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Small increases in material stocks to achieve 
decent living standards globally
 

Jan Streeck    1  , Johan Andrés Veléz-Henao    2, Jarmo S. Kikstra    3,4,5, 
Shonali Pachauri    3, Jihoon Min    3, Fridolin Krausmann    1, Helmut Haberl    1, 
Stefan Pauliuk    2, Tommaso Zaini    3 & Dominik Wiedenhofer    1

Global inequalities in resource use leave billions below decent living 
standards (DLS)—a proposal of universal minimum service levels required 
to meet essential human needs. Although research has examined the energy 
use and greenhouse gas emission implications of achieving universal DLS, 
little is known about the necessary expansion of societies’ material stocks 
in buildings, infrastructure and machinery. Here we estimate that closing 
global DLS gaps would require an increase of approximately 12% in the 
existing material stocks of society, if efforts to expand these stocks are 
devoted exclusively to meet DLS. At current construction rates, this could 
be accomplished by 2030. However, if historical trends of unequal growth of 
material stocks driven by demands beyond DLS persist, the material stock 
requirements for DLS could increase tenfold, risking the achievement of 
sustainable development and climate change mitigation goals. To achieve 
DLS for all while limiting environmental pressures, it is essential to prioritize 
expansion of material stocks for closing DLS gaps and to critically asses stock 
expansion for demands beyond DLS—especially in affluent regions. Such a 
strategy could ensure universal DLS at more sustainable resource use levels.

Around 9% of the global population lives in extreme poverty on less 
than US$1.90 per person per day1. Many more live below service levels 
that enable decent transport (64% of the global population), sanita-
tion (48%), drinking water supply (36%), housing (30%) and education 
(18%)2. Meanwhile, global resource use continues to rise, driving green-
house gas (GHG) emissions and biodiversity loss3,4. Even today, most 
global resource use supports the lifestyles of the world’s affluent and 
middle-classes, whereas resource use of the poorest remains very low5–8.

To address poverty and unsustainability, the United Nations estab-
lished the Sustainable Development Goals (SDGs) for 2030. Many 
SDGs link directly to the provision of basic needs (for example, SDG 
2: Zero Hunger) and sustainable resource use (for example, SDG 12: 
Sustainable Consumption and Production), but these dimensions are 
not explicitly connected.

We address this gap by examining the material requirements of 
achieving decent living standards (DLS)—a proposal for universal 
minimum service levels needed to meet essential human needs9. DLS 
can be understood as the social floor within sustainable consumption 
corridors, that is, the minimum material requirements to enable a good 
life for all while staying within ecological limits10. DLS encompass ten 
need-dimensions aligned with the SDGs, including: nutrition (goal 2), 
health care (goal 3), education (goal 4), clean water, sanitation and 
energy (goals 6 and 7), information and communication (for example, 
goal 9), air quality (goal 11.6), housing and transport (goals 11.1 and 
11.2), freedom to gather/dissent (goal 11.7) and other essential services 
needed to overcome multidimensional poverty (goal 1). Crucially, DLS 
focus on physical service demands, which enables assessment of the 
resource use implications of achieving minimum human needs and 
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Recently, Veléz-Henao and Pauliuk30 estimated per-capita material 
stocks required to achieve DLS at 43 tons/capita30. However, their study 
does not consider the already existing material stocks or distinguish 
those for DLS from beyond-DLS uses (that is, use of service or product 
levels higher than DLS or outside of the DLS consumption basket—such 
as very spacious housing or luxuries, respectively). The geographic 
distribution of DLS material stock requirements and by when these 
could be met were also not assessed.

Here, we estimate the existing socio-economic material stocks 
used in 2015 for providing current levels of DLS globally and the addi-
tional stocks required to close DLS gaps for each country (Fig. 1). We 
compare these with estimates of the existing stocks that provide ser-
vices beyond DLS, which we present for 11 world regions. Subsequently, 
we explore three scenarios for closing global DLS gaps by new stock 
construction and, one additional scenario investigating gap closing 
by repurposing and redistributing existing material stocks. Compar-
ing these results allows us to assess material stock requirements and 
timelines for achieving universal DLS.

