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Abstract

Buildings provide indispensable services for human well-being, but their construction

and use are responsible for a substantial fraction of societies’ resource requirements

and greenhouse gas emissions. Mapping and quantifying the material stocks in build-

ings is a key research frontier in industrial ecology. Reliable and spatially highly

resolved maps of material stocks in buildings worldwide are so far not available. Exist-

ing approaches based on nighttime light data allow large-scale coverage, but their

spatial resolution is usually ∼0.5–1 km. Other methods using light detection and rang-

ing (LiDAR) and cadaster data achieve higher resolution and accuracy, but do not

allow wall-to-wall mapping of large regions. Based on high-resolution Earth Obser-

vation data combined with material intensity factors (kg per m3 of building volume),

we quantify and map material stocks in buildings at the unprecedented resolution

of 90 m globally. We distinguish 18 types of materials in five types of buildings. We

find that global material stocks in buildings amount to 547 (391–672) Gt, approxi-

mately half of total global societalmaterial stocks.We find highly unequal distributions

of material stocks in buildings per capita and per unit area of each country. Our

results agree well with previous detailed estimates of material stocks in buildings in
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2 HABERL ET AL.

dedicated regions or individual cities. Improved and harmonized material intensity

factors emerge as a key research area for improving the accuracy of material stock

maps. Our results are available as data products with high spatial and thematic reso-

lution to facilitate future studies; for example, of secondary resource potentials. This

article met the requirements for a gold-gold JIE data openness badge described at

http://jie.click/badges.
Gold
Contribution

Accessibility
Gold
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1 INTRODUCTION

Given the key role of shelter for almost all human activities, buildings are of great importance for provision of decent living conditions (Millward-

Hopkins et al., 2020). Provision of housing is a prerequisite for achieving the Sustainable Development Goals (SDG), as specified in Target 11.1 of

SDG no. 11. Moreover, buildings are directly or indirectly required for most other SDGs, such as 1, 3, 4, 6, 8, 9, or 12, as they enable and provide

functions like education, healthcare, nutrition, sanitation, energy supply, and other production and consumption activities. Adequate housing is

lacking inmany parts of the world (Tusting et al., 2019).

At the same time, construction, maintenance, and use of buildings is associated with enormous resource flows (Deetman et al., 2020; Tanikawa

et al., 2020;Wiedenhofer et al., 2015) and greenhouse gas (GHG) emissions (Lamb et al., 2021) as well as other environmental pressures. They are

hence of crucial importance for other SDGs such as those related to clean energy and climate action (SDGs 12–13) and responsible production

and consumption (SDG11). The extent, spatial patterns, and design of buildings strongly co-determine energy requirements for heating, cooling,

lighting, and transport as well as the related GHG emissions (Creutzig et al., 2016; Haberl et al., 2023) and result in carbon lock-in, determining

societal development pathways for decades to come (Seto et al., 2016). Quantifyingmaterials in buildings (Marinova et al., 2020) andmapping their

spatial patterns (Haberl et al., 2021; Lanau & Liu, 2020; Peled & Fishman, 2021; Schandl et al., 2020; Tanikawa &Hashimoto, 2009; Tanikawa et al.,

2020) have emerged as important research areas in industrial ecology. Recent progress has been summarized in topical reviews (Fu et al., 2022;

Lanau et al., 2019).

So far, global estimates of socioeconomic material stocks assessed material stocks in all human-made structures. As no explicit breakdowns

to specific end-uses, respectively, types of structures were available, buildings were an unknown part of the total stock. These studies are often

at global or regional levels and lack national (and even more so sub-national) resolution. Estimates of total global socioeconomic material stocks

derived from data onmaterial flows combined with lifetime estimates have recently become available (Krausmann et al., 2017;Wiedenhofer et al.,

2021), withmethodological and empirical improvements underway to enable resolving different types of stocks and end-uses, including differentia-

tion of built structures such as buildings, roads andother civil engineering (Streeck et al., 2023a,b; Plank et al., 2022). Several studies have quantified

themass of buildings for specific cities, regions, or countries (Gontia et al., 2020; Lanau & Liu, 2020; Noll et al., 2022; Schandl et al., 2020; Tanikawa

& Hashimoto, 2009; Wiedenhofer et al., 2015), but not for larger areas. One study quantified material stocks in global residential buildings (Mari-

nova et al., 2020), anothermodeled the quantity of cement andmetal stocks in residential buildings (Pauliuk et al., 2021); both these studies are not

spatially explicit andwere not comprehensive in terms of materials found in buildings.

Mapping is important, among others because spatial patterns of built structures influence levels of resource use (Haberl et al., 2023; Duro et al.,

2024). Although not all end-of-life materials can be recycled, maps of built structures can help in locating secondary resource potentials (Haberl

et al., 2021). Asmaps of mobility infrastructures are becoming available (Wiedenhofer et al., 2024), buildingmaps can provide complementary data

toward that end. Building maps can also help in gauging impacts of extreme events or sea-level rise (Symmes et al., 2020). Approaches that quan-

tify material stocks in a spatially explicit manner have used nighttime lights (Peled & Fishman, 2021; Takahashi et al., 2010), cadaster information

(Lanau&Liu, 2020; Tanikawa et al., 2015), big-data approaches (Mao et al., 2020), or remote-sensing light detection and ranging (LiDAR) techniques

(Schandl et al., 2020). Nighttime light data allow mapping material stocks in buildings for large regions but can only achieve relatively low spatial

resolution (usually >300–750 m). Moreover, these methods have limited capacity to separate material stocks in buildings from those in roads or

distinguish building types. They also suffer frommethodological problems such as saturation effects or differences in luminosity between regions.

Other data sources such as cadasters or LiDARare only consistently available for small regions and cannot be used forwall-to-wallmapping of large

regions. A combination of optical multi-spectral satellite-borne Earth Observation data for buildings and crowd-sourced data such as Open Street
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HABERL ET AL. 3

TABLE 1 Building types and related thresholds classified on the basis of theWSF3Dv2 data.

Class ID Building type WSF3Dv2 building height [m] GHS-BUILT-S [class]

LW Lightweight <3 Residential+ non-residential

RS Residential single-family house (residential, single) 3–12 Residential

RM Residential multi-family house (residential, multi) 12–50 Residential

NR Non-residential 3–50 Non-residential

HR High-rise 50–100 Residential+ non-residential

Map (OSM) for roads has been proposed to alleviate that tradeoff, as demonstrated viamapping stocks inGermany andAustria (Haberl et al., 2021)

and the United States (Frantz et al., 2023). For buildings, however, a global study of 13,000 cities found that OSM is too incomplete for reliable

mapping (Q. Zhou et al., 2022). A global, comprehensive, and spatially highly resolvedmap (i.e., at 100mor less) of material stocks in buildings is yet

lacking, to the best of our knowledge.

Using a global 3Dbuildingmap derived fromEarthObservation data (Esch et al., 2022), our research closes this crucial knowledge gap. Thismap,

published by co-authors of this article, represents global building volumes and underlying building areas and heights at 90m spatial resolution. The

data therein can be linked with material intensity (MI) factors quantifying the mass of building materials per m2 or m3 of building area and volume,

respectively (Heeren & Fishman, 2019). We used these data sources to (1) quantify the mass of materials in buildings worldwide, thereby further

improving the differentiation of building types, and (2) map thematerial stocks in buildings globally at a spatial resolution of 90m.We assessed the

robustness of the results by comparing them with other published material stock estimates and conducted a sensitivity analysis. In Section 3, we

analyze the inequality of global distribution of material stocks in buildings per capita and the density of material stocks per each nation’s land area,

and discuss implications.

2 METHODS

Most approaches for quantifying and mapping material stocks in buildings proceed by multiplying data on the physical dimensions of buildings,

usually floor area [m2] or building volume [m3], with suitablematerial intensity (MI) factors (either [kg/m2] or [kg/m3], depending on input data).We

here use the volume-based approach developed in previous work for national studies (Frantz et al., 2023; Haberl et al., 2021) and extend it to the

global level, thereby harnessing core strengths of the underlying building dataset (Esch et al., 2022).

