG emissions from housing stock 

evolution in US counties, 2020–60. Buildings and Cities 2, 599–617 (2021). 

61. Lausselet, C., Urrego, J. P. F., Resch, E. & Brattebø, H. Temporal analysis of the material 

flows and embodied greenhouse gas emissions of a neighborhood building stock. J Ind Ecol 25, 

419–434 (2021). 

62. Arceo, A., MacLean, H. L. & Saxe, S. Material intensity in single-family dwellings: 

Variability between locations, functional unit and drivers of material use in Toronto, Perth, and 

Luzon. Resour Conserv Recycl 188, 106683 (2023). 

63. Shanks, W. et al. How much cement can we do without? Lessons from cement material 

flows in the UK. Resour Conserv Recycl 141, 441–454 (2019). 



64. Pomponi, F., Saint, R., Arehart, J. H., Gharavi, N. & D’Amico, B. Decoupling density 

from tallness in analysing the life cycle greenhouse gas emissions of cities. npj Urban 

Sustainability 1, 1–10 (2021). 

65. D’Amico, B. & Pomponi, F. A compactness measure of sustainable building forms. R 

Soc Open Sci 6, (2019). 

66. Miotti, M., Needell, Z. A. & Jain, R. K. The impact of urban form on daily mobility 

demand and energy use: Evidence from the United States. Appl Energy 339, 120883 (2023). 

67. Clark, T. A. Metropolitan density, energy efficiency and carbon emissions: Multi-

attribute tradeoffs and their policy implications. Energy Policy 53, 413–428 (2013). 

68. Norman, J., MacLean, H. L. & Kennedy, C. A. Comparing High and Low Residential 

Density: Life-Cycle Analysis of Energy Use and Greenhouse Gas Emissions. J Urban Plan Dev 

132, 10–21 (2006). 

69. Ewing, R., Bartholomew, K., Winkelman, S., Walters, J. & Chen, D. Growing cooler: 

The evidence on urban development and climate change. 

http://jtc.sala.ubc.ca/reports/GrowingCooler_exec%20sum.pdf (2007). 

70. Ewing, R. & Rong, F. The impact of urban form on U.S. residential energy use. Hous 

Policy Debate 19, 1–30 (2008). 

71. Rodriguez, B. X., Huang, M., Lee, H. W., Simonen, K. & Ditto, J. Mechanical, electrical, 

plumbing and tenant improvements over the building lifetime: Estimating material quantities and 

embodied carbon for climate change mitigation. Energy Build 226, 110324 (2020). 

72. Anderson, K. & Peters, G. The trouble with negative emissions. Science (1979) 354, 

182–183 (2016). 

73. Vespa, J., Medina, L. & Armstrong, D. M. Demographic Turning Points for the United 

States: Population Projections for 2020 to 2060. 

https://www.census.gov/content/dam/Census/library/publications/2020/demo/p25-1144.pdf 

(2020). 

74. Australian Bureau of Statistics. Population Projections, Australia. ABS 

https://www.abs.gov.au/statistics/people/population/population-projections-australia/2017-base-

2066 (2018). 

75. Moura, M. C. P., Smith, S. J. & Belzer, D. B. 120 years of U.S. Residential housing stock 

and floor space. PLoS One 10, (2015). 

  



Supporting Information 

1. Future Infrastructure Growth Model Details 

SI Figure 1.1 below presents a high-level overview of the FIG model and its 

computational components, which are expanded on in the next three sections (1.1-1.3). 

 
SI Figure 1. 1 Future infrastructure growth model overview – the three major steps of the model 

are bounded by different colours. Icons denote the software used in different parts of the model 

(Python 3.9 with machine-learning extensions, ArcGIS, Excel, and R programming language). 

1.1  Housing, road, and water infrastructure quantification details 

We sourced housing quantifications from a public dataset developed in previous studies 40,41 

which used material quantification software to determine the material volume and mass in 

residential buildings to Masterformat and Uniformat level 5 detail 76,77. The dataset contains 

material quantities and embodied emissions for 102 North American residential buildings of 

varying forms that are used as inputs to the FIG model. The embodied emissions in each residential 

building are normalized by the number of housing units in the building. Full details on residential 

building quantification are too extensive to include in this SI and can be found in the cited studies. 

