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Abstract

Climate change mitigation requires radical reductions of GHG emissions. The potential of different
strategies to reduce GHGs is subject to fierce debate and investigation, the assessment of strategies
requiring a technology-rich scenario approach. Technology-rich Integrated Assessment Models (IAMs)
contribute to prominent science-policy interfaces such as the IPCC but have an important shortcoming:
although material production accounts for ~1/4th of global GHG emissions, most IAMs ignore potential
interventions in material life cycles as GHG mitigation option, which makes these assessments
incomplete and neglects the contribution materials can make to reduce impacts. Recent advances in
integrating major material flows into IAMs try to tackle this gap. However, the accurate quantification
of material cycles is a challenge even in the scientific field primarily occupied with this task, Industrial
Ecology, which merits the validation of indicators across methods.

Here we compared the material stock-flow indicators used in the IAM MESSAGEix, with recent results
from Industrial Ecology and explained emerging differences by examining underlying data, for example
activity (e.g., m2 floor area) and material intensity (e.g., kg cement / m2 floor area). For the comparison
we obtained semi-independent data from (a) top-down, economy-wide Material Flow Analysis, as well
as bottom-up, stock-driven data from (b) spatially explicit material stock, and (c) sectoral statistics-
based stock-flow modelling. The target scope was the data-rich case study North America (USA &
Canada) for the base year ~2015 and the sectors residential buildings, non-residential buildings and
power (including preliminary data on roads and motor vehicles).

For overlapping system definitions, total material stocks varied by a factor of up to three among studies,
stocks by material by up to fourteen, over the three sectors power, residential and non-residential
buildings. For stock-driven studies, the varying stock levels could be explained by differing activity levels
(up to factor 2) and/or material intensities (up to factor 33). For the top-down, inflow-driven study, the
cumulative consumption of bricks for 1870-2017 and estimated from statistics was <60% of a bottom-
up material stock estimate, potentially indicating underestimation in respective statistics.

The large differences of material stock estimates call for improved data and data reconciliation of
activity levels, material intensities, material consumption and its end-use allocation, as well deeper
cross-methods analysis. Data differences might emerge from: using activity data assembled for
purposes other than material cycle modelling and resulting system boundary differences among studies;
few available case studies on building material intensities which through intransparent documentation,
heterogenous data processing and selectivity can lead to variation of applied intensities; the challenge
to represent heterogeneity of technologies while being comprehensive in scope; and non-market
material extraction not finding its way into statistics (e.g. for bricks).

For the momentary modelling of climate change mitigation through material efficiency, our results stress
the need to explicitly address uncertainty through scenario and sensitivity analysis in order to ensure
robustness of conclusions.
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Introduction

Material production is responsible for ~1/4" of global GHG emissions with likely rising importance in
the future (Hertwich 2019; Krausmann et al. 2020; Lamb et al. 2021). When modelling prospective
decarbonization scenarios, it is thus key to include comprehensive material cycles, to adequately assess
the potential of more efficient material management (Pauliuk 2017; Pauliuk et al. 2021). Recent
advances in integrating material flows into technology-rich Integrated Assessment Models (IAMs) try
to address this challenge (e.g. Kermeli et al. 2021). However, the accurate and robust quantification of
material cycles is challenging even in the scientific field primarily occupied with this task, Industrial
Ecology, which merits the validation of indicators across methods (Chen 2017; Tanikawa et al. 2021).

Material cycles are commonly described via stock and flow indicators which are investigated with the
methods of dynamic Material Flow Analysis (dMFA). dMFA is a rapidly evolving scientific field for which
methods can be sub-divided into stock-driven (bottom-up) and inflow-driven (top-down) approaches
(Lanau et al. 2019; Miiller et al. 2014; Wiedenhofer et al. 2019): Both sub-methods can compute
material stocks, inflows and outflows, the choice of modelling approach often at as much about data
availability, as it is about study scope. Stock-driven models use exogenous data on product stock units
and material intensities to calculate material stocks, and can endogenously derive material flows via
data on vintages, lifetimes and stock changes. Inflow-driven models, in contrast, start from exogenous
data on annual inflows to stocks and then endogenously model the accumulation of material stocks as
cohorts, as well as resulting outflows, via lifetime functions.

The difference between what is exogenous data and what is endogenously modelled is helpful in
understanding the methods’ strengths and limitations (Chen and Graedel 2015; Lanau et al. 2019;
Wiedenhofer et al. 2019): starting from detailed data, stock-driven dMFA can provide high-resolution
assessments of product stocks and related flows, while achieving a comprehensive material and time
scope is highly challenging. In contrast, inflow-driven dMFA can build on long-term data on production,
trade and consumption for a comprehensive material scope — is however less detailed and sensitive to
lifetime assumptions when calculating stocks.

The reliance on different exogenous data of the sub-methods above can be exploited for triangulating
estimates of material cycles to approximate their ‘true value’. Here, we compare stocks and flows of
bulk materials (e.g. cement, wood, iron & steel), as represented in the IAM MESSAGEix, with
independent estimates from literature and own modelling. We focus on the data-rich case study of
North America (USA & Canada) and the base year ~2015 and formulate the following research
questions:

e How well do the estimates of bulk material stocks and flows of three semi-independent! material
flow analysis approaches agree for the case study USA and Canada ~2015?

e Which differences in methods and data sources explain differences in stock-flow results?

¢ What do above results imply for modelling of material cycles and their integration into IAMs?

! The two stock-driven approaches might partially rely on material intensities from the same sources.



Methods

To answer our research questions, we collected U.S. material stock-flow and underlying input data from
seven literature studies through data available in pertinent repositories and direct contact to lead
authors (for some studies including Canada). In addition, we modelled U.S. economy-wide material
stocks and flows, using a top-down, inflow-driven material flow model (see below). Subsequently, we
compared the level of material stocks, their age structure and end-of-life outflows among studies.
Additionally, we attempted to explain differences among studies, through focusing on model
computations that were equivalent but used different data inputs (for instance, by comparing utilized
statistics on activity and material intensity for bottom-up studies).

The collected studies represented three different methodological approaches of modelling material
stocks and flows, which we describe below, together with surveyed studies.

Material Flow Analysis (MFA) methods and data sources

Top-down, inflow-driven, economy-wide MFA

The economy-wide variation of inflow-driven material flow analysis/accounting, draws on top-down
statistics on production, trade and consumption of material flows and endogenously derives material
stocks via lifetime functions (Wiedenhofer et al. 2019). Because respective statistics are compiled in an
aggregate manner, they usually do not distinguish the end-use applications that materials are used in
(Streeck et al. in revision_a). However, end-use can be differentiated by introducing end-use shares to
split aggregate material consumption to end-use sectors or products. These end-use shares are based
on industry shipments in physical or monetary units, like for instance applied in Pauliuk et al. (2013)
and Cao et al. (2017).

