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Abstract 
This study uses material flow analysis to estimate the material stocks and flows and associated upfront embodied carbon emissions for gravity building structural systems in the United States. Seven scenarios that align with the shared-socioeconomic pathways are conceptualized and used to estimate floor space and structural material demands through 2100. These scenarios consider aggressive, moderate, and low adoption rates of timber-based structural materials. Under all scenarios, total floor space is projected to increase to a maximum upper-bound of 202% (162,187 m2) between 2020 and 2100. The results indicate that the associated increase demand for structural materials cannot be met solely by urban mining of decommissioned buildings. Assuming present-day carbon emissions intensities of structural materials, the average upfront embodied carbon intensity for gravity superstructures in the building stock decreases from 49 kg CO2e/m2 in 2020 to 29 kg CO2e/m2 in 2100 under the scenario with aggressive adoption of timber-based systems.
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1.0 Introduction
The global demand for all materials, including those used in construction, is expected to double by 2060 (OECD Publishing, 2019). The United States building stock alone is expected to increase by 41% in floor area over the next 30 years, due to the growth of population and gross domestic product (GDP) (International Energy Agency, 2013). This growth will increase the demand for structural materials in the United States—and the environmental impacts associated with their manufacture.
The direct and indirect emission from the construction sectorConstruction activities—including structural building material production—were responsible for 23% of global carbon dioxide (CO2) emissions in 2009 (Huang et al., 2018). Without intervention, greenhouse gas emissions from the buildings sector are expected to increase, given the future increase in floor space, structural material demand, and the manufacturing emissions associated with the production of the two most common structural materials—steel and concrete. The manufacturing processes of steel and cement, the primary constituent in concrete, are emissions-intensive and have proven difficult to decarbonize (Nidheesh and Kumar, 2019). To meet global decarbonization targets, however, it has been suggested that the construction industry must achieve carbon neutrality or carbon negativity by 2030 (Rockström et al., 2017). Achieving this aggressive goal in the next decade will require significant action, considering the increased demand for new floor space over that period of time.
Structural systems, the framework of buildings that support applied loads, contribute the majority of a buildings’ embodied greenhouse gas emissions—emissions associated with the manufacture, use, and disposal of materials (Chau et al., 2015; Hasik et al., 2019). While structural system lifespans are typically as long as the building itself (Silva et al., 2022), the associated upfront embodied greenhouse gases are emitted at the start of its life, in opposition to operational emissions, which are distributed over a building’s lifetime. Thus, with the near-term requirement of reducing global CO2 emissions to avoid a catastrophic rise in temperature, the building design community has begun to recognize the need to substitute high-emitting structural materials (i.e., steel and concrete) with low-emitting materials (i.e., timber). Another potential solution to reduce the demand for additional material extraction and the associated greenhouse gas emissions can be achieved through circular building, namely the systematic deconstruction and direct reuse of construction materials. However, to assess the extent by which circular economies can be a viable solution at the building-stock scale through urban mining, the existing types and quantities of materials banked in buildings must be estimated.
1.1 Past and future estimates of structural materials and building stocks
Researchers (e.g., (Bergsdal et al., 2007; Müller, 2006)) have developed dynamic building stock models to quantify building material stocks and flows to both quantify the future demands for building materials and to understand how construction and demolition waste streams may be utilized. These approaches are typically considered as bottom-up models in that material estimates are determined based upon the quantity of floor space within a building stock and estimated material intensities. In contrast, top-down models (e.g., (Farfan et al., 2019; van Ruijven et al., 2016)) rely primarily on population and economic data to estimate future material demands (i.e., steel and concrete). While these top-down models can are effective in forecast projecting the inflow of materials, they must rely on lifetime assumptions are not able to fully characterize the stock of materials at any given time, or the quantities of materials exiting the system (outflows). As a methodology, bottom-up, dynamic material flow analyses provide a more granular view of the demand for construction materials and can be applied to buildings stocks of cities (e.g., (Ajayebi et al., 2020; Gao et al., 2020; Lausselet et al., 2020; Miatto et al., 2019; Stephan and Athanassiadis, 2018)), countries, (e.g., (Fishman et al., 2014; Heeren and Hellweg, 2019; Sartori et al., 2016; Tanikawa et al., 2015)), and the entire world (e.g., (Deetman et al., 2019; Krausmann et al., 2020; Marinova et al., 2020)).
Few studies have focused solely on the United States building stock or on structural materials alone. In previous work, the historical stocks of cement were modeled for US buildings and infrastructure (Kapur et al., 2008). Historical material stocks of steel, concrete, and wood were also modeled for the Los Angeles County building stock (Reyna and Chester, 2015). While these studies are useful in determining the existing stocks of materials, they are limited in understanding how, for example, policy changes may affect the future evolution of building stocks. Fishman et al. (2014) not only quantified historical construction material stocks, but also extended the analysis of construction materials for the US through 2050, although the results cannot be disaggregated into different types of buildings. 
Due to the type of building stock data that is readily available, a stock-driven modeling approach has generally been implemented in bottom-up analyses to understand building material stocks and flows. The generalized stock-driven methodology is described by Sartori et al. (2016). To accurately construction a stock-driven model, an accurate depiction of the current state of the building stock is needed. Statistics about the cohort-age of buildings, in addition to building lifetime distributions, are often aggregated at the national scale. To derive historical and future dynamics of a building stock, estimates of population and gross domestic product (GDP) are typically used. For historical estimates, the Maddison Project (Bolt et al., 2018) is commonly used, since national statistics typically do not reach as far back as required. For future estimates of population and GDP, the shared socioeconomic pathways (SSPs) (O’Neill et al., 2017) have become the primary set of modeled scenarios, since they underpin many of the global integrated assessment models (e.g., IMAGE (Hordijk et al., 2014), GCAM (Bond-Lamberty et al., 2021)). The narratives that guide these scenarios are flexible and can be used to conceptualize the future changes the demand for materials (Riahi et al., 2017; Schandl et al., 2020). Understanding future material demands, current and future material stocks, and projected material outflows are key to the sustainable urban policymaking, and their successful measurement will enable the built environment to transition to a circular economy.
1.2 Scope of work
The objective of the present work is to model the historical material stocks and flows for gravity structural systems (those resisting vertical loads) in the United States building stock and predict future material stocks and flows using a scenario-based dynamic stock model. The six structural systems considered herein are light-frame wood, mass timber, steel frame, reinforced concrete frame, masonry, and unreinforced masonry. A modeling framework is developed (1) to model the historical and future US floor space stocks and flows in the context of four SSP scenarios and (2) to quantify the historical and future material stocks and flows of the primary materials (i.e., concrete, steel, engineered wood, dimensional lumber, and masonry) that comprise the aforementioned six structural systems. Specifically, scenarios are constructed to consider how the aggressive adoption of timber-based buildings will impact the future demand for timber-based products. Section 2 describes the modeling framework, while Section 3 presents the results of the scenario analyses and discusses the implications in the context of other estimates for future structural material demands.
2.0 Computational Model
To estimate future stocks and flows of structural materials for the United States building stock between 2020 and 2100, a scenario-based modeling approach is taken. The computational methods are separated into two models: (1) a dynamic stock-driven model for the United States and (2) a material intensity model for each type of structural system typology. The primary output of the dynamic stock model, floor space, is used as the input to the material intensity model, which then computes the stocks and flows of structural materials. A summary of the modeling framing is depicted in Figure 1, which illustrates the connection between the Stock-Driven Model and Material Intensity Model.
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Figure 1. Overview of the modeling framework.