One limitation of the public dataset is that only three residential mid/high rise buildings are fully 

quantified. The remaining buildings only have data for concrete and steel emissions and are 

missing other wood, masonry and architectural elements quantified in the other buildings. A linear 

regression (shown in Equation S1.1) based on the embodied emissions from concrete per floor 

(CF) is fit to the fully quantified buildings and used to estimate the unquantified architectural and 

structural embodied (Ghighrise) emissions in the remaining buildings: 

 

𝑮ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒 = 4.1568𝑪𝑭 + 3.392 ∗ 103 (S1.1) 

 

Canadian census data counts and classifies every dwelling units in the country into six 

forms: single detached, semi detached, rowhouses, plexes, low-rise apartments, and high-rise 

apartments. Each dwelling unit was drawn from a distribution of embodied emissions per unit 

values from their corresponding form in the dataset during the sampling process (see SI section 



1.2), and then multiplied by the number of dwelling units to get embodied housing emissions, 

Ghouses. Put simply in Equation S1.2: 

 

𝑮ℎ𝑜𝑢𝑠𝑒𝑠 = 𝒈𝝎𝑼 (S1.2) 

 

Where g is the embodied emissions per housing unit of form ω and U is a vector of housing 

units of the corresponding form. The model performed calculations of house, road and water 

embodied emissions using elementwise operations on vectorized input data for each province in 

Canada (hence the bold highlighting of vector variables in the previous and following equations).  

Equation S1.3 shows the formula used to quantify material mass M of every road for a 

given road class r and material type m:  

 

𝑴𝑟,𝑚 = 𝒕𝑟,𝑚𝒘𝑟𝒍𝒏 ∗ 𝜌𝑚 (S1.3) 

 

Where t is thickness, w is width, and l is length in metres; n is number of lanes; and ρ is 

material density. Material mass is converted to embodied emissions G by multiplying by emission 

factor f (Equation S1.4): 

 

𝑮𝑟𝑜𝑎𝑑𝑠,   𝑟 = 𝑴𝑟,𝑚 ∗ 𝑓𝑚 (S1.4) 

 

The quantification method came from a published study 78 which used the GRIP 79 dataset 

and road classes in combination with Canadian highway design standards to determine the width 

and thickness of different materials based on whether on a given road’s class (e.g. primary, 

secondary, freeway) and whether it used rigid (concrete) or flexible (asphalt) pavement. The model 

mapped the GRIP road classes from the previous study to road classes in the Canadian National 

Road Network dataset used in this chapter, which supplied lane counts and road lengths. To make 

the road quantification more location-specific and reduce bias in the thicknesses and widths chosen 

in the previous study, the model tuned the road classifications to match our results to a more 

detailed bottom-up study of embodied road emissions in the city of Toronto, Canada 80. The 

thickness and width of each road class were varied until the outputs of the FIG model in Toronto 

matched those of the detailed study (see SI Figure 1.2). These new thicknesses and widths were 

used going forward. 

  



 
 

SI Figure 1. 2 Visualizing the tuning procedure for the road quantification – the three plots on the 

left show the results in Toronto when using thicknesses and widths from the previous study. The 

three plots on the right show the results after inputs were tuned to the disaggregated, detailed 

quantification of Toronto. 
 

Equation S1.3-S1.7 show the procedure used to calculate embodied emissions G in water 

infrastructure for all census regions where data was available. Water infrastructure is split into 

three components: watermains, stormwater, and sewer (or combined stormwater-sewer when 

present). For a given pipe p: 

 

𝑮𝑤𝑎𝑡𝑒𝑟 = (𝑴𝑚𝑎𝑖𝑛𝑠 + 𝑴𝑠𝑡𝑜𝑟𝑚 + 𝑴𝑠𝑒𝑤𝑒𝑟)𝒇 (S1.5) 

 



Where, 

 

𝑴𝑚𝑎𝑖𝑛𝑠 = 𝑴𝑔 (S1.6) 

 

𝑴𝑠𝑒𝑤𝑒𝑟 = 𝑴𝑔 (S1.7) 

 

𝑴𝑠𝑡𝑜𝑟𝑚 = 𝑴𝑔 + 𝑽𝑐𝑎𝑡𝑐ℎ ∗ 𝜌𝑐𝑎𝑡𝑐ℎ  (S1.8) 

 