Streeck (in preparation) applied end-use shares derived with the methodologies described in Streeck
et al. (in revision_a, in revision_b) to long-term material flow data for the USA, compiled in Streeck et
al. (2021). For modelling material stocks from flows, the authors drew on an advanced model version
of Wiedenhofer et al. (2019), which is currently being prepared with involvement of study author and
based on the ODYM framework (Wiedenhofer et al. in preparation; Pauliuk and Heeren 2020). Results
showed long-term material stock and flow dynamics of 12 materials in 12 broad end-use sectors for
the years 1870-2017, amongst others in residential and non-residential buildings, roads and other
infrastructure as well as motor vehicles (see section results & SI.3/4)

Bottom-up, stock-driven, sectoral MFA

All of the studies grouped under bottom-up, stock driven models estimate material stocks by multiplying
some kind of activity level (e.g. generation capacity of power technologies, floor area of buildings) by
normalized material intensities to calculate material stocks; flows in turn can be derived from applying
lifetime functions to the stock’s age structure (Miller et al. 2014; Lanau et al. 2019).



Kalt et al. (2021b) estimated the global material stocks of concrete, aluminum, copper and steel in
power plants and grid infrastructure at regional resolution for 1980-2017. Activity levels were quantified
as generation capacity of power technologies, primarily drawing on the U.S. Energy Information
Administration for 1980-2017, IRENA for renewable energy 2000-2017 and the UNSD Energy Statistics
Database; as well as length of transmission and distribution grids estimated with Open Street Map for
2017, GIS data from ESRI ArcGIS Hub, and (inter)national statistics; and as transformer capacity (see
Kalt et al. (2021a) for details).? Material intensities for the respective activity levels were derived from
>40 studies and applied as a low, medium and high estimate.

Deetman et al. (2021) estimated the global material stocks of concrete, aluminum, copper, cobalt,
glass, lead, neodymium and plastics in power plants and related infrastructure for 1990-2050. Authors
combined capacity data provided by the IAM IMAGE (Stehfest et al. 2014; van Vuuren et al. 2017) with
material intensities gathered from 27 literature studies. Additionally, materials in grid infrastructure
were calculated by multiplying estimated grid length from own work - primarily based on Open Street
Map 2016 and a dataset by Arderne et al. (2020), as well as national statistics - with material intensities.
Additionally, authors estimated materials in electricity storage technologies (required capacity from
IMAGE) using material intensities based on 15 studies.

Unlu et al. (in preparation) estimated the global material stocks of cement, aluminum and steel in power
plants for the IAM MESSAGEix regions and the base year 2015 by multiplying generation capacity of 21
power technologies by vintage from MESSAGEix (Krey et al. 2020) with material intensities from Arvesen
et al. (2018). MESSAGEix optimizes fit to electricity generation and capacity factors, in the course of
which original power technology capacities might be altered (slightly for most technologies, a little more
for hydropower).

Berrill and Hertwich (2021) provided data on the material stocks of 10 materials in residential buildings
for the USA 2019, potentially available by county and age cohort (via personal communication). The
material stocks were obtained by multiplying floor area of 51 building archetypes with the respective
material intensities. The authors calculated residential floor area by housing archetype via multiplying
housing units per type with average floorspace per type-cohort-county.3 For obtaining material
intensities, Berrill & Hertwich used the Athena Impact Estimator (Athena Sustainable Materials Institute
2020) for all building archetypes (except one), from which the average intensity per aggregate building
type (single family, multi family, mobile home) was calculated based on archetype mix in counties.
Floor area for activity and material intensity estimates referred to ‘useful floor area’ (excluding
basements and garages), in the paper supplementary information also termed ‘gross living area’.

Pauliuk et al. (2021) presented data for material stocks of seven materials in residential buildings and
five materials in passenger vehicles for 20 global regions, two of which are the USA and Canada, for
the year 2015. The stock was obtained by multiplying activity per end-use archetypes (for historic data

2 several steps of data cleaning and reconciliation were applied. For all countries where no data were available: linear regression on available
data points to estimate grid infrastructure activity levels.

3 units per type from ACS Table B25127 (US Census Bureau 2021); average floor space per house type are based on a representative sample by
NREL (2020).



USA: four residential building types, five passenger vehicle drive trains) with respective material
intensities. For U.S. residential buildings, the floor area estimate was based on Moura et al. (2015) who
assembled time series of housing units by three types (single family, multi family, manufactured homes)
by reconciling several national statistical sources and estimated related floor area based on average
floor space data per vintage from the American Housing Survey (AHS). Floor area adhered to the
following definitions (/including basements and attics). Historical floor area stock was distinguished by
three archetypes (single family, multi family, informal) for which material intensities were based on
data compiled in Heeren and Fishman (2019), additional literature sources and floor area from above
source.

Mastrucci et al. (2021) shared data on material stocks of seven materials in residential and commercial
buildings for the USA and Canada 2020 (via personal communication). Residential building floor area
was calculated by multiplying housing units with household size and average per capita floor area from
IEA (exact definition of floor area unclear; including occupied dwellings only) distinguishing four building
archetypes, cohorts and urban/rural regions. Data on commercial buildings was preliminary and based
on a simpler representation compared to residential buildings (contact study authors for further
information). Material intensities were derived and adapted from Deetman et al. (2020) and Marinova
et al. (2020) by aggregating different building types and matching to MESSAGEix regions.

Bottom-up, stock-driven, remote sensing MFA

Frantz et al. (in preparation) presented material stock data for 16 materials in seven different types of
(non-)residential buildings and road, rail, and other infrastructure for the USA (ca. 2018)* at high spatial
resolution (10 m). Quantification of activity was based on raster data from Earth Observation satellites
and vector data from Open Street Map that allow for calculation of above ground building volume
(agbv) and building footprint. Building types were classified according to information on reflectance,
spatial context and building height and based on training sites with known types. Activity was then
combined with material intensities to estimate material stocks. For buildings, material intensities were
compiled from 23 case studies and re-calculated from intensities per building unit or floor area to agbv
using case study data or assumptions on number of building stories, floor height, useful per gross
building area and roof volume. For road, rail and other infrastructure, material intensities were based
on construction manuals and literature studies. For foundational methodological work, please see
Haberl et al. (2021). In order to compare activity and material intensity to other bottom-up studies, we
here estimated the gross floor area contained in abgv building stock (see SI.2).

4 data for quantification partially for deviating years


https://www.census.gov/construction/chars/highlights.html
https://www.census.gov/construction/chars/definitions/#f
https://www.iea.org/data-and-statistics/data-product/energy-efficiency-indicators#documentation

Results

Herein, we compare the obtained stock-flow results among studies and analyze underlying data to
explain differences. We focus on the sectors power, residential and non-residential buildings (results
for additional end-uses in SI.3/4). Stock-flow results might refer to a year other than 2015 when data
for the respective year was unavailable. Compared to overall uncertainty, this slight difference in time
is expected to only marginally bias stock results which are the outcome of accumulation over many
years (for an estimate of bias see subsection ‘Limitations”).