2.1 Building volumes and building type classification

The World Settlement Footprint 3D (WSF3D; Esch et al., 2022) is a global dataset quantifying the fraction, total area, average height, and total

volume of buildings for a grid with 90 m cell size. It was generated using a modified version of the World Settlement Footprint 2019 (WSF2019)

human settlements mask (Marconcini et al., 2021) derived from Sentinel-1 and Sentinel-2 satellite data at 10 m spatial resolution in combination

with 12 m digital elevation data derived by radar imagery collected by the TanDEM-X mission. The WSF3D refers to the year 2019. Due to data

security regulations, the original geometric resolution of 12 m for the building height and volume estimations was finally spatially aggregated to a

90m gridding to allow for an open and free distribution.

As reported in Esch et al. (2022), the original WSF3D exhibits a systematic underestimation of the heights of high-rise buildings (>50 m). For

this study, we therefore created an enhanced version WSF3Dv2, where local height information for a total of 711,448 skyscrapers and high-rise

buildings provided by the Emporis database (Emporis, 2022) was integrated (Section 2 of Supplementary Information S1). A new validation based

on the reference sites already used by Esch et al. (2022) documents that the average height estimation error of−2.3m in theWSF3D could now be

reduced to−0.22m for the newWSF3Dv2 (Section 2.3 and Table S6 in Supplementary Information S1).

Based on the information provided by the building height layer of the improved WSF3Dv2, we then implemented a new approach toward the

classification of five building types using a threshold-driven categorization (Table 1). All buildings <3 m height were classified as lightweight. A

height threshold of 12 mwas used to distinguish single-family and multi-family houses for buildings of intermediate height (3–50m). The outcome

of this classification was amap assigning the dominant building type per 90m grid cell. The separation between residential and non-residential use

was applied to all buildings using theGHS-BUILT-SR2023A (JRC, 2022) dataset. The defined classes and the underlying threshold settings are listed

in Table 1.
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4 HABERL ET AL.

2.2 Material intensity factors

Wecompiled andquality-controlledmaterial intensity factors fromrecent literature, in particular fromdata compilations (Heeren&Fishman, 2019;

Li et al., 2023), reviews (Lanau et al., 2019), and datasets developed for own previous studies (Baumgart et al., 2022; Frantz et al., 2023;Haberl et al.,

2021) to assemble a globally representative set ofMI factors used for this study (Supplementary Information S1).

Onedifficulty is that somecountriesor regions areverywell covered in the literature,while few, if any, studies exist forothers. Furthermore, vary-

ing building definitions and scopes of the underlying studiesmake extensive harmonization and quality control necessary.We therefore decided for

the following regional subdivision: We developed specific MI factors for three large countries/regions with good data availability: North America

(United States and Canada), China, and Japan. For North America, we used a detailed MI dataset developed for a separate project covering the

conterminous United States (Frantz et al., 2023) based on a large number of studies for most building categories used here. For China, we relied on

a recent compilation of MI factors for non-residential and multi-family residential buildings (Li et al., 2023), complemented by additional literature

for building types not covered in that dataset (Supplementary Information S1). Japan’s building stock has very specific characteristics and is well

researched (Tanikawa & Hashimoto, 2009; Tanikawa et al., 2014), hence we developed a specific dataset despite the low number of available stud-

ies. For other OECD countries, averages of available data points were used. For all other regions, we used global averages that we deemed more

reliable than the available studies, mostly because their quality and comprehensiveness varied substantially and it was unclear how representa-

tive the individual studies were for the entire region. For lightweight and high-rise buildings, we used global averages for all regions except United

States/Canada due to lack of region-specific data. Detailed information is available in Supplementary Information S1 (Tables S4 and S5).

Our MI dataset distinguishes five building types: residential single-family house (abbreviated residential, single), residential multi-family house

(abbreviated residential, multi), non-residential, lightweight, high-rise; the latter two building categories can be either residential or non-residential

(Table S4 in Supplementary Information S1). We use MI factors for 18 individual materials clustered in four groups: (1) metals (iron/steel, copper,

aluminum, and other metals), (2) biomass (timber and other biomass), (3) mineral materials (concrete, aggregates not used in concrete, clay bricks,

mortar, gypsum, ceramics, glass, and other minerals), (4) fossil-fuel based and other materials (bitumen and plastics), and (5) other materials not

directly attributable to either category (e.g., undefined insulation and paint). Table S4 in Supplementary Information S1 reports the sources of the

MI factors used in the calculations; all factors used in the calculations are reported in Table S5 in the Supplementary Information S1. We used the

sameMI factors for United States and Canada because buildings are similar in these countries, hence case studies from both countries were used

to generate the factors used in our analysis (while Canada is part of “Other OECD” in summary tables later on). For EU-27 (shown separately in the

results section), we used theMI factors for “Other OECD.”

2.3 Uncertainty analysis

Weassessed the robustness of our approach by comparing ourmaterial stock estimateswith results from other available literature on global mate-

rial stocks in buildings (Marinova et al., 2020; Pauliuk et al., 2021) as well as 16 regional or city-level cases for which we were able to obtain or

reconstruct their respective regional boundaries. To explore the influence of the variability of MI factors on stock estimates, we conducted a sen-

sitivity analysis (Saltelli et al., 2000). A systematic quantification of uncertainties (e.g., throughMonte Carlo analysis) was out of scope due to data

limitations, in particular regarding material intensities of buildings, as well as the novel interdisciplinary combination of multiple methods, data

streams, and domain expertise needed for this study.

Because theuncertaintyof thebuildingmapwaspreviously discussed (Eschet al., 2022), herewe focusedon theuncertaintyof theMI factors. For

all regions and building types where a sufficient number of estimates (more than ∼10, except for Japan, see above) was available, we calculated the

interquartile range of all MI factors and used the 25th and 75th percentile as lower, respectively, upper boundMI factor in addition to the average.

For the other regions we derived ranges in the same manner from the global total of all regions and building types. For details see Supplementary

Information S1.

3 RESULTS AND DISCUSSION

3.1 Mass of material stocks in global buildings

We found that the mass of all material stocks in buildings worldwide in the year 2019 amounted to 547 Gt, with a minimum estimate of 391 Gt

and a maximum of 672 Gt (Table 2). The “best guess” amounts to 53% of the total mass of socioeconomic material stocks of 1033 Gt ± 8% in 2015

(Wiedenhofer et al., 2021). A third of the building stock is located in China, 15% in the EU-27, 11% in Other Asia, and 10% in the Middle East

and Africa; building stocks in all other regions are <10% each. The 89% of all material stocks in buildings are minerals (a broad group of materials

that includes aggregates, concrete, bricks, glass, and other materials). Metals amount to 5.4%, most of which is iron/steel, but aluminum, copper,
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HABERL ET AL. 5

TABLE 2 Mass of materials in the global building stock in the year 2019, breakdown by groups of materials and building types for “best guess”
material intensity factors [Gt]. Note that the global total may slightly differ from the sum of regions due to rounding.