𝑴𝑔 = {
(

𝒅𝒑

2

2

−
𝒅𝒑𝒐

2

2

) 𝜋𝒍𝑝𝒏𝑝 ∗ 𝜌𝑚  𝑖𝑓 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟

(𝑳𝒐 − 𝑳𝒊)(𝒘𝒐 − 𝒘𝒊)𝒍𝑝𝒏𝑝 ∗ 𝜌𝑚  𝑖𝑓 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟

 (S1.9) 

 

Equation S1.7 represents a volume calculation for a hollow pipe, where d is diameter, L is 

cross-section length, w is cross-section width, l Is pipe length, n is the number of pipes, ρ is material 

density, and f is matrix map of emission factor for any given pipe material. The material mass of 

watermains and sewers are simply the pipe mass Mg, whereas the stormwater system has the 

addition of reinforced concrete catch basins, which are quantified using standard designs 81. 

We collected water infrastructure data for 7 different municipalities in the province of 

Ontario: Brampton, Mississauga, Kingston, London, Durham, Kitchener, and Waterloo 82–89. The 

model cleaned, standardized, and combined open datasets maintained by the municipalities into a 

single data table for input into the above equations. When the thickness or diameter of a pipe was 

unknown, the model imputed the median thickness or diameter of pipes with the same material. 

When material was unknown, the model assigned the most common material for the given pipe in 

the city (Polyvinyl Chloride in most cases).  

The FIG model uses a random forest regression to predict the embodied emissions of water 

infrastructure outside of the 7 cities. The random forest model was compared with gradient 

boosting and linear regression models in training. Though the gradient boosting model 

outperformed the random forest in cross validation (see SI Figure 1.3), the random forest 

regression generalized better on the test set after random-search hyperparameter tuning and a 

further qualitative analysis of predictions to the city of Toronto. Six features were chosen from 

cross validation: population density, secondary road length in metres, primary road length in 

metres, number of primary lanes, number of mid/high rise buildings per capita, and number of 

single-family homes per capita. Many of the road features have skewed, long-tailed distributions, 

and some parameter values may be zero, so the regression transformed features using a hyperbolic 

sine function. The regression achieved an R2 value of just over 0.3 on the test set. Model 

hyperparameters chosen using random search are summarized in SI Table 1.1. The random forest 

was fit at model runtime. 

 

 

 

 

 



SI Table 1. 1 Hyperparameter values for water infrastructure random forest regression 

Hyper-parameter Value 

Split criterion Friedman mean square error 

Maximum tree depth None 

Minimum samples to split 2 

Minimum samples for leaf 4 

Maximum features for split 6 

Max samples for bootstrap 87.8% of total 

# Of decision tree estimators 1000 

 

 

 
SI Figure 1. 3 Cross validation results for water infrastructure machine learning regression – the 

vertical axis shows the machine learning model’s average root mean square error of cross 

validation for the number of features on the horizontal axis. Cross validation was completed 

using k folds. Given that input data corresponds to a given neighbourhood, cross validation is 

essentially a spatial CV that accounts for geographic correlation. 
 

 

 



The final embodied emissions for some given census area s are calculated in Equation 

S1.10 as the sum of the emissions in the three quantified infrastructure systems: 

 

𝑮𝑠 = 𝑮ℎ𝑜𝑢𝑠𝑒𝑠 + 𝑮𝑟𝑜𝑎𝑑𝑠 + 𝑮𝑤𝑎𝑡𝑒𝑟 (S1.10) 

1.2  Monte Carlo sampling procedure and sample size experiment 

The FIG model uses Monte Carlo sampling to propagate uncertainty through the 

quantification of embodied emissions in infrastructure. SI Table 1.2 organizes each input variable 

from the quantification procedure described in SI section 1.1, along with the distribution type (if 

the input data was uncertain) and data source used in the Canadian case study.  

To avoid infinite and negative values in our samples, the model fit uncertain variables to 

three bounded distributions: the PERT risk (modified beta or smooth triangular) distribution, the 

triangular distribution, and the uniform (uninformative) distribution. If possible, distributions were 

chosen based on previous studies and data sources (e.g. GHG emission factors were taken to be 

PERT distributed from Arceo et al.). The FIG model has a built-in distribution fitting procedure 

for distributions not specified in previous studies 38. The model fits the data to each of the three 

bounded distributions using maximum likelihood estimation (MLE). It then puts these candidate 

distributions through a Kolmogorov–Smirnov test, and the distribution which minimizes the test 

p-value is chosen. Equations S1.11-S1.14 describe this process mathematically given a 

distributions probability density function f(x) defined by parameters θ in parameter space ϴ: 