2.1 Stock-Driven Model
The Stock-Driven Model is built using the Open Dynamic Material Systems Model (ODYM), which is a framework for industrial ecology modeling of stocks and flows (Pauliuk and Heeren, 2019). ODYM implements a lifetime model for a dynamic modeling of stock-flow relationships (Haberl et al., 2017; Müller, 2006), which is well-suited for modeling building stocks. ODYM was recently implemented to forecast residential and commercial construction material stocks at a global scale (Deetman et al., 2019; Marinova et al., 2020).
	The dynamic stock model utilizes a mass balance between the inflow and outflow, where the change in the stock, , is equal to the inflow  minus the outflow :
					Eq. 1
The outflow is determined using the lifetime model, which considers a survival rate expressed using a probability density function, , which is used to compute the percent of the surviving cohort at a particular time, and summed over all cohorts to obtain the outflow for a given time frame:
 					Eq. 2
where  is time and  a dummy variable from the convolution mathematical operation. Depending upon the type of data that is known, either inflows or total stocks, the mass balance equation (Eq. 1) is solved. For building stocks, which are commonly modeled using units of floor space (m2), the inflow is rarely known, so a stock-driven approach informed by floor space elasticities (m2 cap-1) is usually adopted. Examples of studies that use stock-driven models to evaluate building stocks include Bergasdeal et al. (2007) and Müller (2006), while Moura et al. (2015) used housing permit data to model residential floor space in the United States utilizing an inflow-driven approach.
For the model developed herein, a stock-driven approach is used to determine the inflows and outflows of floor space in the units of million m2 between the years of 1820 and 2100. The resulting inflows are then implemented in two inflow-based models, to assess the material stocks and flows: one model for already-constructed buildings (before 2020) and another for new construction (after 2020). This separation is required to accommodate scenarios having different building lifetime parameters and the constraints of the ODYM modeling framework.
2.2 Floor Space Stock Demand
Floor space is modeled as a function of per-capita income (GDP) and population density (Daioglou et al., 2012). The relationship developed for use in the Energy Demand GEnerator (EDGE) model (Levesque et al., 2018) estimates the incremental change in floor space based upon the previous time-step’s floor space and change in income and population density. Equation 3 describes the relationship for calculating floor space: 
					Eq. 3
where  is the per-capita floor space demand (m2/person),  is the per-capita gross domestic product (US$2005/person),  is the population density (people/km2), and  and  are scenario-dependent elasticity factors for income and population density, respectively, determined through regression analysis of historical data. For each SSP, a different  value is derived, based upon expected changes in population density (Levesque et al., 2018).
Table 1 summarizes the input parameters derived for the United States. The base year considered for the initial floor space elasticity is 2017, as this is when the most recent estimate for per-capita floor space for the United States was evaluated using a comprehensive set of building footprints identified from satellite imagery (Arehart et al., 2021b). The floor space elasticity, computed for each year, is then scaled by the population in each year to calculate the total floor space stock.
Table 1. Summary of model input parameters for deriving the total demand for floor space in the US. 
	Variable
	Value
	Units
	Source