To estimate the existing DLS stocks and gaps, we combine the 
latest research on DLS status indicators for the dimensions nutrition 
(calories, stoves and fridges), shelter (housing and thermal comfort), 
mobility (vehicles, infrastructure), health, education, water, sanita-
tion, communication and clothing for the year 20152,9,14, with detailed 
bottom-up modelling of material stock intensities for DLS service units 
resolved for 46 product groups and 29 materials assuming current 
technologies30,31. We account for regional practices (‘routinized type(s) 
of behaviour’)32 in diets, transport modal shares, vehicle occupancy, 
housing types, schooling population and material intensities to esti-
mate the material stocks that provide current levels of DLS and explore 
the stocks required to close DLS gaps assuming various practices and 
technologies (‘Existing DLS material stocks and gaps’ section in the 
Methods). To estimate the existing material stocks for demands beyond 

their effect on environmental goals such as SDG 13 (climate action) 
and 15 (life on land).

Recent research suggests that providing universal DLS to those 
currently deprived would require only moderate additional energy 
use2,11,12 and associated CO2 emissions6,13,14. Global provision of DLS 
could by 2050 require less than half of today’s annual final energy 
use2,12 or around one third of 2040/2050 energy projections2,14. Without 
decarbonization, global CO2 emissions to provide ‘basic services’ to all 
could rise by 15–26% compared with 2018 levels6 and by 39% relative 
to 2019 levels to provide DLS for all13,15 (Supplementary Information 
section 2.1). With decarbonization these emissions could be greatly 
reduced6,13,14. Given the shrinking carbon budget under the Paris Agree-
ment, recent research stresses the need to jointly pursue universal DLS 
and ambitious climate policy14.

Beyond energy and emissions, the provision of DLS depends on 
long-lived structures and products such as buildings, infrastructure, 
machinery and appliances, which represent socio-economic stocks 
of engineered materials such as steel, concrete, timber or plastics16,17. 
These material stocks both shape societies’ well-being and environ-
mental pressures, as evidenced by their contribution to two thirds 
of the SDG targets18. They deliver essential services to society such as 
shelter, mobility or communication19 but also require 37% of global 
primary energy supply and more than half of annual global raw mate-
rial extraction for their construction and maintenance20,21. Extract-
ing and processing these raw materials causes 23–35% of global GHG 
emissions22,23 and threatens ecosystems and biodiversity24,25. In addi-
tion, due to their longevity, these stocks lock in energy and material 
flows required for service provision in the long-term26,27. Therefore, 
while targeted growth of material stocks in some regions is pivotal to 
provide sufficient services for human well-being18,28, the unchecked 
expansion of material stocks could easily jeopardize internationally 
agreed-upon climate goals21,29.
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Fig. 1 | Overview of currently existing material stocks partitioned into DLS and 
beyond-DLS material stocks (left bar), as well as options for closing DLS stock 
gaps to reach DLS stock thresholds which provide DLS for everyone (right 
three bars). The DLS stock gap needs to be filled either by new construction 
(scenarios (i)–(iii), net stock additions (NAS)) or repurposing and redistribution 
of existing beyond-DLS stocks (scenario (r)). Scenario (i) simply fills the DLS stock 
gap, while in scenarios (ii) and (iii), this process is accompanied by net additions 

of beyond-DLS stocks following past patterns of stock buildup (‘Material stock 
additions for closing DLS gaps’ section in Methods). Right three bars: the 
curved lines surrounding the additions of DLS stock gap and beyond-DLS stocks 
illustrate that the mass of stocks required to achieve DLS for all depends on local/
national/regional demography, geography, practices and material intensities/
efficiency and varies with changes in these elements (‘Existing DLS material 
stocks and gaps’ section in the Methods for details).
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DLS, we subtract existing DLS stocks per product and material group 
from novel country-level estimates of economy-wide material stocks 
(representing all uses in the economy) covering 14 product groups 
and 21 material types comprising over 99% of overall primary material 
use by mass8,20. The scenarios for closing DLS gaps assume stock addi-
tions dedicated solely to DLS stocks (scenario (i)), as well as those for 
beyond-DLS uses following regional (scenario (ii)) and global (scenario 
(iii)) patterns, and repurposing and redistributing existing beyond-DLS 
stocks within regions and product groups (scenario (r)). To explore 
when DLS gaps might be closed across scenarios, we extrapolate the 
historical speed of constructing new material stocks based on data for 
the period 2005–2016.