Global China EU-27 FSU Japan LAM MAF Other Asia Other OECD USA

Total material stocks

Minimum 391.0 161.2 52.8 23.4 9.7 19.8 34.3 39.1 19.3 31.4

“Best guess” 547.3 200.4 80.7 34.8 10.3 31.1 53.4 60.8 29.5 46.3

Maximum 671.6 240.7 99.3 43.9 11.2 39.7 68.4 77.5 36.0 54.9

Breakdown by groups of materials

Metals 29.3 6.2 3.8 2.9 0.7 2.4 5.4 4.8 1.6 1.4

Minerals 484.8 190.3 70.6 29.3 9.7 26.2 43.8 51.3 25.4 39.1

Biomass 21.8 3.8 3.5 1.6 0.6 1.6 2.6 3.0 1.5 3.6

Fossil/other 11.4 0.1 2.7 1.0 0.2 0.9 1.5 1.8 1.0 2.2

Breakdown by building types

Residential, single 326.6 106.4 49.0 18.5 3.0 22.3 36.4 41.6 18.4 30.9

Residential, multi 147.0 79.5 17.8 9.9 5.9 4.0 7.5 9.6 5.8 7.0

Non-residential 32.7 6.7 10.4 2.3 0.5 1.2 1.2 2.1 3.2 5.1

Lightweight 37.9 7.2 3.3 3.7 0.8 3.2 8.2 6.5 1.9 3.1

High-rise 3.2 0.6 0.2 0.3 0.1 0.3 0.1 1.0 0.2 0.2

Abbreviations: ASIA, other Asia (excluding China); EU-27, European Union (27 countries); FSU, former Soviet Union; LAM, Latin and Middle America; MAF,

Middle East and Africa; OtherOECD, other countries belonging to theOrganization of Economic Co-Operation andDevelopment (excluding Japan, USA and

EU-27); USA, United States of America . . Gt . . . Gigatons (1 Gt= 109 t= 1 Pg= 1015 g= 1 billionmetric tons).

and other metals also play important roles. Biomass—mostly wood—contributes 4.0% to the total. Fossil-fuel-based materials such as plastics and

bitumen as well as other materials such as insulation or paint play a relatively minor role.

Globally, residential single-family houses (“residential, single”) are the most important building type (60%), although this differs widely between

regions (see Table 2 and Figure 4a). Residential multi-family houses (“residential, multi”) are the second-most important category (27%), while the

others play a minor role. It should be noted, however, that the distinction of residential and non-residential buildings using satellite-based Earth

Observation data carries substantial uncertainty. This partly results from mixed uses within the same building which frequently occur in multi-

family buildings in many cities that cannot be recognized from space. The data shown in Table 2 for the global total are reported in Supporting

Information S2 for all countries andwith full resolution of material types.

Comparisons with previous studies show similarities as well as differences. In Table S8 in Supplement S1 we report our global building stock

estimates alongwith those ofMarinova et al. (2020). Overall, our estimate formaterial stocks in residential buildings is almost one-third lower than

that found by Marinova et al. (2020); even our estimate for all buildings is a bit (11%) lower. Because the distinction between residential and non-

residential buildings in our study is not very robust, it is at present not clear which of these two comparisons is moremeaningful. The built-upmass

of six material categories (concrete, iron/steel, timber, aluminum, copper, and glass) found in the two studies is also reported in Table S8.

Comparison with results of Pauliuk et al. (2021) are not straightforward because they report cement, not concrete, and also refer only to res-

idential buildings. When we extrapolate Pauliuk et al.’s cement results assuming that cement has an average share of 11% in concrete (Portland

Cement Association, 2023), their result implies a global total of 127 Gt of concrete in residential buildings, which compares well with our result

for residential buildings (126 Gt), in particular considering possible inaccuracies in distinguishing residential from non-residential buildings. When

adding up aggregates and cement in Pauliuk et al.’s study (which—in contrast to ours—do not include aggregates used for other purposes thanmak-

ing concrete), we get 106 Gt, 16% lower than our result. For timber, Pauliuk et al. report 16 Gt (our result for residential buildings is 19 Gt) and for

steel 6 Gt (our result: 8 Gt).

Differences emerge from two categories of input data used in calculations: (1) the inventory of housing stocks, and (2) the material intensity

(MI) values. We here utilized remotely sensed estimates of building volumes, whereas both Marinova et al. (2020) and Pauliuk et al. (2021) used

outcomes of integrated assessment models. Databases used to derive MI factors also differ. We here considered 587 MI factors drawn from 93

studies. Just as Pauliuk et al. andMarinova et al., we usedMI factors derived from the literature. All three studies usedmostly (but not entirely) the

same primary sources; we added some that had not been available in the earlier work. Furthermore, MI factors were derived differently. Individual

MI data points had to be aggregated, which introduces further differences: studies used different numbers of regions as well as varying numbers

anddefinitions of building types to best suit theirmethods to calculate building volumes. Some study-specific assumptions anddifferent procedures
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6 HABERL ET AL.

F IGURE 1 Global high-resolutionmap of themass of materials in buildings. This global map displays values of “kt per pixel” aggregated over
larger regions for visualization purposes. Values for individual pixels (of approximately 8200m2 at the equator) cannot be displayed at global scale.
The global maximum for a single pixel is 222 kt. The image uses a Standard Deviation stretch of 2 to increase the visibility of higher values. Data
behind this map are available at full spatial and temporal resolution as DLR data product (“World Settlement Footprint (WSF) 3D -Material Stock -
Global, 90m”) at https://doi.org/10.15489/h80jhtr41x48 (DOI: 10.15489/h80jhtr41x48).

in derivingmeansmay cause further variation. These considerations imply that this research field is still in flux, and further harmonization and data

collection will be required to derivemore robust results.

3.2 Global patterns of material stocks in buildings

Figure 1 shows the global distribution of material stocks in buildings. The map has a spatial resolution of 90 m and, for each pixel, contains data on

themass of 18materials in five categories of buildings (see lower part of Table 2; full resolution in terms of materials in Supplementary Information

S2). The map is available DLR data product “World Settlement Footprint (WSF) 3D - Material Stock - Global, 90m” at https://doi.org/10.15489/

h80jhtr41x48 (DOI: 10.15489/h80jhtr41x48).

In Figure 2 we show examples for eight cities, one per region, demonstrating the amount of spatial detail present (but scarcely visible) in the

global map. The “height” in the pseudo-3Dmaps in the outtakes indicates themass of buildings per 90m pixel.

With a resolution of 90 m, our results are substantially more fine-grained than a previous global analysis that quantified building volumes at

500mresolution (Y. Zhou et al., 2022).Moreover,wepresent a globalwall-to-wall data product coveringmaterial stocks in buildings,while theZhou

et al. dataset is restricted to building volumes in selected urban areas. In addition, Zhou et al. modeled building volumes indirectly from synthetic

aperture radar (SAR) backscatter intensity, instead of deriving height differences from a high-resolution digital elevationmodel (as done in the case

of theWSF3D processing).

Our results reveal substantial global differences between countries in terms of material stocks in buildings per capita and per km2 of each coun-

try’s territory (here denoted as “land area”; see Figure 3). The share of building types in total buildingmaterial stocks per region differ substantially.

High-rise buildings play aminor role everywhere. The shareof lightweight buildings differs substantially, and is lowest inChina andhighest inMiddle

East and Africa. Residential single-family buildings play a small role in Japan, most likely due to its high population density and limited land avail-

ability for settlements. Moreover, the mass of single-family houses in Japan is small due to the prevalence of wooden buildings with low material

intensity. In several other regions, roughly two thirds of the mass of buildings is in residential single-family houses (EU-27, Latin andMiddle Amer-

ica, Middle East and Africa, Other Asia, and Other OECD). Residential multi-family houses play a large role in China and Japan, while their mass is

comparatively small in Latin andMiddle America andMiddle East and Africa.

Income can partially explain these patterns (Table 3a), in line with previous analyses (Schiller & Roscher, 2023). Per-capita stocks in high-income

countries are 6.6 times larger than those in low-income countries, the inequality in available building volume per capita (m3/cap) is almost as large

(factor 5.5). Income inequalities reported in World Bank data are even larger (factor 28), and stocks per unit gross domestic product (GDP) dif-

fer substantially as well. This also implies (last column) that building mass per unit of GDP is lower in the high-income group than in low-income

countries. This tendency toward lower stock values per unit of GDP in high-income countries needs further scrutiny; it could result from ten-

dencies toward stock saturation in higher-income regions (Wiedenhofer et al., 2021). The mass of buildings per unit GDP differs considerably
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HABERL ET AL. 7

F IGURE 2 Maps of material stocks in buildings in eight selected cities (one per region) around the world. The squares delimiting the 3D
outtakes measure 5 × 5 km. Due to the projection used, the size of pixels differs between cities: At the equator, theymeasure 90× 90m, but their
exact size varies according to the location of each city in relation to the equator. Data behind this map are available at full spatial and temporal
resolution as DLR data product (“World Settlement Footprint (WSF) 3DMaterial Stock - Material Stock- Global, 90m”) at
https://doi.org/10.15489/h80jhtr41x48 (DOI: 10.15489/h80jhtr41x48).
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8 HABERL ET AL.