	
	0.3
	--
	(Levesque et al., 2018)

	
	0.7
	--
	(Levesque et al., 2018)

	
	0.8
	--
	(Levesque et al., 2018)

	
	0.7
	--
	(Levesque et al., 2018)

	
	-0.03
	--
	(Levesque et al., 2018)

	
	246
	m2/person
	(Arehart et al., 2021b)



Since different building use types have different lifespans (US Bureau of Economics, 2003), three stock-driven models were built after disaggregating the floor space stock into three primary use-types: residential, commercial, and public. To determine the distribution of floor space in each use-type for the entire US, a weighted average (using total floor space) of each individual state’s data was extracted from the HAZUS database (FEMA, 2019): 77.3% residential, 14.2% commercial, 3.0% public, and 5.5% other. The “other” use type refers to industrial and agricultural building floor space, which is excluded from the present analysis while “public” buildings include religious, government, and educational building use types due to their similar lifetime distributions. See Table S1 in the Supplementary Information for details regarding which HAZUS buildings were aggregated into each use-type for the present analysis.
2.3 Lifetime Distributions
The lifetime distributions of buildings and material stocks can be modeled by a variety of distributions, such as normal, Weibull, lognormal, gamma, and Gompertz (Miatto et al., 2017). While no consensus exists as to which distribution best models the survival rate of buildings, Weibull distributions have been used to model both commercial and residential building stocks (Heeren and Hellweg, 2019; Kapur et al., 2008; Sandberg et al., 2014; Sartori et al., 2016; Sereda and Litvan, 1980; Zhou et al., 2019). For the United States building stock, the estimated Weibull parameters for the lifetime distributions are a shape of 85.8 and scale of 5.5 years for residential buildings, shape of 75.1 and scale of 4.8 years for commercial buildings, and shape of 95.6 and scale of 6.1 years for public buildings (Kapur et al., 2008; US Bureau of Economics, 2003). The distributions are visualized in Figure S5. These lifetime distributions are used alongside the floor space demand for each use-type to build the stock-driven model. After the stock-driven model is constructed with the ODYM framework, the resulting floor space stocks and flows were reaggregated before use in the Material Intensity Model (Section 2.4) as different structural systems can be used for different building use-types.
To validate the lifetime distribution of residential and commercial buildings, the age distributions produced from the dynamic stock model are compared with the age distributions of the buildings surveyed through the RECS (US EIA, 2017) and CBECS (US EIA, 2012) surveys. Density functions were fit between the two distributions for years during which the surveys were conducted and a Kolmogorov–Smirnov test (Chakravarty et al., 1967) was performed between the US EIA survey data and the results of the dynamic stock model to evaluate how well each assumed lifetime distribution reproduces the observations of the US EIA. For the 2012 CBECS and 2015 RECS surveys, KS test statistics of 0.0517 and 0.0736 were achieved, see Figure S6 and Figure S7 for a visualization of the validation.
2.4 Material Intensity Model
Material intensity is defined as the quantity of construction materials required per unit area of gross floor space. The construction materials considered herein are steel, concrete, engineered wood, dimensional lumber, and masonry. Engineered wood are manufactured wood composites derived from sawn wood glued into a range of shapes and products, thus achieving improved performance. Dimensional lumber are harvested wood products which have been cut to specific, standard sizes.  There are a variety of factors that impact the material intensity of a structural frame, for example, the architectural layout, the magnitude of forces being supported, and the height of a building. To represent the range of material intensities for various types of structural systems, a literature review of published material intensities for different types of structural systems was performed, and kernel-density estimates were fit, using either gaussian (when more than two samples were found) or uniform (when less than two samples were found) kernels. Five types of gravity structural systems are considered in the study: light-frame wood (LF wood), mass timber frame, steel frame, reinforced concrete (RC) frame, reinforced masonry (RM), and unreinforced masonry (URM). Figure 21 shows the kernel density estimates for each material and structural system. The sources  which contributed to the material intensity distributions include (D’Amico and Pomponi, 2020; Keoleian et al., 2000; Meil et al., 2007; Mosteiro-Romero et al., 2014; Pflieger et al., 2004; Reyna and Chester, 2015). Only gravity-loaded superstructure was included, due to a lack of data regarding foundation and lateral system material intensities. This limiting assumption is further discussed in Section 2.6. 
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Figure 2. Range of construction material intensities in kg/m2 of floor space by different structural systems: LF wood – light frame wood, Mass Timber, Steel, RC – reinforced concrete, RM – reinforced masonry, and URM – unreinforced masonry.