 

ℒ𝑛(𝜃|𝑥) = 𝑓𝑛(𝑥|𝜃) (𝑆1.11) 

 

For each candidate distributions fn: 

 

𝜃 = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝜃∈𝛩

ℒ𝑛(𝜃|𝑥) (S1.12) 

 

Take candidate distribution with largest Kn given: 

 

𝐾𝑛 = 𝑠𝑢𝑝
𝑥

|𝐹𝑛(𝑥) − 𝐹(𝑥|𝜃)| (S1.13) 

 

𝐹𝑛(𝑥) =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

(S1.14) 

 

For dataset x with n independent and identically distributed samples. The fitting procedure 

has a fail-safe: if the MLE fails to converge, or if the number of observations is below a certain 

threshold, the data is automatically fit to a uniform distribution. The distribution-fitting procedure 

is performed at runtime to dynamically update samples if input data is modified. The only 

exception to the use of the three bounded distributions is the assumption of flexible vs. rigid 

pavement. The quantification method for Canadian roads assumed 100% of local roads used 

flexible pavement, with 68% of remaining roads being flexible 78,90. When the pavement type of a 



road was not given in the data, the model sampled non-local roads from a Binomial distribution fit 

to the 68% assumption. 

 

 

SI Table 1. 2 Quantification variables, distributions, and source 

Quantification variable (symbol) Distribution/value Input source 

Houses:   

GHG emission factors (f) Absolute or pert Arceo et al 2023 
62 

Number and type of residential 

dwelling units in a neighbourhood 

(u) 

Absolute Statistics Canada 

2022b 57 

Embodied emissions per unit for 

any given residential building of 

some form in a neighbourhood (gω) 

Variable (FIG fitting procedure) Arceo et al. 2020 
40 

Roads:   

Road class Absolute Statistics Canada 

2022d 42 

Number of lanes (n) Absolute Statistics Canada 

2022d 42 

Lane width (wr,m) Uniform (dependent on road 

class, pavement type) 

Rousseau et al. 

2022a 78 

Material thickness (tr,m) Uniform (dependent on road 

class, pavement type) 

Rousseau et al. 

2022a 78 

Material density (ρm) Absolute Circular Ecology 

2019 43 

GHG emission factors (fm) Pert/uniform Arceo et al. 2020, 

Rousseau et al 

20221a 40,78 

 

Unknown, non-local road pavement 

type 

Binomial (p=0.68) EAPA and NAPA 

2011 90 

Water:   



Pipe material volume parameters 

(n, d, l, n, l)  

Absolute 7 Ontario Cities 

Catch basin depth (component of 

vcatch) 

Discrete uniform with values: 

1980mm, 1830mm, 1520mm, 

1380mm, 1680mm 

The Road 

Authority 2019 81 

Other catch basin parameters Absolute The Road 

Authority 2019  81 

Material density (ρm) Absolute Circular Ecology 
43 

Ghg emission factors (f) Pert Arceo et al 2020, 

Circular Ecology 

201940,43 

 

 

The Monte Carlo simulation is applied to equations from SI section 1.1 in order to produce 

samples from some empirical distribution ψ. Mathematically, this means that every sample from 

the model is derived from the distribution described in Equation S1.11 – a probabilistic form of 

Equation S1.15: 

 

𝜓(𝑮𝑠) = 𝜓(𝑮ℎ𝑜𝑢𝑠𝑒𝑠 ) + 𝜓(𝑮𝑟𝑜𝑎𝑑𝑠 ) + 𝜓(𝑮𝑤𝑎𝑡𝑒𝑟 ) (S1.15) 

 

A sampling experiment was performed in order to determine reasonable sample sizes 

required for the Monte Carlo simulation. The experiment used the baseline embodied emissions 

per capita of every neighbourhood in Canada. At every step, the experiment increased the sample 

size by 50, took the average sample (both mean and median) for each neighbourhood, and then 

calculated the percent difference in summary statistics (mean, median, and standard deviation) off 

all Canadian neighbourhoods compared to the previous sample size. SI Figure 1.4 shows the 

results. Percent change is quite low due to the large sample size, with the largest value observed 

being a 0.05% change in the standard deviation of embodied emissions in water infrastructure 

when increasing the sample size from 50 to 100. Also, some of the results seem to suggest a plateau 

in the decrease of percent change around the change from 150 to 200 samples. The mean and 

median sample have similar percent differences, indicating robustness to outliers. To get best 

results from the simulation, the analyses in the main text uses 500 Monte Carlo samples for figures 

and median results wherever possible. In more sample-intensive analysis such as the 2050 forecast 

with material reductions (which requires new samples for each year that emission factors are 

reduced), The model used 50-100 samples. 