Overview: economy-wide vs. sectoral material stocks

For overview, we present an estimate of economy-wide material use of 12 materials (Streeck in
preparation) and its relation to estimates for the three focus sectors power, residential and non-
residential buildings in Figure 1. Economy-wide material stocks in 2017 were estimated at ~100 Gt,
aggregates (36 Gt), concrete (29 Gt) and asphalt (26 Gt) constituting 91% of total stocks. Regarding
stocks in the respective end-uses, the minimum and maximum among surveyed studies were 0.2-0.4%
of total stocks for power, 12.4-42.8% for residential buildings and 6.4-20.1% for non-residential
buildings. Please note: the economy-wide estimate is a result of inflow-driven modelling and itself
attached with substantial uncertainty; material scope of studies is not overlapping (see SI.1 for details).

Overview of material stocks in USA by materials, end-use (2015-2020)*
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Figure 1: Estimated economy-wide material use of 12 materials (Streeck, in preparation) and its relation
to minimum (e.g. 'residential’) and maximum (e.g. 'residential’ + ‘residential max.’) estimates for the
sectors power, residential and non-residential buildings among the studies described in the methods
section. For study references please see methods section. *studies’ time scope differs slightly, see
subsection 'Limitations’ below for an estimate of bias; material scope of studies is not overiapping (see
SI.1 for details).



Material stocks of power plants and grid infrastructure

For power plants and grids we gathered data from MESSAGEix and two other data sources for the USA
and Canada (Deetman et al. 2021; Kalt et al. 2021b; Unlu et al. in preparation). MESSAGEix only
assessed materials in power plants (2015), while Kalt et al. in addition estimated materials in grid
infrastructure, and Deetman et al. in turn also in storage technologies. Sources referred to 2015, except
for Kalt et al. who presented data for 2017. For Deetman et al., material stock results varied slightly
for the year 2015 (0-2.2% per material) in different scenarios, indicating slight deviations of base data.
Due to the small differences we did not follow up on these but instead used the baseline scenario (‘BL’
+ ‘default’; see resp. study for details).

Here, we only compare results for power plants, as these are the only overlap between the three
sources. Unlu et al. power plant material stocks for steel (~equal Kalt et al. high) and aluminum (~equal
Kalt et al. medium) were within the range of the two other studies, while cement stocks with 68% of
the value of Kalt et al. (low) were comparatively low (see Figure 2). While Unlu et al. did not calculate
material stocks of grid infrastructure, the latter constituted a substantial share of total stocks, especially
for metals for other sources. Grid infrastructure made up 39-54% of the total for steel, 7-16% for
cement, 84-98% for aluminum, 73-93% for copper (low-high values from Kalt et al.). Deetman et al.
(2021) presented additional data for cobalt, glass, heodymium and plastics not shown here.

Material stocks in North American power plants and grids ~2015
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Figure 2: Material stocks of steel, cement, aluminum, copper in power plants and grid infrastructure in
the USA and Canada in ~2015 (Deetman et al. (2021): 2015, Kalt et al. (2021): 2017, Unlu et al. (in
preparation): 2015). Three values for Kalt et al. indicate low (-), medium () and high (+) estimates.



Material stock levels of power plants for the three studies on the level of individual technologies differed
more than results with aggregated technologies. The by far largest differences emerged for hydro
power, for which material stocks in Unlu et al. (in preparation) represented >770% of Kalt et al.
(2021_high) stocks for aluminum, >450% of Deetman (2021) stocks for steel, and 55% of Kalt et al.
(2021_low) stocks for cement. Large differences among sources also showed for nuclear (aluminum),
coal (aluminum, cement), wind offshore (cement), gas (aluminum), solar and bioenergy (all three
materials). For material stock figures per technology please see Table S3.

Differences in material stock levels could be explained by different assumed generation capacities and
different material intensities. For hydro power, capacity in Unlu et al. (in preparation) was 24-27%
lower than that of other sources, which might be a result of model calibration to electricity generation
instead of capacity for hydropower. However, differences primarily emerged from varying material
intensities: for steel, the intensity used by Unlu et al. (in preparation) was 6-23 times and for aluminum
10-35 times the value of other sources, while for cement, the material intensity used by Unlu et al. (in
preparation) was only 23-76% of other sources. For values of capacities and material intensities please
see tables Table S4 and Table S5.

Material stocks of residential buildings

For residential buildings, we gathered information for the USA from five sources (Berrill and Hertwich
2021; Pauliuk et al. 2021; Mastrucci et al. 2021; Frantz et al. in preparation; Streeck in preparation),
representing all three modelling approaches described in the methods section and reporting for 7-16
materials. Mastrucci et al. (2021) and Pauliuk et al. (2021) also present data for Canada.

Here, we focus on results for the USA at resolution of ‘all residential buildings’ to include all sources.
Berrill and Hertwich (2021), Mastrucci et al. (2021) and Frantz et al. (in preparation) reported results
for sub-types of at least single and multi-family buildings (Pauliuk et al. (2021) calculated these types
too, but did not report in repository results). For these studies, single family buildings made up the
lions share of reported floor area (77-89 % of total among studies) and material stocks among all
residential building types (79-89% of total; see Table S6 & Data SI).

The overlapping material scope among studies was only the four materials cement, sand and gravel to
make concrete, iron and steel, and wood, constituting 61-99% of studies’ total stocks. For this
overlapping scope, cumulative minimum and maximum estimates of material stocks (9-26 Gt) differed
by a factor of up to three (Figure 3; Table S7). On the level of individual materials the maximum factor
difference was five (for iron and steel).



Material stocks in residential buildings USA (2015-2020)*
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Figure 3.: Material stocks for five surveyed studies and overlapping materials scope (concrete, wood,
fron and steel). *please mind that the year differs slightly between studies, indicated by [year]. For
study references please see methods section.

For the four stock-driven studies, the differences in material stocks could be explained by comparing
activity levels (floor area) and material intensity. When comparing activity data, readers should keep in
mind that the definition of floor area, i.e. whether gross or net and which building elements are
included, differed among sources and was often times not transparently reported (more on this in
discussion section). Pauliuk et al. (2021) and Berrill and Hertwich (2021) both reported close to 22
billion m2 floor area, which was almost identical to the level of official statistics (U.S. Energy Information
Administration 2018). Mastrucci et al. (2021) in turn calculated 27 billion m2 floor area. For Frantz et
al., who derived data on above ground building volume and building gross footprint (area) from remote-
sensing data, we re-calculated to an estimate of gross floor area between 45-51 billion m2 (see Table
S6 & Data SI for floor area by building type). Our estimate of floor area for Frantz et al. was dependent
on either floor height or floor number (see SI.2). Assuming only a single floor to receive a minimum
estimate, would result in 24.1 billion m2 gross floor area (GFA) for residential buildings in ~2018.