Throughout our analysis, we express existing DLS material stocks 
and their gaps as per-capita averages referencing countries’ entire 
population (noting that in reality the stock gaps only affect the deprived 
part of the population; ‘Existing DLS material stocks and gaps’ section 
in the Methods) and refer to total material stocks (summed over all 
materials) if not stated otherwise. We refer readers to the Methods 
and Supplementary Information section 1 for methodological details.

Results
Global inequalities in material stock levels providing DLS
Most affluent countries in the global north already have the material 
stocks to provide DLS for nearly their entire populations. Expressed 
as national per-capita averages, many of these countries already have 
>95% of the stocks (summed over all materials) required to meet DLS 
thresholds (Fig. 2a). However, larger DLS stock gaps remain in the for-
mer Soviet Union and Eastern Europe.

By contrast, many countries of the global south have less than  
half of the material stocks required to achieve DLS. In sub-Saharan 
Africa, thirty countries have less than 40% of the necessary stocks. The 
DLS stock gaps in this region are the largest ones worldwide, averag-
ing 22 tons per capita, closely followed by centrally planned Asia and 
South Asia with gaps of 13 and 12 tons per capita, respectively (Fig. 2b).

Across world regions, the largest material stock gaps exist for shel-
ter, followed by mobility, socialization (education and communication) 
and health—though the order varies by region (Fig. 2a). The estimates 
shown in Fig. 2 refer to the total stock requirements, aggregated across 
all material types, which assumes substitutability between different 
material groups—the ability to use different materials interchange-
ably to fulfil similar functional roles. When disaggregated by material 
groups of biomass, fossil-based, metals and non-metallic minerals, 
a similar picture emerges (Supplementary Information section 2.2).

The DLS stock gap estimates presented above assume that current 
national/regional practices (for example, diets and transport choices; 

‘Existing DLS material stocks and gaps’ section in the Methods) are 
maintained when closing DLS gaps. Under this assumption, the regional 
per-capita stock thresholds required to provide DLS to everyone range 
from 29 to 50 tons per capita (Fig. 2b, blue plus white filled bars, global 
average 38 tons per capita). We find the highest DLS stock thresholds in 
centrally planned Asia at 50 tons per capita, and the lowest in South Asia 
at 29 tons per capita (Fig. 2b). Per country, we find a range from 26 tons 
per capita required in Bangladesh to 63 tons per capita in Estonia.

The variation in DLS stock thresholds across regions and countries 
can be attributed to differences in demographic structure (for example, 
calorific nutritional requirements differ by age and gender)2, geo-
graphic conditions (for example, population density influences mobil-
ity needs), regional practices such as diets, mobility modes and housing 
forms, as well as regional material intensities. For example, regions 
with heavy construction, animal-based diets and car-dependent mobil-
ity exhibit higher material stock demands, compared to those with 
lighter construction, plant-based diets and public transit (Supple-
mentary Information section 2.3). Higher material stock levels and 
stock-intensive practices also correlate with higher affluence (Sup-
plementary Information section 2.3). The regional differences of DLS 
stock thresholds are explained by differing household size (explain-
ing 17% of variance), building material intensities (15%), diets (14%), 
other material intensities (10%), modal shares (6%), differing mobility 
needs due to population density (5%) and patterns of energy use and 
generation (4%), together explaining 98% of the variance in DLS stock 
thresholds across regions (Supplementary Information section 2.4). 
Here, household size influences stock thresholds through per-capita 
floorspace and household appliance needs, based on the assumption 
that larger households require less space and fewer appliances per 
person (for example, due to shared common areas)2,11.

Changes in practices and material efficiency alter material 
stock requirements for DLS
If current practices persist, efforts to close DLS gaps risk perpetu-
ating material-intensive, opulent practices in affluent regions and 
material-efficient, basic ones in low-income regions (Supplementary 
Information section 2.3). To address this, we assess DLS stock thresh-
olds under globally converged practices—assuming 2015 median 
household sizes, low meat diets and mobility modes consistent with 
the International Energy Agency Beyond 2 °C scenario (which assumes 
rapid decarbonization), following recent work12,30.