F IGURE 3 Global distribution and inequality of materials in buildings. (a) Distribution of total material stocks to building types per region. (b)
Total material stocks in buildings per capita in each country [t/cap]. (c) Total material stocks in buildings per unit land area of each country’s
territory [kt/km2]. (d)Material stocks in buildings per unit of GDP in purchasing power parities (GDPppp) [kg/$]. Data behind this figure are
available in Supporting Information S2.

between regions and countries as well (Figure 3d, Table 3b). Note that these differences should not be overinterpreted, in particular in regions

where economic activities outside formal markets (not or only partially reflected in GDP) play an important role.

In terms of regional patterns (Table 3b), we found the highest building volumes per capita in the EU-27 and the United States, lowest in

Other Asia. Per unit area, material stocks are highest in Japan, which is plausible given its very high population density; values for China and

the EU-27 are only slightly lower, despite their substantially lower population density. This results from higher per-capita material stocks and

building volumes in these regions. Material stocks per unit GDP are lowest in Japan, followed closely by the United States. This may result

from the prevalence of timber in buildings and the larger role of lightweight buildings, as well as the high importance of the tertiary sector in

these regions. China’s material stocks per capita already exceed the average value of the group of high-income countries, despite being clas-

sified as an upper middle-income country and despite its lower building volume per capita. This may result from the prevalence of concrete

buildings in China, reflected in relatively high MI factors reported in the recent data compilation (Li et al., 2023) upon which our work relies.

Note that we can offer only speculative conjectures, as explaining these patterns would require additional analyses beyond the scope of this

paper.

At the country level, per-capita inequalities of material stocks in buildings are substantial and range from less than 10 tons/capita in some least-

developed countries to>300 tons/capita in Finland, theVatican, and theChristmas Islands. Building volumes available per person range from<10 to

>500 m3/cap; that is, vary by a factor of >50 (Supplementary Information S2). These patterns are analyzed in Figure 4 that displays Lorenz curves

for building volume and material stocks in buildings per capita as well as GDP per capita. We found that the inequality of building volumes per

capita is slightly smaller (Gini coefficient 0.41) than that of material stocks (0.45), which is slightly smaller than the inequality in per-capita GDPppp.

Because population density can be assumed to influence building volumes per capita, we also depict per-capita land area (the inverse of population

density) in Figure 4. Per-capita land area is still more unequally distributed, reflecting the large global differences in population density. Inequality

in material stocks and volume of buildings rather resembles GDP inequalities than differences in population density.
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HABERL ET AL. 9

TABLE 3 Indicators showing differences, respectively, inequalities between regions in terms of total material stocks in buildings, stocks per
capita and land area, building volume per capita, population density, and gross domestic product in purchasing power parities (GDPppp) per capita
as well as stocks per unit of GDP. All data refer to 2019; data on population, GDP, and land area are fromWorld Bank databases.

Total stocks

[Mt]

Stocks per

capita

[t/cap]

Stocks per land

area

[kt/km2]

Building volume

per capita

[m3/cap]

Population

density

[cap/km2]

GDPppp per

capita

[US$/cap]

Stocks per unit

GDPppp

[kg/US$]

(a) Breakdown by income groups

High income 172,794 140 4.79 453 34 51,396 2.72

Uppermiddle income 290,899 103 4.99 244 49 17,397 5.91

Lowermiddle income 68,994 24 3.13 86 132 7030 3.37

Low income 14,223 21 0.92 83 43 1817 11.76

(b) Breakdown by regions

China 200,430 146 21.45 278 147 17,067 8.55

EU-27 80,733 183 19.83 532 108 47,906 3.82

FSU 34,792 119 1.59 406 13 21,909 5.45

Japan 10,270 81 27.49 326 338 42,394 1.92

LAM 31,072 48 1.52 171 32 15,455 3.12

MAF 53,417 34 1.53 126 45 7920 4.32

Other Asia 60,837 23 5.24 82 226 9068 2.56

Other OECD 29,450 115 1.35 357 12 41,242 2.78

United States 46,278 141 4.88 518 35 65,120 2.16

F IGURE 4 Lorenz curves representing the inequality in global country-level per-capita values of GDPppp, building volume andmaterial stocks
in buildings. Themore a curve deviates from the dashed 45◦ line, and the larger the Gini index, the larger the inequality. Data behind this figure are
available in Supporting Information S2.

3.3 Data quality and sensitivity

Our material stock results hinge on the accuracy of (1) quantification of building volumes and (2) material intensity (MI) factors. Building volume

datawere validated in the underlying remote-sensing study (Esch et al., 2022). In order to gauge the effect ofMI factors, we conducted a sensitivity

analysis.

The results of the sensitivity analysis (minimum/maximum values compared to “Best guess” estimates obtained by varying the MI factors) are

presented in Figure 5a for the 20 countries with the largest total material stocks in buildings. Minimum and maximum values differ from the “Best

guess” result by between one quarter and one third, depending on the data quality in the respective region; for example, in terms of availability and
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10 HABERL ET AL.

F IGURE 5 Sensitivity analysis and comparison with previous local/regional studies. (a) Results of the sensitivity analysis forMI factors
obtained with 25/75 percentiles for the 20 countries with highest absolute material stock amounts. Sensitivity of the results to changes inMI
factors is represented as error bars. The primary (left) axis shows results in absolute numbers, the secondary (right) axis as percent of the “best
guess” result for each region. (b) Comparison of our results from our global mapping exercise (100%) with results of case studies for specific cities
and regions. See Supplementary Information S1 for details (Bradshaw et al., 2020; Gontia et al., 2019; Haberl et al., 2021; Kleemann et al., 2017;
Lanau & Liu, 2020; Lederer et al., 2021; Liang et al., 2023;Mao et al., 2020;Miatto et al., 2019;Mollaei et al., 2021; Noll et al., 2022; Stephan &
Athanassiadis, 2018). Data behind this figure are available in Supporting Information S2.
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HABERL ET AL. 11

consistency of data to deriveMI factors. Full information on the sensitivity for all countries and building types is available in Supporting Information

S2.

Our validation and sensitivity analysis suggest that our results are useful as first comprehensive database with global coverage and high spa-

tial resolution, but they also reveal limitations requiring future work. The large spread of overall results emerging from the sensitivity analysis

(Figure 5a) suggests thatmore primary research to determineMI factors is required to obtainmore accurate results, in particular for regionswhere

they are currently absent or very scarce, andwhere our sensitivity analysis most likely underestimates uncertainties.

Figure 5b compares snippets from our global map with 16 individual results for 14 sub-national regions, mostly cities, from 13 independent

studies (for details see Supporting Information S2). The number of results exceeds the number of cities because for one city (Vienna, Austria), three

different results were available. Material stocks found in the independent studies range from 53% (Gothenburg, Sweden) to 200% (Samothrace,

Greece) of our results, but reasonable agreement is found for most cities/studies. Generally, our results compare to other studies within the range

suggested by our uncertainty estimate. Deviations are up- and downward; that is, they show that there are uncertainties, but do not indicate a

bias. Larger deviations were found for older studies (Kleemann et al., 2017), for very specific locations like the Greek island Samothrace (Noll et al.,

2022) andGothenburg, Sweden (Gontia et al., 2020). The latter two cases have untypical building styles not captured in region-averagedMI factors

due to a prevalence of traditional stone buildings in Samothrace and of wood buildings in Gothenburg that also showed in other mapping exercises

(Peled & Fishman, 2021). Deviations for Chiclayo (Mesta et al., 2019) and Antigua and Barbuda (Bradshaw et al., 2020) affect data-scarce regions

for which we had to rely on global-average MI factors due to lacking regional MI datasets. While our results are well in line with other Chinese

regions (Liang et al., 2023), we find substantial deviations for Beijing (Mao et al., 2020) that may, among other aspects, have to do with deviations

in coverage that cannot be excluded with respect to our reconstruction of the boundary shape file (more detail in Supporting Information S1). In

general, global results are expected to deviate from local case studies because global or regional factors cannot capture all local context-specific

conditions (Schiller et al., 2019).