Average material intensities for all residential buildings (material stocks divided by floor area) for the
overlapping materials scope differed by factors of up to three (see Table S8 for average material
intensities). For partial study overlaps, factor differences were up to a factor of 10 (for copper).

For the inflow-driven material flow method in Streeck (in preparation), material stocks were estimated
without relying on activity or material intensity and could thus not be adequately compared beyond
material stock levels (see methods). However, one observation in comparison to other studies was,
that the material stocks of bricks in residential buildings was only <30% of the values estimated in
Frantz et al. (in preparation; Table S7); even the reported cumulative apparent consumption of bricks
for all end-uses from 1870-2017 (Streeck et al. 2021) was <60% of the mentioned bottom-up material
stock estimate.



Material flows, stock age structure and lifetimes

In addition to material stock levels, we compared the stocks’ age structure and selected material flows.
The modelled age structure, together with assumed lifetime distributions, substantially influences
prospective end-of-life (EoL) outflows from stock, i.e. the demolition outflows at the end of a stock’s
lifetime. For products with a long lifetime, such as buildings, the EoL outflows roughly equal the material
inflows required to maintain stable stock levels. Here, we compare whether the variation in material
stock levels translates into proportional differences in material flows through vintage and lifetime
assumptions. We focus on EoL outflows, as material inflows are biased by different assumed demand
trajectories (i.e. floor area) for prospective studies. The studies for which flow data was available were
mostly prospective not allowing for detailed comparison of the historical period.

For prospective EoL outflows, the difference in material stocks by a factor of two between Mastrucci et
al. (2021) and Pauliuk et al. (2021) did not translate into a proportional difference in EoL outflows,
which only deviated by factor 0.9 in 2020 to 1.4 in 2060 (Figure 4). The lower differences can primarily
be explained by longer lifetimes assumed by Mastrucci et al. (2021), leading to proportionate lower EoL
outflows from stocks until 2060.°

End-of-life outflows from U.S. residential buildings
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Figure 4: Estimated end-of-life outflows from stocks for overlapping material scope (aluminum,
concrete, copper, glass, iron and steel, wood) for Mastrucci et al. (2021), Pauliuk et al. (2021) and
Streeck (in preparation).

The observed age structure, in turn, would rather lead to an overall higher difference in EoL outflows
compared to stocks, as Mastrucci et al. (2021) showed substantially higher share of material stocks in

5 Mastrucci et al.: Weibull, mean 136 years, standard deviation 37 years; Pauliuk et al.: Normal, mean 90 years, standard deviation 27 years;
Streeck: mean 75 years, standard deviation 23 years. To determine the exact contribution of age structure, lifetime values and lifetime distribution
shape, we would need to run sensitivity analysis on the two models. Here, our description remains on a qualitative level.



cohorts <1945 compared to Pauliuk et al. (Table 1); here and for the time frame until 2060 this is
reversed and trumped by the dominating effect of higher lifetimes.®

Regarding age structure for all studies, Streeck (in preparation) showed a substantially lower share of
material stocks in early cohorts before 1940/45 compared to both Berrill and Hertwich (2021) and
Mastrucci et al. (2021) (lower by ~8.8-20.9%-points). For remaining cohorts, Streeck (in preparation)
and Berrill and Hertwich (2021) showed smaller deviations (0.9-5.7%-points). Given that Berrill and
Hertwich (2021) derived age structure from a large representative sample of the U.S. housing stock
(see methods section; NREL (2020)), while other studies included simplifications to different degrees,
their results appear to best reflect the real-world status.

Table 1: Age distribution of material stocks/floor space in residential buildings for four surveyed studies
and overlapping material scope. Berrill and Hertwich (2021) — data to 2019, Streeck (in preparation) —
to 2017, Mastrucdi et al. (2021) — to 2020, Pauliuk et al. (2021) — to 2015. * here only accounting for
results up to 2015; **only referring to the age structure of floor area (material stock data n.a.)

Cohorts 1 <1940 1940-1959 1960-1979 | 1980-1999 22%%09' 2010-17/19

Berrill & Hertwich 12.5% 13.5% 22.6% 26.5% 16.6% 8.3%

Streeck 3.7% 10.8% 24.8% 32.2% 19.0% 9.4%
2016-

Cohorts 2 <1945 1946-1990 1991-2015 17/20

Mastrucci et al. 26.1% 32.0% 30.2% 11.7%

Streeck 5.2% 50.9% 41.2% 2.7%

Pauliuk et al. o o o

(floor area)** 16.2% 49.0% 34.8%

Mastrucci et al.* 29.6% 36.2% 34.2%

Streeck* 5.8% 52.2% 41.7%

Material stocks of non-residential buildings

For non-residential buildings, we only received data for material stock levels and activity until the
completion of this report. Please note that results related to Mastrucci et al. (2021) are preliminary,
unpublished, not included in the citation, and include Canada (results would thus be lower when only
referring to USA). Additionally, studies used different terms, referring to ‘non-residential’ and
‘commercial’ buildings. So far we could not settle whether this also implies different system boundaries
(ongoing investigation).

The material stocks for non-residential buildings and the overlapping seven materials (see Figure 5)
differed by a factor of up to 2.4 (6-14 Gt; Table S9) and made up 70-100% of total material stock
mass. Per material, stocks differed by a factor of five on average and up to factor of 13.5 (for flat
glass). Regarding activity (i.e. floor area), official statistics reported 9 billion m2 floor area for

6 For Pauliuk et al. 2021 only data on the age structure of floor area was available; as U.S. buildings are 85% single family buildings, to which a
uniform set of material intensities was applied, floor area and stocks were roughly comparable.



commercial buildings in 2018 (U.S. Energy Information Administration 2021), our estimate from building
volume data from Frantz et al. (in preparation) was 9.4-15.7 billion m2 gross floor area in ~2018, and
data associated to Mastrucci et al. (2021) reported 9.3 billion m2. For Frantz et al., assuming only a
single floor to receive a minimum estimate, would result in 7.6 billion m2 gross floor area in ~2018 (see
SI.2 and sub-section on residential buildings).

Material stocks non-residential buildings USA/NAM (2017-2020)*
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Mastrucci et al. [2020]** Streeck [2017] Frantz et al. [~2018]
Aggregates, concrete&asphalt Cement
H [ronSteel M Flat glass
Wood H Aluminum
m Copper

Figure 5: Material stocks in non-residential / commercial buildings for three surveyed studies for an
overlapping materials scope. *mind that the year differs slightly among studies, indicated by [year],
**mind that the geographical reference differs: Mastrucci et al. (2021) refer to USA and Canada.