Under these converged practices, regional DLS stock thresh-
olds become more aligned, ranging from 32 to 48 tons per capita 
(Fig. 2b, red cross, global average 39 tons per capita). However, the 
effects of converged practices are asymmetric. In parts of the Global 

Fig. 2 | Total material stocks (summed over all materials) providing DLS 
around the world in the year 2015—expressed as national or regional per-
capita average fulfilment, based on the entire population of a country or 
region. a, The share of already existing material stocks providing DLS (existing 
DLS stocks) compared with the level of material stocks required to reach DLS 
for all (DLS stock threshold): the world map shows countries that reach DLS 
stock thresholds in dark blue and countries with large DLS stock gaps in light 
blue (assuming the maintenance of current national/regional practices to close 
current DLS stock gaps); the bar charts show the existing DLS stocks and DLS 
stock gap by need dimension for 11 world regions, the bars show estimates 
assuming maintenance of current practices and the red cross shows the DLS stock 
thresholds assuming globally converged household sizes (median of countries in 
2015), low meat diets30,51 and mobility shares following the Beyond 2 °C scenario 
of the IEA50. The need dimension socialization combines needs for education 
and communication, and nutrition shows stocks for production facilities and 
equipment. b, Currently existing material stocks providing DLS (blue) and DLS 
material stock gaps assuming the maintenance of current national/regional 
practices (black outline with white fill) or with converged practices (red cross), 
together making up the amount of material stocks required per world region to 

reach DLS stock thresholds: mean (bars/cross), median (dots) and minimum–
maximum of countries in regions (lines). The DLS material stock gap corresponds 
to scenario (i) in Fig. 1. The amount of material stocks required to reach DLS for all 
differs across regions and countries due to differing regional demographic and 
geographic conditions, as well as differences in practices and material efficiency. 
c, The currently existing material stocks providing DLS (blue) and DLS material 
stock gap (black outline with white fill), in contrast to the stock level difference 
to currently existing economy-wide stocks (black outline with white hatched fill). 
‘min, med, max’ represents the minimum, medium and maximum of countries in 
regions. Ø represents the average. For figure data, see Supplementary Data 1 tabs: 
Fig2a_map_countries, Fig2a_map_reg_stocks_dim, Fig2bc_stock_distr_countr, 
Fig2b_stock_distr_stats. The sample size (n = countries) for statistics in b and c 
are (Table 1 in the Supplementary Information): centrally planned Asia: 7, Eastern 
Europe (E. Europe): 16, Western Europe (W. Europe): 21, Former Soviet Union  
(F. Sov. Union): 12, North America (N. America): 3, Japan, Australia, New Zealand 
( JP, AU, NZ): 3, Latin America (L. America): 28, sub-Saharan Africa: 46, North 
Africa and Middle East (N. Africa and M. East): 19, Pacific Asia: 12, South Asia: 8. 
The world map is from naturalearthdata.com.
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North, such as North America, DLS stock thresholds fall below exist-
ing DLS stock levels (Fig. 2b, red cross) because converged prac-
tices are more material-efficient than current ones (for example, 
modal and diet shift reduce thresholds by 4% and 2%, respectively) 
(Extended Data Fig. 1). Conversely, many global south regions see 
DLS stock thresholds increase because converged practices are more 

material intensive than current ones (for example, the same shifts 
increase thresholds by 4% each in sub-Saharan Africa).

Further reductions in DLS stock thresholds (on top of converged 
practices) are possible through additional practice shifts and material 
efficiency. Promising strategies include wooden and lightweight con-
struction (≥28% reduction across regions), increased household size 

DLS material stocks
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(~8%), vegan diets (4–6%) and reduced motorized individual mobility 
(1–2%). The latter potential may be underestimated due to limitations 
in modelling mobility infrastructure in life cycle assessments (LCAs) 
(‘Limitations’ section in the Methods). Nevertheless, some changes may 
increase requirements, such as smaller household size (~20% increase) 
or transitioning to cleaner but more stock-intensive renewable energy 
systems (1–45% increase) (Supplementary Information section 2.5).