The outputs of the Stock-Driven Model are total floor space stocks for each year (in the unit of million m2), in addition to inflows and outflows for each year of the analysis period (both in the unit of million m2 of floor space per year). These stocks and flows are disaggregated based upon the type of structural system, and the material stocks, inflows and outflows, , are computed as:
					Eq. 4
where material  is the material considered (steel, concrete, engineered wood, dimensional lumber, and masonry),  is the structural system,  is the floor space constructed with each structural system, as computed the Stock-Driven Model, and  is the material intensity of each structural system by material as depicted in Figure 2.
	The large range of material intensities for the same type of structural system, attributed to differences in building geometry, loading, and use-types, necessitated stochastic sampling from these distributions using a Monte Carlo simulation. Various sizes of samples were considered (100, 1000, 5000, and 10,000), with convergence achieved at n=5,000. The mean and standard deviations of the stochastic sampling is then computed to determine the range of material stocks and flows. For simplicity, only the mean is presented in Section 3, while the full distributions can be found in the Supplementary Information.
From the results of the material flow analysis, the cradle-to-gate (EN 15978 modules A1-A3) emissions, or upfront embodied carbon emissions, and carbon storage of biogenic materials can be estimated by scaling the results of the material inflows for each scenario by the corresponding emissions coefficient. Industry average values, as reported by environmental product declarations (EPDs), are considered for each construction material’s upfront emissions. These values and data sources are reported in Table S3.
To evaluate the potential for structural systems to store carbon, the biogenic carbon content of the construction materials was considered. To estimate the biogenic carbon, it is assumed that dimensional lumber and engineered wood materials have a carbon content of 50% by mass and a moisture content of 12%. To convert then between mass of carbon and mass of carbon dioxide, the ratio of their molar weights (44/12) was used.
2.5 Scenario Definitions
A scenario analysis (Glenn and The Futures Group International, 2003) was used to conceptualize how the future of the US building stock might evolve between 2020 and 2100. Four scenarios were developed within the context of the narratives of the shared socio-economic pathways (O’Neill et al., 2017), including SSP1: Sustainability – Taking the green road (van Vuuren et al., 2017), SSP2: Middle of the road (Fricko et al., 2017), SSP3: Regional rivalry – A rocky road (Fujimori et al., 2017), and SSP4: Inequality – A road divided (Calvin et al., 2017).
In forecasting floor space, each of these four SSPs are considered. In forecasting the evolution of structural systems, seven scenarios are developed within the context of SSP1, SSP2, and SSP3. SSP4 was only included for the floor space estimation and was excluded from the other scenarios considered hereon due to its similarity with SSP2. The following seven scenarios consider additional elements not described by the SSPs, such as the density of urban spaces, the lifetime distribution of new buildings, and the amount of new construction that is timber-based. Table 2 describes each scenario, with the distribution of floor space constructed with each structural system in 2100. Note that these percentages do not represent the composition of the building stock in the year 2100, but rather the new construction during that year. Mobile homes are included in some scenarios as they represent a small portion of new construction, but are not considered as part of the present analysis due to their material intensities being much lower than other structural systems.
The transition between 2020 and 2100 is assumed to follow a generalized logistic function (Richards, 1959):
 					Eq. 5
where  is the percent of new construction in each year,  is the percent adoption in 2020 (light-frame timber – 66.2%, unreinforced masonry – 8.7%, mobile homes – 3.2%, mass timber – 2.2%, steel frame – 10.1%, reinforced concrete frame – 7.5%, and reinforced masonry – 2.2% (American Institute of Steel Construction (AISC), 2018)),  is the percent adoption in 2100,  is the year of maximum growth, and  is the growth rate. Generalized logistic functions can capture the market penetration of new technologies that have slow initial growth, shifting to exponential growth, and followed by market saturation (Kucharavy and De Guio, 2011), which makes the functions suitable for envisioning a paradigm shift to the US building stock. A growth rate of 0.2 is assumed, which is conservative in comparison to the adoption of renewable energy sources which historically has been between 0.3 and 0.9 for OECD countries (Cherp et al., 2021). The identified adoption parameters for each scenario are summarized in Table 2. Figure S12 visualizes the transition of new construction between 2020 and 2100 for each scenario.

Table 2. Summary of modeled scenarios to evaluate the evolution of the United States building stock. Each scenario considers a different urban density and distribution of new construction by structural system in 2100.
	Scenario Name
	Density
	Timber Growth
	Role of Steel, Concrete and Masonry
	Year of Max Growth
	Distribution of New Construction by Structural System in 2100.

	
	
	
	
	
	Light-Frame Timber
	Unreinforced Masonry
	Mobile Homes
	Mass Timber
	Steel
	Reinforced Concrete
	Reinforced Masonry

	SSP1 + Low Density
	Increase in density only due to urbanization trends
	High adoption of timber
	Residual 1% of each structure type remains
	2030
	49.20%
	0.00%
	0.00%
	47.80%
	1.00%
	1.00%
	1.00%

	SSP1 + Medium Density
	Medium Density (25% of new construction is light frame wood)
	High adoption of timber
	Residual 1% of each structure type remains
	2030
	25.00%
	0.00%
	0.00%
	72.00%
	1.00%
	1.00%
	1.00%

	SSP1 + High Density
	High Density (1% of new construction is light frame wood)
	High adoption of timber
	Residual 1% of each structure type remains
	2030
	1.00%
	0.00%
	0.00%
	96.00%
	1.00%
	1.00%
	1.00%

	SSP3 + No Mass Timber Growth
	Increase in density only due to urbanization trends
	Less adoption of timber than 2020 due to increased urban density.
	Multistory construction continues with current trends primarily using steel and concrete
	2050
	50.00%
	1.00%
	4.00%
	4.00%
	18.00%
	18.00%
	5.00%

	SSP3 + Moderate Mass Timber Growth
	Increase in density only due to urbanization trends
	Wood achieves 1/3 of the mid- and high-rise market construction.
	Some market share shifts to mass timber, yet predominately steel and concrete are used
	2050
	50.00%
	1.00%
	4.00%
	14.67%
	14.67%
	14.67%
	1.00%