Limitations

The material stock data presented herein exhibit slightly varying time scopes (see methods section). In
order to approach the introduced bias through time variation, we here compare data from Streeck (in
preparation), who presented annual data up to 2017, for 2015 and 2017, as the only source that
showed data for multiple historical years. For residential buildings, stocks of the 12 materials in 2015
were 17.1 Gt, in comparison to 17.3 Gt in 2017, depicting an increase by 1.1% over two years. While
data was not available for other studies, we expect time variation to similarly influence results only by
few percentage points for long-lived end-uses, thus being trumped by variation in activity and material
intensities (see sub-sections above). However, when assessing end-uses with low lifetimes, e.g.
packaging, the introduced bias might be more pronounced and should receive closer attention.



Discussion

Above results illustrate the substantial uncertainties attached to estimating material stocks, varying by
factors of up to fourteen for individual materials. For stock-driven studies, these results can be explained
by diverging data on activity levels and material intensity used for modelling, as well as the difficulty to
adequately represent heterogeneity while being comprehensive. Also for the single inflow-driven study,
potential underestimation in semi-official data on production and consumption might partially explain
observed differences. Below, we further elaborate on potential explanations for the deviation of results
for material stocks, focusing on variance in activity and material intensity for modelling buildings.

Variance in activity

Variance in activity might result from potential underestimation of individual data sources, as well as
non-matching system definitions with respect to floor area indicators.

Underestimation of activity

For stock-driven studies of buildings, activity corresponds to floor area. In our results, we found that
the floor area estimates of remote-sensing studies (Frantz et al. in preparation; Arehart et al. 2021)
were more than two times higher compared to data reported by official statistics and other MFA studies
(U.S. Energy Information Administration 2018; Berrill and Hertwich 2021; Pauliuk et al. 2021).7 As
suggested by Arehart et al. (2021), this might point towards a potential underestimation of (total) floor
area, when using data from official statistics that were assembled for a purpose other than material
cycle modelling (e.g. for estimating heating and cooling energy demand instead of building mass).

Indeed, some floor area statistics themselves report exclusions of certain elements of the built
environment, reflecting incompleteness with regards to material cycle modelling. For example, the U.S.
Energy Information Administration (2018) notes that /u/nconditioned and unfinished areas in attics
and attached garages are excluded’. Additionally, survey based methods such as the latter can miss
vacant houses. Above source excludes [v/acant housing units, seasonal units, second homes, military
houses, and group quarters, further supporting the suggestion by Arehart et al. (2021).

However, also remote-sensing based floor area estimates are uncertain and highly sensitive to
assumptions on the number of floors or floor height (see SI.2 & Arehart et al. (2021)). As minimum
estimate, floor area would equal gross building footprint, thus supposing that all buildings only had one
floor. Following this argument, results from Frantz et al. (in preparation) would yield a gross floor area
estimate just ca. 9% higher for residential and 15% lower for non-residential buildings, compared to
the mentioned U.S. statistics. While these values are quite close to official figures, we know real world
floor area to be higher because buildings with more than one floor do exist. Overall, these observations
support the conclusion, that official floor area statistics (at least for the USA residential buildings) might
be at least slightly underestimating total floor area.

7 Data derived from remote sensing is a result of modelling and may be biased itself.



For the inflow-driven study in our sample, activity corresponds to use of material mass. These data
might be underestimating material use for materials that are not traded via the market (e.g. bricks from
local clay, illegal logging, extraction of sand & gravel, etc.). The statistics on brick use compiled in
Streeck (in preparation) were substantially lower compared to brick estimates in Frantz et al. (in
preparation), which might point towards such an underestimation and partially explain the strong
divergence of brick stocks.

Differing definitions of floor area

In addition to potential underestimation, the variance in activity might also result from differing
definitions of floor area. There seems to be no universal definition of floor area indicators and several
organizations seem to exhibit slightly varying definitions, i.e. see following text. Two aspects are
primarily important when defining floor area: first, whether gross or net area is reported; and second,
which building elements are included in the definition (for example, whether basements or garages are
included in area indicators). Heeren and Fishman (2019), who compiled material intensity data from 33
studies, state that some studies do not even report whether referring to gross or net area, and that
studies include different building elements. In our study sample, for example, activity in Berrill and
Hertwich (2021) excludes basements and garages, while activity data used in Pauliuk et al. (2021)
includes basements and attics but excludes garages. In their supplementary information, Berrill and
Hertwich refer to floor area definitions of Fannie Mae (2021), while data used in Pauliuk et al. (2021)
relies on definitions from the United States Census Bureau (2022). Overall, the use of particular
definitions of floor area indicators is often implicit and tedious to follow.

Variance in material intensities

Variance in material intensities emerges from shortcomings in the data itself, such as intransparency
and non-representativeness, as well as differences in how these data are used in modelling, such as
selectivity, handling heterogeneity, and general matching of system boundaries.

Reporting material intensity data

Data on material intensities are spread throughout individual literature studies. For buildings, studies
are primarily based on case-studies of individual or few buildings, referring to the context of a particular
city, or on construction manuals (Heeren and Fishman 2019). Observed large deviations of intensities
for one assigned building type illustrate building heterogeneity, making it difficult to choose
representative data for the entire building stock of a type such as ‘detached houses’ (Marinova et al.
2020). Recent efforts towards combining and harmonizing material intensity data in databases try to
tackle these problems (Heeren and Fishman 2019; Marinova et al. 2020). Concluding from their efforts,
study authors describe current data points as limited, based on few sources, biased towards global
north countries, based on methods specific to original studies, potentially using ambiguous material
labels, and not exhibiting estimates of uncertainty. Additionally, system boundaries with regards to floor



area definitions (gross or net) and included items might differ among studies. All of these limitations
complicate the accurate use of material intensity data for practitioners.

We found that even between the two databases, the material intensity reportedly derived from a single
case study differed substantially (Table 2). Further understanding the reasons for these differences
requires additional detailed investigation and contact to study authors which is out of scope for this
report.

Table 2: Material intensities of single family buildings (SF) derived from Reyna and Chester (2015)
and as reported in Heeren and Fishman (2019) and Marinova et al. (2020). Please note that the first
database mentioned refers to gross while the latter refers to net floor area (difference net-gross in
Marinova et al. reported as factor 1.1 does not explain divergence)

Concrete Steel
Cohort / material & source Heeren & Fishman Marinova et al. Heeren & Fishman Marinova et al.
SF <1950 360.6 - 8.6 5.2
SF 1950-1990/1 3735 270.6 10.8 3.8
SF >1990 510.2 270.6 7.5 2.9

The discussed limitations complicate accurate and transparent data use which in practice can lead to
large variance (see next sub-section); and emphasize the efforts still required towards well-documented
and representative material intensity datasets. A main challenge will be to cater for the heterogeneity
of buildings by types, construction period and geography while working from case studies on individual
buildings or buildings groups towards data representative of the total building stock.