Overall, while practice changes and material efficiency can reduce 
DLS stock thresholds, greater potential may lie in addressing the much 
larger part of existing economy-wide stocks in the global north that does 
not serve DLS (‘DLS material stocks against other uses’ section and Fig. 2c). 
By contrast, many global south regions have low existing economy-wide 
stocks. For sub-Saharan Africa, these are even smaller (19 tons per capita 
on average) than DLS stock thresholds (34–38 tons per capita).

DLS material stocks against other uses
In 2015, we estimate existing global DLS material stocks at 194 Giga-
tons, representing 27% of economy-wide material stocks in the same 
year (710 Gigatons, excluding aggregates in road and civil engineer-
ing foundations) (Fig. 3a). Shelter is by far the largest constituent of 
DLS stocks (Fig. 2a), as are buildings and non-metallic minerals from a 
product and materials perspective (Fig. 3a). Across world regions, the 
share of existing DLS material stocks varies widely. For global north 
regions, North Africa, the Middle East and centrally planned Asia, this 
comprises between 20% and 26% of regional economy-wide stocks, 
whereas it is much higher at 34–48% for most global south regions and 
highest for sub-Saharan Africa at around 62% (Fig. 3b).

The comparatively small global share of DLS stocks implies that 
around two thirds of existing economy-wide stocks globally are not 
used for providing DLS but services beyond DLS (Fig. 3a); we refer to 
these as ‘beyond-DLS stocks’. Large beyond-DLS stocks have accumu-
lated primarily in the global north and centrally planned Asia (Fig. 3b). 
The largest product groups of these beyond-DLS material stocks (by 
mass) are civil engineering comprising dams, tunnels and bridges, 
subways, harbours, communication, power, water and sewage infra-
structure (36% globally, 21–61% regionally), residential buildings (31% 
globally, highest in centrally planned Asia at 48%), non-residential 
buildings (26% globally, highest in South Asia at 44%) and road and rail 
infrastructure (6% globally, highest in North America at 31%) (Fig. 3a,b).

Material stock additions for closing DLS gaps
We explore three hypothetical scenarios for closing DLS gaps by 
expanding existing material stocks and a fourth scenario, exploring 
the repurposing and redistribution of already existing beyond-DLS 
stocks (Table 1).

In scenario (i), build DLS stocks only, we assume all new construction 
focuses solely on material stocks which close DLS gaps. Here, we estimate 
the additions required under current national/regional practices (‘Exist-
ing DLS material stocks and gaps’ section in the Methods) at just 12% of 
the global economy-wide material stocks existing in 2015 (Fig. 3a, bar 
(i)). This corresponds to 82 Gigatons of additional stocks, of which most 
comprise non-metallic minerals (87%), metals (10%) and biomass (3%) 
(Extended Data Fig. 2). These are primarily needed for the construction of 
residential buildings (38%) for shelter, non-residential buildings (31%) for 
educational, health care and industrial infrastructure; roads and railways 
(17%) for passenger and freight transport; and civil engineering (9%) for 
supporting infrastructure. Under converged practices, the global DLS 
stock gap increases to 93 Gigatons or 13% of 2015 economy-wide stocks 
(Fig. 3a and Supplementary Information section 2.6).

For every ton of DLS stock in 2015, an additional 0.6–4 tons of 
beyond-DLS stocks exist, depending on the region (Fig. 3b)—potentially 
reflecting historic inequalities. In scenario (ii), build some beyond-DLS 
stocks, new DLS stock construction is proportionally linked to 
beyond-DLS stock buildup, based on each region’s beyond-DLS-to-DLS 
stock ratio in 2015 (Fig. 3b). As a result, the net stock additions required 

to close DLS gaps rise to 33% of the global economy-wide material 
stocks existing in 2015 (Fig. 3a, bars (i) and (ii)).