	SSP2 + Moderate Mass Timber Growth
	Increase in density only due to urbanization trends
	Wood achieves parity with steel and concrete as a structural system for midrise and high-rise construction 
	Steel and concrete together have equivalent market share as timber
	2045
	50.00%
	1.00%
	4.00%
	22.00%
	11.00%
	11.00%
	1.00%

	SSP2 + Low Mass Timber Growth
	Increase in density only due to urbanization trends
	Less adoption of timber than 2020 due to increased urban density.
	Multistory construction continues with current trends primarily using steel and concrete
	2045
	50.00%
	1.00%
	4.00%
	10.00%
	17.00%
	17.00%
	1.00%



	The SSP1 + Low Density, SSP1 + Medium Density, and SSP1 + High Density scenarios are the most aggressive adoption scenarios which consider very high adoption of mass timber, as explored by Churkina et al. (2020). In these scenarios, 97% of new structural systems constructed in 2100 are timber-based (either light-frame timber or mass timber). Additionally, these three scenarios consider a 20% extension of the lifespan of buildings versus existing buildings. These three scenarios vary in the urban density that is achieved. The low-density scenario relies on existing urbanization trends within the US, in which 49.2% of the new construction in 2100 is constructed with light-frame timber structures. The medium density scenario considers 25% of new construction to be light frame timber, while the high-density scenario considers only 1% of new construction in 2100 as light frame timber). These three scenarios consider an aggressive transition in the next decade from steel and concrete framed systems to timber systems.
In contrast, SSP3 + No Mass Timber Growth and SSP3 + Moderate Mass Timber Growth consider little or moderate adoption of timber structures. In both scenarios, most multistory construction continues to be steel- and concrete-frame structures with increasing urban density driving the demand for light-frame timber structures below 2020 levels. In the SSP3 + No Mass Timber Growth scenario, no additional mass timber growth is considered, whereas in the SSP3 + Moderate Mass Timber Growth scenario, wood is modeled to achieve one-third of the mid- and high-rise construction market share.
Similarly, SSP2 + Moderate Mass Timber Growth and SSP2 + Low Mass Timber Growth are scenarios that lie in between the aggressive timber-dominant transition conceptualized by the SSP1 scenarios and the steel- and concrete-dominate alternatives of the SSP3 scenarios. In all the scenarios, masonry structural systems are considered to make up 1% of the new construction in 2100 (down from 2.2% in 2018) with the exception of SSP3 – No Mass Timber Growth.
2.6 Assumptions and Limitations of the Study
The following limitations should be considered when interpreting the results of this analysis:
· The existing correlation (Eq. 3) between floor space demand, population and GDP is assumed to hold true in future years. The relationship relies on regression analyses of historical data for the United States and does not consider the assumed convergences of resource consumption across regions.
· The model is highly sensitive to variations in lifetime distribution parameters. Only a single data source from 2003 was considered, which includes data for already-constructed buildings. The survival functions of new construction are not known, necessitating the use of historical data.
· Only gravity superstructureal systems are considered (those carrying the vertical load of the building). The lateral systems are not considered, due to the variety of potential systems and a lack of data regarding material intensities of these systems. While the PAGER database (Jaiswal et al., 2010) provides details on the distributions of both lateral and gravity systems, these systems are allocated on a population basis rather than floor space. With additional building stock-level data, this analysis can be extended to include lateral systems. Furthermore, data regarding foundation material intensities would expand the scope of this analysis to comprehensively cover material demands for substructure and superstructure systems. 
· Few data sources exist for material intensities of buildings. While some benchmark estimates for residential buildings (including light-frame wood and masonry) were included, there is a general gap in the literature concerning information related to material intensities of structural systems (D’Amico et al., 2019; Heeren and Fishman, 2019). While enough data sources were available to conduct this analysis, additional, higher-quality material intensity data would further refine the results.
· This analysis relies on the parametric analysis of D’Amico and Pomponi (2020), which considers the Eurocode (rather than the US building code) when designing structural gravity frames for material intensity estimations. While significant overlap exists in the design criteria (i.e., geometry, and loading), key differences, such as the strength of structural materials, also exist. Due to the wide range of structural frames considered herein, these differences are assumed negligible. However, using only US-based material intensities would reduce the uncertainty of the material intensity estimates reported herein.
· Emissions coefficients for present day are assumed to be a conservative estimate for the future, due to the further decarbonization of the electrical grid, changes in fuel sources, and manufacturing efficiencies that may occur in the future. Similarly, end-of-life emissions and other lifecycle stages such as construction and transportation were excluded as only upfront emissions were considered within the scope of the analysis. Yet, the inclusion of these other lifecycle stages would extend the analysis further.