Using material intensity data

As for data documentation, also the application of material intensities in modelling studies is often times
intransparent, making it difficult to trace the exact origin of used material intensities. For many studies,
intensities are calculated ad-hoc, often without providing detailed documentation (Heeren and Fishman
2019). In our sample, some studies referred to the mentioned database sources but did not report
subsequent data manipulation (e.g. averaging, (dis)aggregation per building type) in a way that would
allow for reproducing results. Comparatively good documentation was achieved in Pauliuk et al. (2021)
who exhibit detailed documentation for each country by material group. However, also for this study it
was challenging to track to individual studies within intensity databases. Making used data entirely
traceable and results reproducible remains as a major challenge in assessments of material cycles.
Particularly important points which can lead to different results and require accurate documentation
are:

First, the choice on how to combine multiple datapoints for the same building type: Marinova et al.
(2020)8, for instance, came up with a concrete intensity of 472 kg/m2 for U.S. detached houses by
averaging the available four datapoints assigned to this building type in different time periods in their

8 Marinova et al. (2020) report intensities per net floor area



database. Due to the wide range of intensities among datapoints (271-795 kg/m2), selective choice,
e.g. according to time period, can have major influence on derived (average) material intensities.

Second, the representation of heterogeneity of building types along the dimensions construction type,
end-use, time and geography:

e Regarding construction type, the studies in our sample represented 3-51 archetypes (see methods).
Some studies aggregated material intensity data for different building typesinto average intensities,
which can lead to bias in comparison to studies that use disaggregated intensities. To obtain fitting
categories for material intensities, Mastrucci et al. (2021) aggregated detached and row houses
from Marinova et al. (2020) into one type category by weighting intensities via reported type shares.
However, shares for building types in Marinova et al. (2020) are time-static and largely based on
global averages. A study that represents intensities more disaggregated and has regional and
dynamic (time) data on activity of building types, such as Berrill and Hertwich (2021),° can come
to very different results.

e Regarding end-use type, the categorization of buildings towards different end-uses (e.g., residential
vs. non-residential use of buildings) might on the one hand lead to assignment of ill-fitting material
intensities and on the other hand shift material stocks into the wrong end-use categorization
(especially when mixed uses are present). This might apply to different degrees for studies using
different data and methods and partially explain result variation. 1°

e Regarding time and geography, studies might use average material intensities referring to other
years/vintages and regions when fitting material intensities are not available, which might lead to
differences compared to time-dynamic/regional studies (e.g. Marinova et al. (2020)).

In addition, the system boundaries for material intensities have to be matched to those of activity data
(e.g. the same definition of floor area). To enable this and for general transparency we need to get
better in facilitating traceability of model data, and in reproducing workflows that enable other
researchers to repeat original analyses.

9 Berrill & Hertwich (2021) do not use data from Marinova et al. (2020)

10 For our results, the aggregate category ‘all buildings’ showed divergence of material stock results for an overlapping materials scope and amongst
the three analyzed studies by factor ~1.9 (Figure S6). Compared to the divergence of the three studies for residential (factor ~1.7) and non-
residential buildings (factor ~2.4), divergence was thus not substantially reduced via avoiding end-use allocation. Info regarding end-use allocation
in studies: Frantz et al (in preparation) reported that for remote-sensing, the identification of building type from satellite images was challenging.
However, authors stated that the distinction of broad categories such as residential vs. commercial/non-residential buildings, which were identified
by textural context, worked rather well. Similar categorization problems can occur for statistics-based methods too (e.g. for mixed use).



Conclusions

The illustrated divergence of U.S. material stock estimates - amongst others caused by scarce and non-
representative data sources and their heterogenous data processing, and non-matching system
boundaries - showcases the need for continued and intensified community efforts towards harmonizing
available and obtaining additional data for modelling material cycles. In particular, improved
documentation and publication of entire study workflows will be crucial for enabling comprehension of
study differences, hopefully enabling simplified reproducibility and convergence of results in the mid-
term.

Special efforts seem to be warranted to extend available database seeds for material intensities, in
order to achieve a better overview of heterogeneity, data uncertainty and to work from data derived
for individual or groups of buildings/technologies towards datasets ~representative of the total
technology stock in the long-term.'! Improved documentation for reproducibility in that regard is
urgently required. An easy but powerful example for this might be the explicit description or functional
linking of the derivation of material intensities from original studies like partially done in Marinova et al.
(2020). Regarding activity data, closer attention to adjusting and harmonizing data system boundaries
towards the purpose of material cycle modelling or even collecting data in new surveys (e.g. away from
a purely energy modelling perspective), as well as better understanding (non-market) material
production, trade, consumption and end-use would be major goals.

The large uncertainty attached to current accounts of material cycles warrants scenario approaches
and sensitivity analysis to manage this uncertainty. These approaches can help to evaluate the
robustness of results with regards to the observed range of material stock-flow estimates, in order to
conclude on the contribution that material management can make to decarbonization. If improved
upon, the independent data sources and methods evaluated herein can make further contributions
towards triangulating the ‘real world quantity’ of material stocks and flows.

11 At the moment, only the top-down, inflow-driven method calculates results representative for the whole building stock, but has its own
limitations with regards to sensitivity to lifetimes and large uncertainty attached to end-use shares (data).
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SI.1 Tables and figures to support main text

Table S3: MESSAGEix material stocks in power technologies, as well as Deetman et al. (2021), mapped to Kalt et al. categories (1076 tons). * very small