 
SI Figure 1. 4 Monte Carlo sampling experiment results – the horizontal axis value denotes the 

sample size being compare its sample size less 50. 

 

1.3 Forecasting construction and embodied emissions 

The final embodied emissions for each year and the overall embodied emissions for a 

simulation is found by summing up the emissions in the census areas built to meet the future 

construction growth. Given bp,y is the number of houses to be built in province p in year y, then the 

construction forecast proceeds as follows for each Monte Carlo run from SI section 1.2: 

Sample n neighbourhoods from the set of census areas Acensus according to some prior (we base 

the initial sample off the average number of houses per DA in a province). Also extract the 

embodied emissions gp,y as per Equation S1.16.  

 

{𝐴𝑐𝑒𝑛𝑠𝑢𝑠}
𝑛
→ 𝑏𝑝,𝑦 , 𝑔𝑝,𝑦 (𝑆1.16) 

 



If bp,y is not within the set tolerance (±1000), sample or drop some number of neighbourhoods 

(we found 5 neighbourhoods to be a reasonable value for this hyper parameter). 

Determine the total embodied emissions at the end of the simulation by summing gp,y according 

to Equation S1.17. 

 

𝐺𝑝,𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑔𝑦

𝑥

𝑦=0

(𝑆1.17) 

 

1.4  Model exclusions and comparison with top-down methodology 

Below is a list of all infrastructure elements and life-cycle processes that the current iteration 

of the Canadian run of the FIG model excludes (and other assumptions made). The FIG framework 

theoretically allows for the addition of these missing elements; this chapter mainly makes these 

omissions due to data constraints and time feasibility. 

 

• Housing elements: the public housing dataset excludes some elements, such as structural 

connections and landscaping elements; see the dataset and related papers for a 

comprehensive list of exclusions 40,41. The Canadian case study does not consider 

temporary or “other” dwellings 57, which make up a small part of Canada’s housing stock. 

• Road elements: does not include bridges or other interchange structures. Does not include 

unusually large granular fill. The forecasts for the Canadian case study include only local 

infrastructure, not major highways or interchanges outside of residential/urban areas. Does 

not include signage. 

• Water elements: does not include major water infrastructure like large water treatment 

plants. Does not include sidings that connect houses to watermains, fire hydrants, grates, 

or manholes. 

• Emission factors: does not include construction energy use or end of life emissions (A1-

A3 life cycle stages only 24). Biogenic carbon quantification follows the 0/0 approach 31. 

• Renovations outside of unit count conversions: the current FIG framework does not 

account for maintenance of new or existing infrastructure. 

• Other infrastructure: Due to the focus on housing, the current version of the FIG model 

does not include commercial buildings, industrial buildings, rail infrastructure, energy 

infrastructure, oil & gas, etc. 

 

 

The Canadian case study specifically excludes future forecasting of housing infrastructure in 

Yukon, Nunavut and the Northwest Territories. The Canadian Housing and Mortgage Corporation 

lacks future construction data for these territories 27, and FIG’s housing and GHG factor data is 

probably not representative of construction materials used in Northern/Arctic Canadian climate. 

The Canadian case study results from the FIG model were compared to downscaled, top-down 

sectoral emissions calculated using an environmentally-extended input-output (EEIO) model 91. 



This comparison found that the results from FIG were 15% than the EEIO model results (as 

expected from bottom-up modelling), depending on what was defined as the residential 

construction sector. 

 

2. Reduction Strategy Details 

2.1 Low embodied emissions building design 

This strategy limited the data samples used to fit the embodied emissions per unit 

distribution for each of the housing forms defined by in Canadian census (single-detached, semi-

detached, rowhouses, plexes, low-rise apartments, and high-rise apartments) 92 to quantified 

houses in lowest quartile of kgCO2eq/unit (described in Equation S2.1; the model uses data only 

up to rank-ordered index j for the dataset with length n): 

 

𝑗 ≤
1

4
(𝑛 + 1) (S2.1) 

 

The 1st quartile is chosen because it represents a change in building design which could be 

adopted quickly, and because some forms of housing have limited sample sizes (particularly in 

rowhouses and plexes). Choosing housing only in the 10th quantile or below had little marginal 

reductions compared to the 1st quartile, likely due to these limited sample sizes. More data could 

identify further potential savings from existing design variation. 