3.0 Results and Discussion
There are three primary outputs from this study: (1) an estimate for floor space stocks and flows between 2020 and 2100 under four scenarios, explored in Section 3.1, (2) an estimate of the material stocks and flows of structural systems under seven scenarios, explored in Section 3.2 and (3) an estimate of embodied carbon emissions demand and carbon storage potential, described in Section 3.3. Stock and flow results are then compared against other models who have estimated similar quantities in Section 3.4, with Section 3.5 and Section 3.6 discussing extensions of the modeling framework.
3.1 Floor Space Demand
The total floor space stock, inflows, and outflows for the United States building stock are shown in Figure 3. For results separated by building use-types (i.e., residential, commercial, and public), see Figures S8, S9, and S10 in the Supplementary Information. 
Between 2020 and 2100, floor space is projected to increase 173% from 80,291 million m2 to 138,586 million m2 under SSP1 and 202%, 115%, and 200% for SSP2, SSP3, and SSP4, respectively. These increases are attributed to both increasing population and gross domestic product of the United States. SSP3 is the only scenario in which floor space stocks are expected to decrease at a point past the middle of the 21st century—a result that is driven by a decrease in population around 2050 that is considered by this scenario. While the decade of 2020 to 2030 shows the highest rate of floor space growth under all scenarios (Figure 3b), the inflow of floor space does not decrease (except for SSP3), due to the replacement of the retired building stock. This accelerating demand for construction materials is worrisome considering the need to reduce near-term carbon emissions, underscoring the fact that building codes and designers should immediately act to reduce embodied carbon emissions, not just operational carbon emissions. In contrast to floor space inflows, increased outflows of floor space are consistently predicted across all four scenarios. These outflows are driven by the retirement of the existing building stock, which increases from 505 million m2 per year to between 1487 and 1845 million m2 in 2100, depending upon the scenario considered. This outflow of floor space could result in either a troublesome 350% increase in construction and demolition waste or an abundant supply of non-virgin materials if the adoption of circular economies within the built environment are prioritized within this current decade.
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Figure 3. Total floor space stock (million m2), inflows (million m2/year), and outflows (million m2/year) for the United States under SSP1, SSP2, SSP3, and SPP4. 
To validate the choice of lifetime distribution parameters considered by the model, the cohorts are compared against eight RECS and eight CBECS surveys, which are shown in Figures S6 and S7. With these parameters, the dynamic stock model consistently estimates a younger building stock than captured by the US EIA surveys, providing evidence that building lifespans are, in fact, longer-lived than estimated by national statistics. This conclusion has also found recent support from building stock models in western Europe (Deetman et al., 2019) and residential buildings in parts of the US (Ianchenko et al., 2020).
3.2 Material Stocks and Flows 
In addition to floor space stocks and flows, material demands from structural systems are considered under seven scenarios as described in Section 2.5. Stocks are visualized in Figure 4, while Figure 5 and Figure 6, showing the inflows and outflows, respectively. For clarity, only the mean values of the Monte Carlo sampling are shown here. Figures S13, S14, and S15 show the full statistical distributions and associated uncertainty with the estimated stocks and flows for each material. To align with what is commonly used by industry, Tthe units of the material flow analysis are presented in million metric tons (109 kg) or gigatons (1012 kg) of each construction material. Yet, it is noted that a million metric tons is equivalent to the SI unit of a teragram (Tg) and a gigaton is equivalent to a petagram (Pg).
	Stocks of all materials are projected to increase in each scenario due to both the replacement of the existing floor space and the demand for additional floor space. Under the SSP2 + Low Mass Timber scenario, the higher demand for floor space and lack of timber adoption results in steel and concrete stocks increasing from 1.13 and 4.78 Gt in 2020 to 3.51 and 22.7 Gt in 2100, respectively. This scenario sees the largest stocks of steel and concrete materials in comparison to other scenarios, which consider a more sustainable outlook for future development.  For example, all three scenarios built upon the SSP1 pathway show stocks of steel leveling and stocks of concrete decreasing due to the prioritization of timber-framed buildings. As a result, these scenarios show that material stocks of engineered wood increase from 1.67 Gt in 2020 to 6.99 – 10.0 Gt in 2100 (depending upon the density of urban environment considered). Stocks of dimensional lumber, primarily used in light-frame construction, show a different trend compared to other materials, due to the reduced demand in the future because of continued urbanization and a shift away from detached residences (i.e., single-family homes) to taller, denser neighborhoods. The urbanization rate in the US is expected to increase from 83.9% in 2020 to 96.7% in 2100 (Jiang and O’Neill, 2017). This trend in urbanization will result in the construction of taller buildings, which require both higher material intensities (D’Amico and Pomponi, 2020; Helal et al., 2020; Pomponi et al., 2021) and increased use of engineered wood-based structural systems, as compared to light-frame wood construction. 
All scenarios considered that few new buildings will use masonry as their gravity structural system. While masonry stocks for gravity structural material applications are projected to decrease significantly over the analysis period, it does not necessarily mean that all masonry stocks will be eliminated, since masonry is commonly used for façades, interior partition walls, and lateral structural systems. 
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Figure 4. Projected material stocks of structural systems in the United States under seven scenarios between 2020 and 2100.