Steel Aluminum Cement Copper
MESSA | Kalt | Kalt_m | Kalt_hi | Deet | MESS Kalt_| Kalt_ | Kalt_h | Deetm | MESS Kalt_| Kalt_ | Kalt_h | Deetma | Kalt_ | Kalt_ | Kalt_h | Deetm
GEix | _low ed gh man_| AGEix ow med igh an AGEix ow med igh n low med igh an
Nuclear 8.7 7.9 10.2 12.5 5.1 0.113 | 0.023 | 0.068 | 0.113 | 0.009 7.2 6.8 11.1 15.3 4.1 0.2 0.9 1.7 0.1
Hydro 61.1 3.7 8.3 12.8 134 1.242 | 0.049 | 0.105 | 0.161 - 38.1 69.1 145.1 | 221.1 80.8 0.1 0.7 1.3 0.3
total
Tidal, - * * * - - * * * - - * * * - * * * -
wave
Geother - * 0.3 0.5 - - 0.009 | 0.013 | 0.017 - - * * * - * * * -
mal
Wind 14.0 10.0 14.2 18.4 9.0 0.188 | 0.078 | 0.268 | 0.457 | 0.065 4.4 3.8 7.5 11.3 4.9 0.1 0.4 0.6 0.2
Onshore
Wind 0.01 0.01 0.01 0.02 - 0.000 | 0.000 | 0.000 | 0.000 - 0.001 - 0.003 | 0.007 - * * * -
Offshore 07 02 08 13
Coal 11.8 8.6 18.6 28.6 246 | 0.626 | 0.057 | 0.458 | 0.859 | 0.147 5.1 4.3 11.9 194 15.5 0.2 0.6 0.9 0.4
Gas 9.2 4.5 13.5 22.5 5.5 0.588 | 0.045 | 0.383 | 0.720 | 0.174 4.0 3.1 4.1 5.1 2.7 0.3 0.5 0.7 0.5
QOil 1.2 0.7 1.5 2.3 4.7 0.076 | 0.030 | 0.047 | 0.063 | 0.039 0.5 0.4 0.4 0.5 2.1 * * 0.1 0.1
Solar PV 1.0 0.9 2.4 4.0 3.0 0.315 | 0.815 | 1.734 | 2.653 | 0.203 0.4 0.2 0.8 1.5 - 0.1 0.1 0.2 0.1
Solar 0.8 0.3 0.9 1.5 0.9 0.025 | 0.005 | 0.023 | 0.042 | 0.009 0.3 0.0 0.1 0.2 0.3 * 0.01 0.01 0.01
CSP
Bioenerg 1.2 1.4 3.8 6.3 0.1 0.008 | 0.019 | 0.044 | 0.068 | 0.001 0.4 1.1 1.6 2.0 0.4 0.03 0.05 0.07 0.03
y &
MSW
Other - - - - 0.9 - - - - 0.013 - - - - 0.6 - - - 0.01
Total 109.1 | 37.9 73.7 109.5 67.2 3.2 1.1 3.1 5.2 0.7 60.2 88.8 182.7 | 276.5 111.5 1.0 3.3 5.5 1.7
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Table S4: MESSAGEIx power technologies (Unlu et al., in preparation), as well as Deetman et al. (2021), material intensities mapped to Kalt et al. categories (106 tons/GW). Please mind the

different units for steel, cement and aluminum, copper. * very small

Steel Cement
1076 MESSAGEi MESSAGEix Kalt_low Kalt_med Kalt_high Deetman_ Deetman_| Deetman_ MESSAGEi MESSAGEix Kalt_low Kalt_med Kalt_high Deetman_ Deetman_| Deetman_
tons/GW x_low _high av ow high x_low _high av ow high
Nuclear 0.08 0.08 0.07 0.09 0.11 0.04 0.04 0.04 0.06 0.06 0.06 0.10 0.14 0.04 0.04 0.04
Hydro total 0.44 0.46 0.02 0.05 0.07 0.07 0.07 0.07 0.27 0.29 0.38 0.79 1.21 0.43 0.43 0.43
Tidal, - - 0.02 0.05 0.07 - - - - - 0.38 0.79 1.21 - - -
wave
Geotherma - - 0.02 0.11 0.20 - - - - - 0.02 0.02 0.02 - - -
|
Wind 0.15 0.17 0.10 0.14 0.18 0.12 0.12 0.12 0.05 0.05 0.04 0.08 0.11 0.07 0.07 0.07
Onshore
Wind 0.34 0.42 0.25 0.40 0.55 0.16 0.16 0.16 0.05 0.06 - 0.12 0.24 0.08 0.08 0.08
Offshore
Coal 0.04 0.04 0.03 0.07 0.10 0.08 0.03 0.11 0.02 0.02 0.02 0.04 0.07 0.05 0.02 0.05
Gas 0.02 0.02 0.01 0.03 0.05 0.03 * 0.11 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.05
Qil 0.02 0.02 0.02 0.03 0.05 0.08 0.07 0.09 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.03
Solar PV 0.04 0.06 0.02 0.06 0.09 0.15 0.15 0.15 0.01 0.02 * 0.02 0.03 - - -
Solar CSP 0.48 0.49 0.17 0.51 0.85 0.58 0.58 0.58 0.16 0.17 0.02 0.07 0.13 0.20 0.20 0.20
Bioenergy 0.16 0.17 0.07 0.20 0.33 0.03 0.01 0.04 0.05 0.05 0.06 0.08 0.11 0.03 0.01 0.04
& MSW
Aluminum Copper
1073 MESSAGEix_| MESSAGEix_ Kalt_low Kalt_med Kalt_high Deetman_av Deetman_lo Deetman_hig Kalt_low Kalt_med Kalt_high Deetman_av Deetman_lo Deetman_hig
tons/GW ow high w h w h
Nuclear 0.98 0.98 0.20 0.60 1.00 0.08 0.08 0.08 1.40 8.20 15.00 0.76 0.76 0.76
Hydro total 8.91 9.27 0.27 0.57 0.88 - - - 0.50 3.69 6.88 1.70 1.70 1.70
Tidal, wave - - 0.27 0.57 0.88 - - - 0.50 3.69 6.88 - - -
Geothermal - - 3.80 5.30 6.80 - - - 1.00 1.70 2.40 - - -
Wind 1.73 2.49 0.78 2.68 4.58 0.87 0.87 0.87 1.33 3.64 5.95 2.73 2.73 2.73
Onshore
Wind 2.47 3.10 0.78 2.68 4.58 1.44 1.44 1.44 1.33 6.78 12.23 5.57 5.57 5.57
Offshore
Coal 2.18 2.18 0.20 1.60 3.00 0.50 0.50 0.50 0.70 1.95 3.20 3.16 1.15 6.28
Gas 1.21 1.21 0.10 0.85 1.60 0.46 0.38 0.65 0.60 1.10 1.60 2.72 0.38 6.28
Oil 1.21 1.21 0.65 1.00 1.35 0.60 0.60 0.60 0.65 0.93 1.20 3.96 0.76 5.90
Solar PV 10.41 18.91 18.44 39.22 60.00 10.18 10.18 10.18 1.32 2.98 4.64 6.34 6.34 6.34
Solar CSP 13.47 15.46 2.60 13.30 24.00 5.50 5.50 5.50 0.80 3.90 7.00 3.15 3.15 3.15
Bioenergy & 1.13 1.17 1.00 2.25 3.50 0.21 0.05 0.26 1.50 2.50 3.50 2.20 0.76 3.63
MSW
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Table S5: MESSAGEIx power technology capacities, as well as Deetman et al. (2021), mapped to Kalt et al. (GW)