In scenario (iii), build many beyond-DLS stocks, we assume 
that constructing new DLS stocks is linked to extensive beyond-DLS 
stock buildup. Under this scenario, all countries reach at least the 
economy-wide material stock levels found in countries currently 
achieving >95% DLS fulfilment—averaging 177 tons per capita and 
translating to 3–5 tons beyond-DLS stock per unit of DLS stock (‘Mate-
rial stock additions for closing DLS gaps’ section in the Methods). These 
are predominantly high-income nations with substantial beyond-DLS 
stocks. The estimated net additions to stocks in this scenario reach 
99% of 2015 economy-wide stocks (Fig. 3a, bars (i), (ii) and (iii)). Thus, 
if countries with large DLS gaps follow high-income countries develop-
ment paths, we estimate that economy-wide stocks could double from 
the current ~700 to 1,400 Gigatons (Fig. 3a).

Scenario (r), repurpose and redistribute. Instead of new construc-
tion, beyond-DLS stocks could be repurposed and redistributed to 
close DLS gaps. Assuming that regional DLS stock gaps (Fig. 3b, bar 
(i)) can be closed by repurposing and redistributing beyond-DLS 
stocks of the same product group (for example, repurposing office 
buildings to schools), several regions could close DLS stock gaps with 
minimal new construction, assuming free movement of people within 
regions (Fig. 4). While merely indicative, our results suggest that DLS 
gaps could be closed entirely by redistribution in much of the global 
north (for example, Western Europe) and partially for North Africa 
and the Middle East (94%) as well as Asia and Latin America (>60%). 
By contrast, sub-Saharan Africa could only close about 20% of DLS 
gaps by redistributing beyond-DLS stocks, because of its large gaps 
and limited beyond-DLS stocks (Fig. 4, bars). For the larger DLS stock 
gap under converged practices, the proportions only change slightly 
(Fig. 4, red cross).

Timing of closing DLS gaps
In the past decade (2005–2016), the speed of new construction of total 
stocks (summed over all materials) was low to medium and increasing 
in regions with large DLS gaps (purple, 0.7–2.8 tons per capita per year 
except centrally planned Asia, North Africa and Middle East) (Fig. 5a). 
It was also low to medium but declining in regions of the global north 
(grey, 0.7–4.2 tons per capita per year) and rapid and peaking for cen-
trally planned Asia (grey, 12.9 tons per capita per year)8. Extrapolat-
ing these trajectories (except for centrally planned Asia, where it is 
assumed to decline at −1% per year, ‘Timing of closing DLS material 
stock gaps’ section in the Methods), we approximate when DLS gaps 
could be closed, considering the estimated construction needs across 
scenarios (i)–(iii) and regional variations in the speed of construction. 
We exclude scenario (r), repurpose and redistribute from this timing 
analysis, as it hinges on political and socio-economic factors rather 
than biophysical ones, which are beyond the scope of this work.

Extrapolating historical regional construction speeds. At regional 
speed (Fig. 5b), global DLS material stock gaps could close by ~2030, in 
line with the SDG timeline, if construction and manufacturing focuses 
solely on DLS stocks (Fig. 5c, dark-green dashed line, scenario (i)). 
However, if construction also supports some beyond-DLS stock growth 
reflecting historical trends (scenario (ii)), achieving DLS would be 
delayed until ~2036 (Fig. 5c, dark-yellow dashed line). Under a scenario 
where regions with large DLS gaps replicate patterns of trickle-down 
development of wealthier regions (scenario (iii)), DLS might not be 
achieved by 2050, with only ~93% of the required material stocks in 
place by that time (Fig. 5c, dark-red dashed line).

Extrapolating historical global average construction speed. As 
global average speed (Fig. 5b) exceeds most global south regional 
rates, maintaining it would close global DLS gaps much earlier (Fig. 5c, 
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solid lines). DLS could be reached around 2020, 2027 and 2042, under 
scenario (i) (green), scenario (ii) (yellow) and scenario (iii) (red), 
respectively. However, we may overestimate the speed because we 
only extrapolate total material stock, implicitly assuming perfect 
substitutability across material types. Faster rates may be required 
for slower-growing material groups such as biomass and metals that 
lag behind other material types (Supplementary Information section 
2.7). Extrapolations for these material groups suggest DLS is achievable 
only if their construction speeds increase to at least the global average.