While these estimates of material stocks are useful for urban-mining planning purposes, estimates of future inflows and outflows of materials shown in Figure 5 and Figure 6, respectively, provide more insights into the demand and opportunity for end-of-life reuse and recycling of construction materials.
As expected, scenarios with high timber adoption show drastic increases in the demand for timber over the next couple of decades. Timber demand is projected to peak in 2075 (see Figure 5). The density in which urban areas develop has a significant impact. The demand for engineered wood products under the low-, medium-, and high-density SSP1 scenarios peaks at 97.2, 120.9, and 144.0 Mt/year, respectively. 
The modeled scenarios were conceptualized to evaluate how the aggressive adoption of mass timber buildings might stress the potential supplies of harvested wood products. Under SSP2, and SSP3, the expected forest area for the United States will increase 5% and 22%, respectively, by 2100 (Nepal et al., 2019), while the demand for engineered wood products for structural systems are estimated to increase by 260%, 324%, and 386% between 2020 and 2075 under the SSP1 + Low Density, SSP1 + Medium Density, and SSP1 + High Density scenarios respectively. This increase may be able to be met, since only 2% of current forested land in the United States is harvested (Oswalt et al., 2014), and replanting efforts are likely to balance the additional harvest demand. Further analysis is warranted to evaluate if the forests in North America have the capacity to support this significant increase in timber demand or if additional imports will be required.
In contrast to timber, the inflows of steel and concrete are expected to decrease under the high timber adoption scenarios and increase under the more moderate timber adoption scenarios (Figure 5). Under the SSP2 + Low Mass Timber scenario, steel and concrete demands are the highest, increasing from 34.2 and 166 Mt in 2020 to 54.7 and 382 Mt, respectively, in 2100. This result is expected due to the larger increase in floor space demand under the scenario and low adoption of timber. With this 59% and 130% increase in annual demand for materials, attention can be paid to the outflows of materials. 
While the outflow of materials continues to increase under all scenarios (Figure 6), a gap still exists between outflows of materials and demanded inflows. Thus, even considering a 100% rate of recycling or reuse of materials, it is not possible to “close the loop” and transition structural systems fully to a circular economy under any of the scenarios considered. This result aligns with Deetman et al. (2019), who found a similar result for some of the regions considered in their global scale analysis. Under the aggressive timber adoption scenarios, there is the potential to meet the demand for steel and concrete and close the loop, but these scenarios also put significant strain on the production capacity of working forests. At the global scale, there is doubt as to whether the most aggressive global demand for timber can be met by working forests (Pomponi et al., 2020).
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Figure 5. Projected material inflows of structural systems in the United States under seven scenarios between 2020 and 2100.
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Figure 6. Projected material outflows of structural systems in the United States under seven scenarios between 2020 and 2100.

3.3 Upfront Embodied Carbon Emissions and Carbon Storage Potential
Embodied carbon emissions due to the associated demand for gravity structural systems, for each material, is shown in Figure 7. As expected, the scenarios with the highest market share of timber-based structural systems shows the lowest annual carbon emissions. The SSP1 + Low Density, SSP1 + Medium Density, and SSP1 + High Density scenarios each have the lowest annual emissions between 2020 and 2100, starting at 80 Mt/year in 2020, reducing to 49 Mt/year in 2100. These scenarios offset the impact of a significantly larger building stock (in terms of floor space) through the increased adoption of low embodied carbon structural systems. In contrast, the SSP2 + Low Mass Timber and SSP2 + Moderate Mass Timber pathway predicts increased upfront embodied carbon emissions due to increases in floor space without significant adoption of timber structural systems. For example, the SSP1+ Low Density upfront embodied intensity per unit floor area decreases from 49 kg CO2e/m2 in 2020 to 29 kg CO2e/m2 in 2100, while the SSP2 + Low Mass Timber upfront embodied carbon intensity increases from 50 kg CO2e/m2 to 75 kg CO2e/m2 during the same timeframe. This result is attributable to an increase in urban density leading to an increased share of steel- and concrete-frame buildings, which have higher upfront embodied carbon intensities than low-density systems.
	The projected annual biogenic carbon storage potential of gravity structural systems is shown in Figure 8. As timber-based construction materials are used across scenarios, the gravity structural systems provide temporary biogenic carbon storage. For the SSP1-based scenarios, the carbon storage potential of the building stock increases, due to shift towards mass-timber and light-frame wood structural systems. Due to the decline in floor space of the SSP3-based scenarios, however, the carbon storage potential decreases substantially towards 2100. The SSP2-based scenarios, which entail high upfront embodied carbon emissions as previously discussed, also show increased potential for temporary carbon storage, which is again associated with higher increases in floor space demand. For example, under the SSP2- and SSP3-based scenarios, only 0.8 Gt of biogenic CO2 can be stored, while for the SSP1 based scenarios, this figure increases to 1.6-1.7 Gt of biogenic CO2. These results confirm the notion that the building stock, specifically structural systems, can temporarily store biogenic carbon at the “gigaton” scale. This finding aligns with other studies which consider the building stock to be a carbon sink (Arehart et al., 2021a; Churkina et al., 2020; Kuittinen et al., 2021). Yet, while buildings can be considered a sink that temporarily stores carbon, the climate impacts need to be more holistically evaluated by considering both the timing of emission and the timing of the carbon uptake, as bio-based structural materials have long regrowth periods and the accounting method used leads to different conclusions (Breton et al., 2018; Hawkins et al., 2021; Hoxha et al., 2020).
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Figure 7. Projected upfront embodied carbon emissions (annual) of gravity structural systems, separated by material for each of the seven scenarios considered. The cumulative upfront embodied carbon is shown on the secondary y-axis for each scenario.
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Figure 8. (a) Annual and (b) cumulative biogenic carbon storage potential of structural systems in the United States under seven scenarios.