For some of these problems, research is under way that should allow narrowing the ranges in the foreseeable future. Construction technologies,

and with them thematerial composition of buildings, as well as the mass of materials required per m2 of floor space and per m3 of building volume,

differ between countries or regions. In large countries, theymay even differ between regions, and of course change over time. Efforts to harmonize

building definitions and improvements of factors to convert area-based to volume-based material intensity factors (Section 1.2 and Table S2 in

Supporting Information S1) would be helpful. At present, most empirical research into the material intensity of buildings is carried out in Europe,

North America, and Japan, while few studies are available for other regions (Supplementary Information S1). Improved regional coverage will

allow more robust quantifications and mappings. Better MI factor databases would be a precondition for improving these results and would allow

a systematic assessment of uncertainties; for example, using Monte Carlo approaches. Building age is another important factor that could not be

considered here, but improvedmodels that infer building age from urban form indicators are gradually becoming available (Nachtigall et al., 2023);

inclusion of such data, respectively, model outcomes could help improving future maps. In June 2023, which was too late to be included in this

work, the Joint Research Centre (JRC) released a new GHSL 2023 version; integrating these data for building type separation could help further

improving our results.

4 CONCLUDING REMARKS

Buildings contain about two thirds of all socioeconomic material stocks, which includes substantial fractions of energy- and emission-intensive

materials such as concrete and metals. Global material stocks in buildings amount to 547 Gt in the year 2019, which is ∼72 t/cap. Inequalities in

per-capita stocks and building volumes are substantial. Our results represent progress in terms of spatial resolution and are based on state-of-the

art methods, but substantial uncertainties prevail for world regions with scarce data as well as for important differentiations such as that between

residential andother buildings.More accurate quantifications andmapswill require additionalwork, amongothers better harmonizationof building

definitions andmore empirical studies of thematerial intensity of buildings.

The data discussed in this article are freely available as “World Settlement Footprint (WSF) 3D - Material Stock - Global, 90m” data product

through the DLR EOC GeoService https://doi.org/10.15489/h80jhtr41x48 (DOI: 10.15489/h80jhtr41x48). They open a host of future research

avenues. For example, they can be used to calculate resources (materials and energy) and emissions (e.g., GHG emissions) “embodied” in current

building stock using recently developed methods (Kennedy, 2020; Stephan & Athanassiadis, 2017; Vélez-Henao & Pauliuk, 2023). Our results can

contribute to future analyses of the role of material stocks and their spatial patterns as co-determinants of energy use, material flows, or GHG

emissions (Duro et al., 2024; Haberl et al., 2023). They can help localizing secondary resource potentials (Marinova et al., 2020), calculating future

waste flows (Streeck et al., 2020, 2021), and analyzing lock-in effects (Seto et al., 2016). Analyses of the patterns presented above, in particular of

the inequalities in building volumes andmaterial stocks per capita in the context of the SDG, also emerge as worthwhile endeavors.

AUTHOR CONTRIBUTIONS

Helmut Haberl: Conceptualization; methodology; investigation; writing—original draft; writing—review and editing; supervision; project adminis-

tration; funding acquisition. André Baumgart: Methodology; validation; formal analysis; investigation; data curation; writing—review and editing.

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13585 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.15489/h80jhtr41x48


12 HABERL ET AL.

Julian Zeidler: Formal analysis; investigation; data curation; writing—review and editing. Franz Schug: Conceptualization; methodology; investi-

gation; data curation; writing—review and editing. David Frantz: Conceptualization; methodology; investigation; data curation; writing—review

and editing. Daniela Palacios-Lopez: Data curation; visualization; writing—review and editing. Tomer Fishman: Methodology; investigation; data

curation; writing—review and editing. Yoav Peled: Methodology; investigation; data curation; writing—review and editing. Bowen Cai: Methodol-

ogy; investigation; data curation; writing—review and editing.Doris Virág: Methodology; investigation; data curation; writing—review and editing.

PatrickHostert: Conceptualization;writing—reviewandediting.DominikWiedenhofer: Conceptualization;methodology; investigation; data cura-

tion; writing—review and editing; supervision; project administration. Thomas Esch: Conceptualization; methodology; software; validation; formal

analysis; investigation; resources; data curation; visualization; writing—original draft; writing—review and editing.

ACKNOWLEDGMENTS

This research has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation

programme (MAT_STOCKS, grant agreement No 741950) and the Horizon Europe project CircEUlar, Grant/Award Number: 101056810. Parts of

the software implementation and processing for the building type classification were funded by the DLR-internal project terabyte. This article has

profited from collaborations in previous projects that enabled us to conduct this work, among others Sebastian van der Linden,Maud Lanau, Georg

Schiller, Hiroki Tanikawa, Karl-Heinz Erb, Sarah Matej, and Gang Liu. The work also benefited from a DLR-funded research visit of Thomas Esch at

theWorld Bank inWashington DC, during which the improved version ofWSF3D used in this study was developed.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The authors agreewith an open and free data policy. Data supporting the findings of this study are available in two supporting information files. The

maps ofmaterial stocks in buildings (“World Settlement Footprint (WSF) 3D -Material Stock - Global, 90m”, DOI: 10.15489/h80jhtr41x48) are available

with full spatial (90 m) and thematic (18 materials for 5 building types) resolution through the DLR EOC GeoService at https://geoservice.dlr.de/

data-assets/h80jhtr41x48.html

ORCID

HelmutHaberl https://orcid.org/0000-0003-2104-5446

AndréBaumgart https://orcid.org/0000-0002-8256-5958

JulianZeidler https://orcid.org/0000-0001-9444-2296

Franz Schug https://orcid.org/0000-0003-1534-5610

David Frantz https://orcid.org/0000-0002-9292-3931

Daniela Palacios-Lopez https://orcid.org/0000-0001-6302-2491

Tomer Fishman https://orcid.org/0000-0003-4405-2382

YoavPeled https://orcid.org/0000-0002-2831-3450

BowenCai https://orcid.org/0000-0003-4998-8796

DorisVirág https://orcid.org/0000-0001-8300-8590

PatrickHostert https://orcid.org/0000-0002-5730-5484

DominikWiedenhofer https://orcid.org/0000-0001-7418-3477

ThomasEsch https://orcid.org/0000-0002-5868-9045

REFERENCES

Baumgart,A., Virág,D., Schug, F., Frantz,D.,&Wiedenhofer,D. (2022).Material factors for buildings, roads and rail-based infrastructure inCONUS. ZenodoArchive.
https://zenodo.org/records/5045337

Bradshaw, J., Jit Singh, S., Tan, S.-Y., Fishman, T., & Pott, K. (2020). GIS-basedmaterial stock analysis (MSA) of climate vulnerabilities to the tourism industry in

Antigua and Barbuda. Sustainability, 12(19), 8090. https://doi.org/10.3390/su12198090
Creutzig, F., Agoston, P., Minx, J. C., Canadell, J. G., Andrew, R. M., Quéré, C. L., Peters, G. P., Sharifi, A., Yamagata, Y., & Dhakal, S. (2016). Urban infrastructure

choices structure climate solutions.Nature Climate Change, 6(12), 1054–1056. https://doi.org/10.1038/nclimate3169