2.2 Changing future housing form 

Limiting of construction to only certain neighbourhood forms worked similarly to the limits 

on building design choices. For forecasted scenarios labelled “high single-family” (see main text 

Figure 2), for example, neighbourhoods built in the simulation were limited to those in 95th quantile 

(replace ¼ with 0.95 in Equation S2.1) of percentage of homes in that neighbourhood being single 

family. This method was chosen over simply picking a certain housing mix because some more 

rural provinces have different housing profiles than the more urban ones. Provinces like Prince 

Edward Island have few to no mid/high rise buildings, and it would be unlikely to see 

neighbourhoods with the density of Canada’s large cities to be built in this region by 2030. 

Neighbourhood construction is therefore limited to the housing mixes of each individual province. 

 

2.3 Infill construction and circularity constant 

The embodied emissions of neighbourhoods sampled for infill construction are modified 

according to Equation S2.2: 

 

𝐺𝑠 = 𝑘 ∗ 𝐺ℎ𝑜𝑢𝑠𝑒𝑠 + 0 ∗ (𝐺𝑟𝑜𝑎𝑑𝑠 + 𝐺𝑤𝑎𝑡𝑒𝑟 ) (S2.2) 

 

The circularity constant k is set to a value of 0.8 for results outside of the sensitivity analysis 

in the main text. This value was chosen using engineering judgement based on our knowledge of 

construction in Canada and the rarity of k values near zero (which would imply adding infill 



housing units with very little new materials) and a k value of one (all infill construction being 

completely new, which is known to not be the case from city development applications). 

Some assumptions are also made when determining the infill rate for each province. SI 

Table 2.1 summarizes the infill rates used in the different forecast scenarios. There is minimal 

information of infill rates in provinces outside of Ontario (the most populace province in Canada 

and the area where the most future growth is predicted by Canada’s National Housing 

Corporation). Infill percentages in cities around Ontario were determined using municipal data and 

provincial legislation 93–97, and then historic census construction data was used to calculate an 

overall 35% infill rate for the province. The two other most populated and densely built provinces 

– Quebec and British Columbia – were assumed to have the same infill rate, and the remaining, 

less-dense provinces were assumed to have half of Ontario’s infill rate. These assumptions resulted 

in a 30.8% national average infill rate in the baseline results. While this infill rate has a high degree 

of uncertainty, it should be noted that the main text Figure 4 shows that results do not vary 

significantly at the assumed k value unless the national infill rate is more than doubled. 

 

SI Table 2. 1 Infill rate for provinces in different projection scenarios 

Provinces Baseline Scenarios (historic 

infill rate) 

Scenarios with increased 

infill (doubled historic rate) 

Newfoundland, Nova Scotia, 

Prince Edward Island, 

Manitoba, Saskatchewan, 

Alberta 

17.5% 35% 

Ontario, Quebec, British 

Columbia 

35% 70% 

2.4 Material technology and production improvements 

Yearly reductions in the material emission factors come from literature. The analysis assumed 

specific reductions for five major materials: concrete, steel, asphalt, PVC/plastics, lumber, and 

insulation and assumed reductions for other materials from an industry-scale study 25,47–53. Sources 

generally split material reductions into two parts: reductions to 2030, and reductions from 2031 to 

2050. Broad studies generally assume near-linear reductions in material production emissions until 

2030. Studies looking at emissions after 2030 project rapidly decaying emissions towards net zero 

in 2050. Some materials have more short-term emissions reduction potential than others. For 

example, multiple studies project a 25% decrease in concrete and cement production emissions by 

2030, whereas the plastics industry has very little short-term reduction potential. The analysis 

assumed linear reductions to 2030 for all materials, and fit 2031-2050 reductions to the exponential 

decay formula in Equations S2.3-S2.5: 

 

𝑓(𝑥) = 𝑐 + 𝜃1𝑒−𝜃2𝑥 (S2.3) 

 

Subject to constraints, 

 



𝑓(2030) = 𝑟𝑚2030 (S2.4) 

 

𝑓(2040) = 0.1 (S2.5) 

 

Where rm2030 is the percentage reduction applied to a given materials emission factor in 2030. 