3.4 Model Validation
To validate the model and the bottom-up methodology, the 2017 results are compared against industry-wide metrics to verify whether realistic values of material demand are achieved by the model formulated and implemented herein. 
The apparent demand for steel by the construction industry was 49.4 Mt in 2018 (American Iron and Steel Institute (AISI), 2020). The present model expects steel inflows between 24.0 and 34.3 Mt in 2017. Since steel is used in construction applications other than only gravity structural systems (e.g., concrete foundation reinforcing, lateral systems), it is expected that the demand for structural steel estimated by our model would be lower. The difference in steel demand in 2020 between the SSP scenarios is attributed to the different estimates for population and GDP which influence the estimate for floor space in the early years of the model. 
Likewise, the apparent demand for concrete by the US construction industry in 2016 is calculated to be 463 Mt based upon 85.9 Mt of cement produced (van Oss, 2017), a cement to concrete ratio of 0.139 by mass (DeRousseau et al., 2019), and assuming that 75% of cement being used by ready-mix batch plants (NRMCA, 2004). For gravity structural systems, the present model estimates the inflow of concrete in 2017 to be between 110.5 and 166.3 Mt (23-36% of the apparent consumption). This estimate appears realistic, too, since significant quantities of concrete are used for other construction applications, such as building substructure, and other infrastructure applications (e.g., pavement, roads, bridges, and dams). 
It is estimated that 158.6 Mt of lumber and engineered wood products were used in 2017—a figure that does not account for cross-laminated timber products due to a lack of data (Howard and Liang, 2019). The results of the present study estimate that between 108.4 and 140.8 Mt of dimensional lumber and engineered wood products are used in 2020 (68% and 89% of the total production), showing alignment between the top-down estimate the bottom-up estimate from the present study. Many necessary assumptions, as described in Section 2, were required to build the bottom-up model presented in this study. These assumptions do not overly limit the model to estimate the material demands, since the results it yields for the base year align with top-down data.
This alignment between bottom-up and top-down approaches appears to confirm the recent finding that total floor space in the United States is much larger than the conditioned floor space estimated by national statistics (Arehart et al., 2021b). If the floor space per-capita of conditioned floor space was to be used in this analysis, the gap between the bottom-up and top-down analyses would be even larger. This finding underscores the importance of per-capita floor space estimates for use in large-scale building stock modeling and research should continue to focus on improving our measurement and understanding of the United States building stock.
3.5 Model Improvements
Two primary sources of uncertainty exist within the model: (1) estimates of floor space and (2) estimates for material intensities. Reducing the errors in each of these estimates will not only improve the results of the model but can allow for the calibration of the model with top-down data. For instance, if more refined estimates for per-capita floor space are known, the material intensities of buildings may be better calibrated. Furthermore, this model only considered a simplified number of structural systems based upon the availability of material intensity data. As a result, hybrid structural systems, such as post-tensioned concrete podium slabs with light-frame wood, which has become a common structural system for mid-rise residential construction in recent years, were not considered. The survey of other structural systems for their material intensities, and the further refinement of the ones already considered will greatly improve the accuracy of the model. Assumptions were made between the expected urban density and structural system typology. For example, light-frame timber structures were only considered for low urban densities, while in fact a high urban density can be achieved with light-frame timber buildings. Thus, more granular data that aligns a structural system typology to a degree of urban density warrants the further investigation of urban landscape evolutions.
	All the scenarios considered by the present study rely upon economic scenarios which include GDP growth. Recent research (Keyßer and Lenzen, 2021) has suggested that neglecting de-growth scenarios in integrated assessment models, which inform IPCC reports, results in a reliance upon negative emissions technologies to limit warming to 1.5°C. If economic scenarios that do not include increased per-capita GDP were considered by the present analysis, then a reduction in new floor space demand would be observed, and the associated embodied carbon emissions reduced. This class of scenario would be a fundamental shift for the expected development of the United States building stock but should be a future consideration to evaluate how de-growth affects its evolution.
3.6 Model Adaptations
The estimates for floor space presented in Section 3.1 have applicability to a variety of other building stock models. Using the known spatial distributions of buildings in the United States (Heris et al., 2020), the results presented herein can be spatialized to enable the future urban mining of materials as having been demonstrated for other building stocks at the city and national scales (Ajayebi et al., 2020; Heeren and Hellweg, 2019; Stephan and Athanassiadis, 2018; Tanikawa et al., 2015). While this model has a limited scope in which only the United States building stock was considered, it can be extended to other building stocks to consider systems and scenarios that are pertinent to that particular region.

4.0 Conclusions
In this study, a dynamic stock model was implemented to quantify the stocks and flows of floor space and structural materials in the United States building stock under seven scenarios between 2020 and 2100. The model was validated using surveys of the existing building stock and national-scale material consumption data. The results show that floor space demand will increase significantly under all scenarios, which will drive increases in material demand. In addition, construction and demolition waste material quantities will not be sufficient to “close the loop” and fully transition structural systems to a circular economy, necessitating a re-evaluation of how demand for new floor space can be reduced, such as extending the lifespan of existing buildings and reducing the per-capita demand of floor space. Scenarios which consider aggressive adoption of timber materials show the demands of engineered wood products to increase between 260% and 386% by 2075, warranting further investigation into whether this demand can be met by limiting the sourcing to North American forests, or if aggressive adoption of mass timber will result in deforestation. If so, alternative solutions for the building stock must be explored in the near term to identify the ways in which substantial reductions in the embodied carbon of the future building stock can be achieved.
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