Technology/year 2015 2017 2015
Model: Unlu et al. Kalt et al. Deetman et al.
(MESSAGEix)
Nuclear 115.4 113.2 116.8
Hydro - Run-of-river -
Hydro - Reservoir -
Hydro - Pumped storage -
Hydro total 139.2 183.4 189.5
Tidal, wave - 0.02 -
Geothermal - 2.5 -
Wind Onshore 89.2 99.8 74.4
Wind Offshore 0.03 0.03 -
Coal 287.7 286.4 291.1
Gas 485.4 450.2 339.5
Oil 62.8 46.6 64.3
Solar PV 28.1 44.2 20.0
Solar CSP 1.7 1.8 1.6
Bioenergy & MSW 6.9 19.3 11.3
Other - - 5.8
Total 1,216.4 1,247.5 1,114.3

Table S6: Activity levels for floor area for stock-driven studies of residential buildings. Definitions of floor area might differ

and are thus not always exactly comparable (see methods section). *floor area estimated from above ground building
volume and building footprint (see SI.2)

Building type Berrill & Mastrucci et al. Frantz et al. (in Pauliuk et al. (2021) U.S. Energy Information
[1079 m?] Hertwich (2021) (2021) preparation)* Administration (2018)
Year 2019 2020 ~2018 2015 2015
Single-family 18 24.5 35-40 18.7 18.7
Multi-family 1 3.1 4.4-4.5 2.6 2.6
Other residential 3.2 - 6.2 0.8 0.8

Table S7: Material stocks of residential buildings in the USA, estimated for the indicated year. For source studies please
refer to the methods section in the main manuscript.

residential Pauliuk et al. Berrill & Hertwich Mastrucci et al. Frantz et al. Streeck [2017] Streeck [2017] all
buildings (10°6 [2015] [2019] [2020] [~2018] end-uses
tons)
Steel 232 208 825 1,024 917 3,653
Aluminum 88 114 113 20 125
Copper 33 30 8 20 80
Plastics 992 164 602
Cement 1,205 468 3,155
Wood 2,263 1,273 1,533 2,341 2,378 2,961
Paper 47 859
Concrete 8,022 17,879
aggregates
Concrete 6,678 22,812 12,303 29,129
Fiberglass 998
Glass 164 79 288 30 119
Gypsum 512
Insulation 41 207
Sand&Gravel 1,757 5,047 880 35,703
Other metals 5
Bricks 2,835 528 783
Other minerals 5,001
Bitumen 48
Other fossil fuel 791
based
Other biomass 1,281
Other 295 967
Total 12,836 12,394 23,616 42,768 17,287 74,013
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Table S8: Average material intensities for residential buildings and indicated studies/years.

Material (intensities in Berrill & Hertwich Mastrucci et al. (2021) Frantz et al. (in Pauliuk et al. (2021)
kg/m2) (2021) preparation)*
Year 2019 2020 ca. 2018 2015
Bricks 55.7-62.4
Flat glass 7.4 2.9 5.7-6.4
Cement 21.1
Concrete 300.9 765.0 447.9-502.1 418.1
Bitumen 1.0-1.1
Wood 57.4 55.8 46.0-51.5 102.6
Iron and steel 9.4 30.0 20.1-22.5 10.5
Aluminum 4.2 2.2-2.5 4.0
Copper 1.1 0.1-0.2 1.5
Plastics
Aggregates (not for 79.2 99.1-111.1
concrete, asphalt)
Insulation 1.9
Fiberglass 45.0
Gypsum 23.1
Plastics 45.0
Other metals 0.1
Other minerals 98.2-110.1
Other biomass 25.1-28.2
Other fossil fuel based 15.5-17.4
All other 13.3 19.0-21.3

Table S9: Material stocks of non-residential/commercial buildings in the USA (Streeck and Frantz et al.) and USA +
Canada (Mastrucci et al), estimated for the indicated year.

Materials / studies Mastrucci et al. [2020] Streeck [2017] Frantz et al. [~2018]
Bricks 173 300
Container -
Flat glass 43 28 383
Cement 1,003 741 1,842
Concrete -
Bitumen - 58
Asphalt -
Paper 20
Wood 391 233 85
IronSteel 657 568 1,224
Aluminum 25 13 15
Copper 1 11 2
Other metals - 1
Plastics 94
Aggregates, concrete&asphalt 5,686 4,180 10,383
Aggregates other 351 4,842
All other minerals 743
Other biomass-based materials 21
All other fossil fuel based materials 3
Insulation 33
All other materials 166
Total 7,808 6,411 20,100
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SI.2 Conversion of building volume and area to floor area

There are three ways to calculate gross floor area (gfa) from the data provided by Frantz et al. (in preparation).
One draws on above ground building volume (agbv), one on gross (building) footprint, and the third combines
information of both indicators:

faz agbv
7= floor height * (1 + rogﬁ;&l;;éﬂﬁéﬁﬁ"’”) v
gfa = gross footprint x number of floors &
agbv/ gross footprint (3)
gfa = gross footprint * Floor height

We used the third one (3), which instead of assuming number of floors per building type (2), derives average
building height by dividing agbv by gross footprint, and then uses an estimate of average floor height to estimate
average number of floors in (2). We assume that the floor height is a parameter that varies less than number
of floors and thus results in a better estimate. In comparison to the first option, options (2-3) do not include
roof volume, which can further bias the floor area estimate. For the parameters in above equations, we leaned
on the data points collected by Frantz et al. (in preparation) to calculate material intensities (see SI.4).
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SI.3 Additional results

USA/NAM: material stocks 'all buildings' (2017-2020)*
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Mastrucci et al. [2020]** Streeck [2017] Frantz et al. [~2018]
B Aggregates, concrete&asphalt B Aggregates other Flat glass
m All other minerals Cement M Bricks
m Bitumen Paper ' Wood
H lronSteel Aluminum m Copper
Other metals B Plastics | Other biomass-based materials
All other fossil fuel based materials Insulation All other materials

Figure S6: Material stocks for all buildings in the USA (Streeck in preparation; Frantz et al. in preparation; Mastrucci et al. 2021) *please
mind that the year differs slightly between studies, indicated by [year] **mind that the geographical reference differs - Mastrucci et al.

(2021) referring to USA and Canada.
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Material stocks in roads USA (2015-2018)*

. m
60
50
g
s 40
o]
2
g 30
—
20
B -
Streeck [2017] Frantz et al. [~2018] Miatto et al. [2015]
W Aggregate M Bricks Cement Asphalt
B Concrete W Bitumen M IronSteel B Other material

Figure S7: Material stocks for roads in the USA (Streeck in preparation; Frantz et al. in preparation; Miatto et al. 2017). *please mind that
the year differs slightly between studies, indicated by [year]

Material stocks in motor/passenger vehicles USA
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Figure S8: Material stocks for motor/passenger vehicles in the USA (Streeck in preparation, Pauliuk et al. 2021). Please mind that Pauliuk
et al. only refers to passenger vehicles, while Streeck et al. include all motor vehicles; and the year differs slightly between studies,

Iindicated by [year].
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SI1.4 Data

For access to the data SI, please contact the author to receive permission for an associated private GitHub
repository.
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