SI Figure 2.1 plots the reduction percentage for each material. Remaining assumptions are below: 

 

• Assumed the steel industry continues to reduce production emissions at the rate they did 

between 1990 and 2020 51. 

• Assumed lumber and insulation producers achieve insignificant reductions until 2030. 

There are few-if-any comprehensive emission reduction plans for these industries. 

 

 
SI Figure 2. 1 Reduction in material emission factors over time 

 

3. Future Construction Projections 

3.1 Short-term: business-as-usual and affordability growth 

The analysis derived construction of houses in the BAU and affordability growth scenarios 

from a recent Canadian Mortgage and Housing Corporation report 27. The CMHC gives time-series 

projections for BAU construction, but only provides aggregate extra units required for 



affordability. The analysis assumed these extra units start getting added in 2023 and that 

construction grows logistically in every province until 2030, according to Equation S3.1: 

 

∫
𝐿𝑝

1 + 𝑒−𝑘𝑝(𝑡−𝑐𝑝)
= 𝑏𝑝 + 𝛿𝑝

2030

2023

(S3.1) 

 

Where t is time in years, b is BAU, δ is additionally units for affordability, and L, k, c are 

function parameters specific to province p. SI Figure 3.1 shows national-housing growth as a result 

of this assumption. 

 

 
SI Figure 3. 1 Business-as-usual (red) and high-housing growth (blue) that restores affordability 

by 2030. 
 

3.2 Long-term growth based on population projections 

The analysis estimated housing construction past 2030 by assuming housing growth 

proportional to Canada’s population according to Equation S3.2: 

 

𝑆𝑦 =
𝑝𝑝𝑦,𝑠

𝐻𝐹2021

(S3.2) 

 

Where S is the number of housing starts in year y, pp is the yearly projected population 

growth in scenario s, and HF is the average household formation rate (number of residents per 

housing unit) for the given province from the 2021 census. The government of Canada forecasts 

10 separate population growth scenarios generally categorized under low, medium, and high 

growth 56. In growth scenarios where the population decreases (which happens in some provinces 

but never at an aggregated national level), the analysis assumes no new housing is constructed. 

In the main text, household formation rate is assumed to be fixed between 2030 and 2050 

(see SI Table 3.1), but demographic and economic pressures may push the average number of 



occupants in a unit up (such as increasing housing prices) or down (such as smaller families). SI 

Figure 3.2 shows how future housing starts may vary if national average household formation rate 

increases by 50% to 3.6 people per unit (to the approximate rate in the 1970) or decreases by 20% 

to 1.9 people per unit (following the current trend of smaller households) 98. The cumulative 

variation in housing starts is significant, showing that increasing the future average household size 

in Canada may be a way to mitigate demand for housing as shelter. It also shows how uncertainty 

projections of housing construction can be beyond the near term. 

The country-level population projection extends to 2068, but province-level projections 

only extends to 2043; the analysis assumed that the rate of change between 2042 and 2043 is 

constant until 2050. 

There are some limitations to using population as a proxy for housing growth. The most 

important is that it ignores economic factors that drive housing growth like interest rates (factors 

that cannot be accurately estimated as far out as 2050), and the demand for housing as an 

appreciating asset. 

 

SI Table 3. 1 Average provincial household size in Canada in 2021 

Province 2021 average household size 

(people/housing unit) 

Ontario 2.6 

Quebec 2.2 

British Columbia 2.4 

Manitoba 2.5 

Saskatchewan 2.5 

Newfoundland 2.3 

Nova Scotia 2.2 

Alberta 2.6 

New Brunswick 2.3 

Prince Edward Island 2.3 

 



 
SI Figure 3. 2 Population-based yearly housing starts under different household formation rates – 

the top of the coloured bands shows the 20% average household size decreases, thus increases 

the total housing requirements for the growing population. The bottom bands show the 50% 

average household size increase. The solid lines show the fixed household formation projection 

referred to in the main text. 
 

3.3 Time-series modelling and probability of future high growth 

This appendix includes supplementary study of historic housing starts to determine the 

feasibility of the high growth construction scenario. The results below show a set of best-fit time-

series models that were fit to the historic housing start data in Canada, and it shows the prediction 

interval for these models to 2030.  