Assuming the slightly higher DLS material stock gap size 
under converged practices (‘Material stock additions for clos-
ing DLS gaps’ section) the achievement of DLS stock thresholds 
starts slightly lower and would be closed marginally later (Fig. 5c, 
light-colour-shaded lines).

Discussion
Although our scenarios are stylistic, they highlight that reducing stock 
use inequalities and directing new construction towards meeting DLS 
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Scenario (iii): economy-wide stock requirement (global)

Stock of product groups
Residential buildings
Non-residential buildings
Civil engineering
Road and rail
Transport vehicles
Machinery
Other

Stock of material groups
Minerals
Metals
Biomass
Fossils

Other entries   
Beyond-DLS
Scenario (i): conver-
ged practices

a    Existings DLS and beyond-DLS stocks + additions closing DLS gaps: GLOBAL, at scale

b    REGIONAL, Ø per capita (scale: regions entire population)

Fig. 3 | Estimates of existing material stocks in 2015 providing DLS material 
stocks (coloured bars) and beyond-DLS material stocks (hatched coloured 
bars), as well as the additions to material stocks required to close DLS gaps 
under different scenarios (white bars). a,b, For the Globe (a) and for 11 world 
regions (b). The material stock additions to close DLS gaps are of different size 
depending on whether only DLS stocks or also beyond-DLS stocks are built 
when closing DLS gaps: scenario (i): build DLS stocks only—shows the required 
additions if only building DLS stocks (bar (i) represents the current national/
regional practices; the red cross represents the converged practices) (Table 1); 
scenario (ii): build some beyond-DLS stocks shows required additional beyond-
DLS stocks assuming that new DLS stock construction is proportionally linked 
to beyond-DLS stock buildup, following the 2015 beyond-DLS-to-DLS stock ratio 
within each world region (as in b) as part of broader economic development; and 
scenario (iii): build many beyond-DLS stocks shows required additional beyond-

DLS stocks assuming that new DLS stock construction is linked to extensive 
beyond-DLS stock buildup, reaching the overall material stock levels observed 
in countries achieving approximately 95% DLS fulfilment—predominantly 
high-income nations with substantial beyond-DLS stocks (see ‘Material stock 
additions for closing DLS gaps’ section in the Methods for details). The stock 
additions to close DLS gaps are additive: in the worst case, stock buildup to 
close DLS levels would take up the magnitude of bars (i), (ii) and (iii). The sum 
of DLS- and beyond-DLS material stocks gives the size of economy-wide stocks8 
in 2015 (excluding aggregates in roads and civil engineering foundations). The 
product category ‘other’ comprises textiles, lamps, printed matter, furniture and 
products not elsewhere specified. Ø represents the average. See the Methods  
for methodological details. For figure data, see Supplementary Data 1  
tabs: Fig3_global_material, Fig3_global_product, Fig3_regio_mater_prod,  
Fig3_stockGapCurr_RMDP.
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Fig. 4 | Relative size of the DLS material stock gap in comparison to existing 
beyond-DLS material stocks per world region and product group, which can 
inform about the possibility of repurposing beyond-DLS to DLS stocks. The 1:1 
value on the y axes means that DLS stock gap and beyond-DLS stocks are of equal 
size. The bars reflect the proportions under maintenance of current practices, 
while the red cross indicates the proportion when assuming converged practices—
both of which affect the size of the DLS stock gap and thereby the proportions 
between the gap and beyond-DLS stocks shown here. Please note that due to the 

limitations in matching the differing modelling techniques for DLS gaps and 
beyond-DLS stocks (‘Limitations’ section in the Methods) these results should be 
regarded as rough estimates with currently best available data. An example of a 
resulting possible modelling artefact is the potential of closing DLS stock gaps 
by redistributing beyond-DLS stocks below 100% for North America—it seems 
unlikely that this region lacks the transport machinery to close DLS gaps. For 
figure data, see Supplementary Data 1 tabs: Fig4_DLS_bDLS_prop_curr, Fig4_DLS_
bDLS_prop_conv.