Deetman, S., Marinova, S., van der Voet, E., van Vuuren, D. P., Edelenbosch, O., &Heijungs, R. (2020).Modelling global material stocks and flows for residential

and service sector buildings towards 2050. Journal of Cleaner Production, 245, 118658. https://doi.org/10.1016/j.jclepro.2019.118658
Duro, J. A., Perez-Laborda, A., Löw, M., Matej, S., Plank, B., Krausmann, F., Wiedenhofer, D., & Haberl, H. (2024). Spatial patterns of built structures

co-determine nations’ level of resource demand. Journal of Industrial Ecology, 28(2), 289–302. https://doi.org/10.1111/jiec.13470
Emporis. (2022). Emporis building database. https://www.ipl.org/emporis-building-database/

Esch, T., Brzoska, E., Dech, S., Leutner, B., Palacios-Lopez, D., Metz-Marconcini, A., Marconcini, M., Roth, A., & Zeidler, J. (2022). World Settlement Footprint

3D—A first three-dimensional survey of the global building stock.Remote Sensing of Environment,270, 112877. https://doi.org/10.1016/j.rse.2021.112877

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13585 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://geoservice.dlr.de/data-assets/h80jhtr41x48.html
https://geoservice.dlr.de/data-assets/h80jhtr41x48.html
https://orcid.org/0000-0003-2104-5446
https://orcid.org/0000-0003-2104-5446
https://orcid.org/0000-0002-8256-5958
https://orcid.org/0000-0002-8256-5958
https://orcid.org/0000-0001-9444-2296
https://orcid.org/0000-0001-9444-2296
https://orcid.org/0000-0003-1534-5610
https://orcid.org/0000-0003-1534-5610
https://orcid.org/0000-0002-9292-3931
https://orcid.org/0000-0002-9292-3931
https://orcid.org/0000-0001-6302-2491
https://orcid.org/0000-0001-6302-2491
https://orcid.org/0000-0003-4405-2382
https://orcid.org/0000-0003-4405-2382
https://orcid.org/0000-0002-2831-3450
https://orcid.org/0000-0002-2831-3450
https://orcid.org/0000-0003-4998-8796
https://orcid.org/0000-0003-4998-8796
https://orcid.org/0000-0001-8300-8590
https://orcid.org/0000-0001-8300-8590
https://orcid.org/0000-0002-5730-5484
https://orcid.org/0000-0002-5730-5484
https://orcid.org/0000-0001-7418-3477
https://orcid.org/0000-0001-7418-3477
https://orcid.org/0000-0002-5868-9045
https://orcid.org/0000-0002-5868-9045
https://zenodo.org/records/5045337
https://doi.org/10.3390/su12198090
https://doi.org/10.1038/nclimate3169
https://doi.org/10.1016/j.jclepro.2019.118658
https://doi.org/10.1111/jiec.13470
https://www.ipl.org/emporis-building-database/
https://doi.org/10.1016/j.rse.2021.112877


HABERL ET AL. 13

Frantz, D., Schug, F., Wiedenhofer, D., Baumgart, A., Virág, D., Cooper, S., Gómez-Medina, C., Lehmann, F., Udelhoven, T., van der Linden, S., Hostert, P., &

Haberl, H. (2023). Unveiling patterns in human dominated landscapes through mapping the mass of US built structures. Nature Communications, 14(1),
8014. https://doi.org/10.1038/s41467-023-43755-5

Fu, C., Zhang, Y., Deng, T., &Daigo, I. (2022). The evolution ofmaterial stock research: Fromexploring to rising to hot studies. Journal of Industrial Ecology,26(2),
462–476. https://doi.org/10.1111/jiec.13195

Gontia, P., Thuvander, L., Ebrahimi, B., Vinas, V., Rosado, L., & Wallbaum, H. (2019). Spatial analysis of urban material stock with clustering algorithms: A

Northern European case study. Journal of Industrial Ecology, 23(6), 1328–1343. https://doi.org/10.1111/jiec.12939
Gontia, P., Thuvander, L., & Wallbaum, H. (2020). Spatiotemporal characteristics of residential material stocks and flows in urban, commuter, and rural

settlements. Journal of Cleaner Production, 251, 119435. https://doi.org/10.1016/j.jclepro.2019.119435
Haberl, H., Löw, M., Perez-Laborda, A., Matej, S., Plank, B., Wiedenhofer, D., Creutzig, F., Erb, K.-H., & Duro, J. A. (2023). Built structures influence patterns of

energy demand and CO2 emissions across countries.Nature Communications, 14(1), 3898. https://doi.org/10.1038/s41467-023-39728-3
Haberl, H.,Wiedenhofer, D., Schug, F., Frantz, D., Virág, D., Plutzar, C., Gruhler, K., Lederer, J., Schiller, G., Fishman, T., Lanau,M., Gattringer, A., Kemper, T., Liu,

G., Tanikawa, H., van der Linden, S., & Hostert, P. (2021). High-resolution maps of material stocks in buildings and infrastructures in Austria and Germany.

Environmental Science & Technology, 55, 3368–3379. https://doi.org/10.1021/acs.est.0c05642
Heeren, N., & Fishman, T. (2019). A database seed for a community-driven material intensity research platform. Scientific Data, 6(1), 23. https://doi.org/10.

1038/s41597-019-0021-x

JRC. (2022).GHSL—Global Human Settlement Layer. Joint Research Centre (JRC). https://ghsl.jrc.ec.europa.eu/
Kennedy, C. (2020). The energy embodied in the first and second industrial revolutions. Journal of Industrial Ecology, 24(4), 887–898. https://doi.org/10.1111/

jiec.12994

Kleemann, F., Lederer, J., Rechberger, H., & Fellner, J. (2017). GIS-based analysis of Vienna’s material stock in buildings. Journal of Industrial Ecology, 21(2),
368–380. https://doi.org/10.1111/jiec.12446

Krausmann, F.,Wiedenhofer,D., Lauk, C., Haas,W., Tanikawa,H., Fishman, T.,Miatto, A., Schandl, H., &Haberl, H. (2017). Global socioeconomicmaterial stocks

rise 23-fold over the 20th century and require half of annual resource use. Proceedings of the National Academy of Sciences of the USA, 114(8), 1880–1885.
https://doi.org/10.1073/pnas.1613773114

Lamb,W. F.,Wiedmann, T., Pongratz, J., Andrew, R., Crippa,M., Olivier, J. G. J.,Wiedenhofer, D., Mattioli, G., Khourdajie, A. A., House, J., Pachauri, S., Figueroa,

M., Saheb, Y., Slade, R., Hubacek, K., Sun, L., Ribeiro, S. K., Khennas, S., Can, S. D. L. R. D., . . . Minx, J. C. (2021). A review of trends and drivers of greenhouse

gas emissions by sector from 1990 to 2018. Environmental Research Letters, 16(4), 073005. https://doi.org/10.1088/1748-9326/abee4e
Lanau, M., & Liu, G. (2020). Developing an urban resource cadaster for circular economy: A case of Odense, Denmark. Environmental Science & Technology,

54(7), 4675–4685. https://doi.org/10.1021/acs.est.9b07749
Lanau, M., Liu, G., Kral, U., Wiedenhofer, D., Keijzer, E., Yu, C., & Ehlert, C. (2019). Taking stock of built environment stock studies: Progress and prospects.

Environmental Science & Technology, 53(15), 8499–8515. https://doi.org/10.1021/acs.est.8b06652
Lederer, J., Fellner, J., Gassner, A., Gruhler, K., & Schiller, G. (2021). Determining the material intensities of buildings selected by random sampling: A case

study fromVienna. Journal of Industrial Ecology, 25(4), 848–863. https://doi.org/10.1111/jiec.13100
Li, X., Song, L., Liu, Q., Ouyang, X., Mao, T., Lu, H., Liu, L., Liu, X., Chen,W., & Liu, G. (2023). Product, building, and infrastructurematerial stocks dataset for 337

Chinese cities between 1978 and 2020. Scientific Data, 10(1), 228. https://doi.org/10.1038/s41597-023-02143-w
Liang, H., Bian, X., Dong, L., Shen, W., Chen, S. S., & Wang, Q. (2023). Mapping the evolution of building material stocks in three eastern coastal urban

agglomerations of China. Resources, Conservation and Recycling, 188, 106651. https://doi.org/10.1016/j.resconrec.2022.106651
Mao, R., Bao, Y., Huang, Z., Liu, Q., & Liu, G. (2020). High-resolution mapping of the urban built environment stocks in Beijing. Environmental Science &

Technology, 54(9), 5345–5355. https://doi.org/10.1021/acs.est.9b07229
Marconcini, M., Metz-Marconcini, A., Esch, T., & Gorelick, N. (2021). Understanding Current Trends in Global Urbanisation—The World Settlement Footprint suite.