SI Figure 3.3 shows the various time-series models fit to the historic data. The ARIMA and 

exponential smoothing models performed best on the test set. Other models either had lower 

RMSEs (e.g. the small, single-layer neural network), had autocorrelated residuals (Drift Model), 

or failed a Ljung-Box test (naïve model). The plot shows the 80% confidence interval 

(bootstrapped for most models). 



 
SI Figure 3. 3 Time-series forecasting models fit to historic housing start data in Canada. 

Decomposed bagged models show the bagged mean for ETS (blue) and ARIMA (orange) 

 

SI Figure 3.4 shows the prediction interval of cumulative starts for each model. When 

compared to BAU and high construction growth. The means of the best models line up with the 

BAU case. The high-growth goal of 5.8 million homes is more than 2 million homes above the 

95% confidence interval for the best-fit models. This indicates that it is unlikely, based on 

historical data, that Canada will build enough housing by 2030 to restore affordability, which 

would result in less future embodied emissions. Nevertheless, there are still reasons to believe that 

housing construction could grow significantly. Increases in efficiency through the emergence of 

construction technology could increase yearly housing starts. Technology improvements and 

political pressure due to unaffordability in Canada could cause historically unprecedent 

restructuring of the economy and corresponding growth in housing construction. Finally, scenarios 

which do lie within a reasonable confidence interval still see millions of more units than the BAU 

case, which would greatly increase embodied emissions beyond the country’s reduction goals. 



 
SI Figure 3. 4 Prediction interval of cumulative housing starts from time-series models compared 

to BAU and high growth 

 

 

 

  



4. Supplementary Results 

This section contains additional figures/tables referred to in the text (primarily in the main 

text Figure annotations). 

 

SI Table 4.1 Summary of embodied emission reduction strategies and growth scenarios explored 

in the main text 

 

 

 
SI Figure 4.1 Relationship between a. building, b. road, and c. water embodied emissions and the 

percentage of single-family buildings in a Canadian neighbourhood. 
 

 



 

SI Figure 4.2 Main text Figure 2a distribution of embodied emissions in neighbourhood 

infrastructure with sampling uncertainty. The minimum (blue) and maximum (red) out of the 500 

Monte Carlo samples are shown. 

 

  



SI Table 4.2 Key results from 2030 forecast of embodied emissions under different scenarios 

Housing 

Growth 

Scenario 

Housing mix Other strategies Yearly 

emissions 

in 2030 

(MtCO2eq) 

Cumulative 

emissions 2022-

2030 (MtCO2eq) 

BAU (2.3 

million homes) 

High single family None 19.2 174 

Historic (baseline) None 12.6 107 

High mid/high rise None 9.14 82.7 

High low-rise 

multi-unit 

None 8.26 74.9 

High low-rise 

multi-unit 

material technology + best-

in-class design 

3.74 36.9 

Affordability 

(5.8 million 

homes) 

High single family None 72.5 418 

Historic (baseline) None 44.3 256 

High mid/high rise None 32.2 188 

High low-rise  

multi-unit 

None 30.7 178 

High low-rise 

multi-unit 

material technology + best-

in-class design 

14.1 86.5 

High low-rise 

multi-unit 

material technology + best-

in-class design + 100% 

infill + double circularity  

6.19 54.5 

 

 

 



 

SI Figure 4.3 Main text Figure 3a showing the range including sampling uncertainty. Sampling 

uncertainty for cumulative emissions in 2030 is around 5 MtCO2eq in each scenario. 

  



 

SI Figure 4.4 Sampling uncertainty in Figure 3b. Uncertainty between the minimum and 

maximum Monte Carlo sample too small to show in error bars. The top of the plot shows the 

maximum sample, while the bottom shows the minimum for each additive strategy. 

 

 

 

 
SI Figure 4.5 Net zero prospects of new construction under different strategies – a. Shows the 

range of forecasted yearly emissions between 100% single family (SF) (top of coloured bands) 

and 100% low-rise multi-unit (LRMU) (bottom of coloured bands) if material technologies 

improve in line with net-zero policies. b. shows average pathways if production emissions 

cannot be lowered below 2030 levels. c. shows the range of forecasted emissions if production 

emissions cannot be lowered below 2030 levels but other reduction strategies are also deployed: 

infill rate is doubled, circularity is increased from k = 0.8 to k = 0.5, and buildings are built using 

1st quartile designs. 

  

a. b. c. 
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