GI Forum 2021, 5–8 July 2021. https://austriaca.at/0xc1aa5576%200x003c9b4c.pdf

Marinova, S., Deetman, S., van der Voet, E., & Daioglou, V. (2020). Global construction materials database and stock analysis of residential buildings between

1970–2050. Journal of Cleaner Production, 247, 119146. https://doi.org/10.1016/j.jclepro.2019.119146
Mesta, C., Kahhat, R., & Santa-Cruz, S. (2019). Geospatial characterization of material stock in the residential sector of a Latin-American city. Journal of

Industrial Ecology, 23(1), 280–291. https://doi.org/10.1111/jiec.12723
Miatto, A., Schandl, H., Forlin, L., Ronzani, F., Borin, P., Giordano, A., & Tanikawa, H. (2019). A spatial analysis of material stock accumulation and demolition

waste potential of buildings: A case study of Padua. Resources, Conservation and Recycling, 142, 245–256. https://doi.org/10.1016/j.resconrec.2018.12.011
Millward-Hopkins, J., Steinberger, J. K., Rao, N. D., & Oswald, Y. (2020). Providing decent living with minimum energy: A global scenario.Global Environmental

Change, 65, 102168. https://doi.org/10.1016/j.gloenvcha.2020.102168
Mollaei, A., Ibrahim,N., &Habib, K. (2021). Estimating the constructionmaterial stocks in twoCanadian cities: A case study ofKitchener andWaterloo. Journal

of Cleaner Production, 280, 124501. https://doi.org/10.1016/j.jclepro.2020.124501
Nachtigall, F.,Milojevic-Dupont, N.,Wagner, F., &Creutzig, F. (2023). Predicting building age fromurban form at large scale.Computers, Environment andUrban

Systems, 105, 102010. https://doi.org/10.1016/j.compenvurbsys.2023.102010

Noll, D., Lauk, C., Haas,W., Singh, S. J., Petridis, P., &Wiedenhofer, D. (2022). The sociometabolic transition of a small Greek island: Assessing stock dynamics,

resource flows, andmaterial circularity from 1929 to 2019. Journal of Industrial Ecology, 26(2), 577–591. https://doi.org/10.1111/jiec.13206
Pauliuk, S., Heeren, N., Berrill, P., Fishman, T., Nistad, A., Tu, Q., Wolfram, P., & Hertwich, E. G. (2021). Global scenarios of resource and emission savings from

material efficiency in residential buildings and cars.Nature Communications, 12(1), 5097. https://doi.org/10.1038/s41467-021-25300-4
Peled, Y., & Fishman, T. (2021). Estimation and mapping of the material stocks of buildings of Europe: A novel nighttime lights-based approach. Resources,

Conservation and Recycling, 169, 105509. https://doi.org/10.1016/j.resconrec.2021.105509
Plank, B., Streeck, J., Virág, D., Krausmann, F., Haberl, H., & Wiedenhofer, D. (2022). From resource extraction to manufacturing and construction: flows of

stock-buildingmaterials in 177 countries from 1900 to 2016. Resources, Conservation & Recycling, 179, 106122. https://doi.org/10.1016/j.resconrec.2021.
106122

Portland Cement Association. (2023). Cast-In-Place (CIP) concrete. https://www.cement.org/cement-concrete/cement-specific-materials/how-concrete-is-

made

Saltelli, A., Chan, K., & Scott, E. M. (2000). Sensitivity analysis (Vol. 1).Wiley.

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13585 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41467-023-43755-5
https://doi.org/10.1111/jiec.13195
https://doi.org/10.1111/jiec.12939
https://doi.org/10.1016/j.jclepro.2019.119435
https://doi.org/10.1038/s41467-023-39728-3
https://doi.org/10.1021/acs.est.0c05642
https://doi.org/10.1038/s41597-019-0021-x
https://doi.org/10.1038/s41597-019-0021-x
https://ghsl.jrc.ec.europa.eu/
https://doi.org/10.1111/jiec.12994
https://doi.org/10.1111/jiec.12994
https://doi.org/10.1111/jiec.12446
https://doi.org/10.1073/pnas.1613773114
https://doi.org/10.1088/1748-9326/abee4e
https://doi.org/10.1021/acs.est.9b07749
https://doi.org/10.1021/acs.est.8b06652
https://doi.org/10.1111/jiec.13100
https://doi.org/10.1038/s41597-023-02143-w
https://doi.org/10.1016/j.resconrec.2022.106651
https://doi.org/10.1021/acs.est.9b07229
https://austriaca.at/0xc1aa5576%200x003c9b4c.pdf
https://doi.org/10.1016/j.jclepro.2019.119146
https://doi.org/10.1111/jiec.12723
https://doi.org/10.1016/j.resconrec.2018.12.011
https://doi.org/10.1016/j.gloenvcha.2020.102168
https://doi.org/10.1016/j.jclepro.2020.124501
https://doi.org/10.1016/j.compenvurbsys.2023.102010
https://doi.org/10.1111/jiec.13206
https://doi.org/10.1038/s41467-021-25300-4
https://doi.org/10.1016/j.resconrec.2021.105509
https://doi.org/10.1016/j.resconrec.2021.106122
https://doi.org/10.1016/j.resconrec.2021.106122
https://www.cement.org/cement-concrete/cement-specific-materials/how-concrete-is-made
https://www.cement.org/cement-concrete/cement-specific-materials/how-concrete-is-made


14 HABERL ET AL.

Schandl, H., Marcos-Martinez, R., Baynes, T., Yu, Z., Miatto, A., & Tanikawa, H. (2020). A spatiotemporal urban metabolism model for the Canberra suburb of

Braddon in Australia. Journal of Cleaner Production, 256, 121770. https://doi.org/10.1016/j.jclepro.2020.121770
Schiller, G.,Miatto, A., Gruhler, K., Ortlepp, R., Deilmann, C., & Tanikawa,H. (2019). Transferability ofmaterial composition indicators for residential buildings:

A conceptual approach based on a German-Japanese comparison. Journal of Industrial Ecology, 23(4), 796–807. https://doi.org/10.1111/jiec.12817
Schiller, G., & Roscher, J. (2023). Impact of urbanization on constructionmaterial consumption: A global analysis. Journal of Industrial Ecology, 27, 1021–1036.

https://doi.org/10.1111/jiec.13392

Seto, K. C., Davis, S. J., Mitchell, R. B., Stokes, E. C., Unruh, G., & Ürge-Vorsatz, D. (2016). Carbon lock-in: Types, causes, and policy implications. Annual Review
of Environment and Resources, 41(1), 425–452. https://doi.org/10.1146/annurev-environ-110615-085934

Stephan, A., & Athanassiadis, A. (2017). Quantifying and mapping embodied environmental requirements of urban building stocks. Building and Environment,
114, 187–202. https://doi.org/10.1016/j.buildenv.2016.11.043

Stephan, A., & Athanassiadis, A. (2018). Towards a more circular construction sector: Estimating and spatialising current and future non-structural material

replacement flows to maintain urban building stocks. Resources, Conservation and Recycling, 129, 248–262. https://doi.org/10.1016/j.resconrec.2017.09.
022

Streeck, J., Dammerer, Q., Wiedenhofer, D., & Krausmann, F. (2021). The role of socio-economic material stocks for natural resource use in the United States

of America from 1870 to 2100. Journal of Industrial Ecology, 25(6), 1486–1502. https://doi.org/10.1111/jiec.13166
Streeck, J., Pauliuk, S., Wieland, H., & Wiedenhofer, D. (2023a). A review of methods to trace material flows into final products in dynamic material flow

analysis: From industry shipments in physical units to monetary input–output tables, Part 1. Journal of Industrial Ecology, 27, 436–456. https://doi.org/10.
1111/jiec.13380

Streeck, J., Wieland, H., Pauliuk, S., Plank, B., Nakajima, K., & Wiedenhofer, D. (2023b). A review of methods to trace material flows into final products in

dynamic material flow analysis: Comparative application of six methods to the United States and EXIOBASE3 regions, Part 2. Journal of Industrial Ecology,
27, 457–475. https://doi.org/10.1111/jiec.13379

Streeck, J., Wiedenhofer, D., Krausmann, F., & Haberl, H. (2020). Stock-flow relations in the socio-economic metabolism of the United Kingdom 1800–2017.

Resources, Conservation and Recycling, 161, 104960. https://doi.org/10.1016/j.resconrec.2020.104960
Symmes, R., Fishman, T., Telesford, J. N., Singh, S. J., Tan, S.-Y., & De Kroon, K. (2020). The weight of islands: Leveraging Grenada’s material stocks to adapt to

climate change. Journal of Industrial Ecology, 24(2), 369–382. https://doi.org/10.1111/jiec.12853
Takahashi, K. I., Terakado, R., Nakamura, J., Adachi, Y., Elvidge, C.D., &Matsuno, Y. (2010). In-use stock analysis using satellite nighttime light observation data.

Resources, Conservation and Recycling, 55(2), 196–200. https://doi.org/10.1016/j.resconrec.2010.09.008
Tanikawa, H., Fishman, T., Hashimoto, S., Daigo, I., Oguchi, M., Miatto, A., Takagi, S., Yamashita, N., & Schandl, H. (2020). A framework of indicators for associ-

ating material stocks and flows to service provisioning: Application for Japan 1990–2015. Journal of Cleaner Production, 125450. https://doi.org/10.1016/
j.jclepro.2020.125450

Tanikawa,H., Fishman, T., Okuoka, K., & Sugimoto, K. (2015). Theweight of society over time and space: A comprehensive account of the constructionmaterial

stock of Japan, 1945–2010: The constructionmaterial stock of Japan. Journal of Industrial Ecology, 19(5), 778–791. https://doi.org/10.1111/jiec.12284
Tanikawa, H., & Hashimoto, S. (2009). Urban stock over time: Spatial material stock analysis using 4d-GIS. Building Research & Information, 37(5–6), 483–502.

https://doi.org/10.1080/09613210903169394

Tanikawa, H., Managi, S., & Lwin, C. M. (2014). Estimates of lost material stock of buildings and roads due to the great East Japan earthquake and tsunami.

Journal of Industrial Ecology, 18(3), 421–431. https://doi.org/10.1111/jiec.12126
Tusting, L. S., Bisanzio, D., Alabaster, G., Cameron, E., Cibulskis, R., Davies, M., Flaxman, S., Gibson, H. S., Knudsen, J., Mbogo, C., Okumu, F. O., von Seidlein,

L., Weiss, D. J., Lindsay, S. W., Gething, P. W., & Bhatt, S. (2019). Mapping changes in housing in sub-Saharan Africa from 2000 to 2015.Nature, 568(7752),
391–394. https://doi.org/10.1038/s41586-019-1050-5

Vélez-Henao, J. A., & Pauliuk, S. (2023). Material requirements of decent living standards. Environmental Science & Technology, 37, 14206–14217. https://doi.
org/10.1021/acs.est.3c03957

Wiedenhofer, D., Baumgart, A., Matej, S., Virág, D., Kalt, G., Lanau, M., Tingley, D. D., Liu, Z., Guo, J., Tanikawa, H., & Haberl, H. (2024). Mapping and modelling

global mobility infrastructure stocks, material flows and their embodied greenhouse gas emissions. Journal of Cleaner Production, 434, 139742. https://doi.
org/10.1016/j.jclepro.2023.139742

Wiedenhofer, D., Fishman, T., Plank, B., Miatto, A., Lauk, C., Haas, W., Haberl, H., & Krausmann, F. (2021). Prospects for a saturation of humanity’s resource

use? An analysis of material stocks and flows in nine world regions from 1900 to 2035.Global Environmental Change, 71, 102410. https://doi.org/10.1016/
j.gloenvcha.2021.102410

Wiedenhofer, D., Steinberger, J. K., Eisenmenger, N., & Haas, W. (2015). Maintenance and expansion: Modeling material stocks and flows for residential

buildings and transportation networks in the EU25. Journal of Industrial Ecology, 19(4), 538–551. https://doi.org/10.1111/jiec.12216
Zhou, Q., Zhang, Y., Chang, K., & Brovelli, M. A. (2022). Assessing OSM building completeness for almost 13,000 cities globally. International Journal of Digital

Earth, 15(1), 2400–2421. https://doi.org/10.1080/17538947.2022.2159550
Zhou, Y., Li, X., Chen, W., Meng, L., Wu, Q., Gong, P., & Seto, K. C. (2022). Satellite mapping of urban built-up heights reveals extreme infrastructure gaps and

inequalities in the Global South. Proceedings of the National Academy of Sciences, 119(46), e2214813119. https://doi.org/10.1073/pnas.2214813119

SUPPORTING INFORMATION

Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Haberl, H., Baumgart, A., Zeidler, J., Schug, F., Frantz, D., Palacios-Lopez, D., Fishman, T., Peled, Y., Cai, B., Virág, D.,

Hostert, P.,Wiedenhofer, D., & Esch, T. (2024).Weighing the global built environment: High-resolutionmapping and quantification of

material stocks in buildings. Journal of Industrial Ecology, 1–14. https://doi.org/10.1111/jiec.13585

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13585 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jclepro.2020.121770
https://doi.org/10.1111/jiec.12817
https://doi.org/10.1111/jiec.13392
https://doi.org/10.1146/annurev-environ-110615-085934
https://doi.org/10.1016/j.buildenv.2016.11.043
https://doi.org/10.1016/j.resconrec.2017.09.022
https://doi.org/10.1016/j.resconrec.2017.09.022
https://doi.org/10.1111/jiec.13166
https://doi.org/10.1111/jiec.13380
https://doi.org/10.1111/jiec.13380
https://doi.org/10.1111/jiec.13379
https://doi.org/10.1016/j.resconrec.2020.104960
https://doi.org/10.1111/jiec.12853
https://doi.org/10.1016/j.resconrec.2010.09.008
https://doi.org/10.1016/j.jclepro.2020.125450
https://doi.org/10.1016/j.jclepro.2020.125450
https://doi.org/10.1111/jiec.12284
https://doi.org/10.1080/09613210903169394
https://doi.org/10.1111/jiec.12126
https://doi.org/10.1038/s41586-019-1050-5
https://doi.org/10.1021/acs.est.3c03957
https://doi.org/10.1021/acs.est.3c03957
https://doi.org/10.1016/j.jclepro.2023.139742
https://doi.org/10.1016/j.jclepro.2023.139742
https://doi.org/10.1016/j.gloenvcha.2021.102410
https://doi.org/10.1016/j.gloenvcha.2021.102410
https://doi.org/10.1111/jiec.12216
https://doi.org/10.1080/17538947.2022.2159550
https://doi.org/10.1073/pnas.2214813119
https://doi.org/10.1111/jiec.13585

	Weighing the global built environment
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Building volumes and building type classification
	2.2 | Material intensity factors
	2.3 | Uncertainty analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Mass of material stocks in global buildings
	3.2 | Global patterns of material stocks in buildings
	3.3 | Data quality and sensitivity

	4 | CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