Table 1 | Description of the modelled scenarios for closing DLS gaps with regards to material 
stock construction/redistribution

Scenario label Scenario description

Scenario (i)—build 
DLS stocks only

Assumes that DLS gaps are closed by building solely DLS material stocks (stocks which provide DLS, equation (5)). This scenario reduces 
within- and between-country inequalities by assuming construction of material stocks for the DLS deprived population (see Supplementary 
Data 1 tab Fig3_regio). We model two cases for scenario (i):

- Following current national/regional practices, which assumes construction of DLS stocks on the basis of maintaining national/regional 
practices estimated for 2015

- Following converged practices, which assumes construction of DLS stocks based on converged practices, that is, 2015 median household 
sizes, mobility modes consistent with the IEA Beyond 2 °C scenario (which assumes rapid decarbonization)50, the median of 2015 vehicle 
occupancy and healthy diets with low meat consumption30,51

Scenario (ii)—
build some 
beyond-DLS 
stocks

Assumes that new DLS stock construction is proportionally linked to buildup of some beyond-DLS stocks, following the ratio of beyond-DLS 
to DLS stocks in 2015 and within each world region as part of broader economic development. This scenario might reduce within-country 
inequalities depending on who will have access to beyond-DLS stocks (if these are going to the wealthy, inequality might actually increase; 
illustrated in Fig. 3, for example, by scenario (ii) beyond-DLS stocks being much larger than scenario (i) DLS stocks in North Africa and the 
Middle East) and slightly reduces stock level inequalities between countries at substantial material stock growth (see Supplementary Data 1 
tab Fig3_regio).

Scenario (iii)—
build many 
beyond-DLS 
stocks

Assumes that new DLS stock construction is linked to extensive beyond-DLS stock buildup. In this scenario, all countries reach at least the 
average economy-wide material stock levels found in countries currently achieving >95% average DLS fulfilment—estimated at 177 tons 
per capita (see ‘Material stock additions for closing DLS gaps’ in the Methods for details). These are predominantly high-income nations 
with substantial beyond-DLS stocks. The scenario substantially reduces between-country inequality at the expense of a doubling of 
economy-wide material stocks from 2015 (see Supplementary Data 1 tabs Fig3_global_material and Fig3_regio). Similar to scenario (ii), the 
effect on within-country inequality depends on who gains access to beyond-DLS stocks.

Scenario (r)—
repurpose and 
redistribute

Assumes that DLS stock gaps (equation (5)) are closed by repurposing and redistributing beyond-DLS stocks of the same product group 
existing in 2015 within world regions (for example, repurposing office buildings to schools). This scenario reduces within-country inequality 
while between-country inequality does not change.
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could serve as key leverage points for rapidly achieving universal mini-
mum service levels (DLS) with relatively low material demand.

Feasibility of prioritizing and speeding-up expansion of DLS 
material stocks
Past trends suggest that prioritizing and accelerating DLS material 
stock construction is feasible. For example, Latin America reached 
high DLS by 2015 with relatively low beyond-DLS stocks (Figs. 2a and 
3b), indicating prioritization. This aligns with existing literature on 
well-being outcomes at low resource use in this region33. Likewise, 
rapid construction in centrally planned Asia in the past decade and in 
the global north during the 1970s (Fig. 5a) demonstrates that elevated 
construction rates beyond those assumed in our analysis are possible.

In practical terms, such prioritizing faces biophysical and 
socio-economic constraints. Biophysically, sufficient industrial and 
manufacturing capacity is needed for material extraction and process-
ing. China’s infrastructure development in Africa under the Belt and 
Road Initiative demonstrates that industrial capacities can be partially 

transferred between regions34. However, prioritizing and speeding-up 
DLS gap closing requires large investments, supportive policies and 
effective governance. For example, decent housing for everyone could 
be advanced through social housing initiatives and zoning regulations. 
However, climate research35 using governance projections indicates 
that weak governance is a substantial barrier36. Future work could incor-
porate these projections to assess the plausibility of DLS expansion.

Implications of reduced inequalities for lowering resource use 
needed to achieve DLS
Large inequalities are a substantial barrier for achieving universal DLS 
at low levels of resource use. Millward-Hopkins et al.37 show that even 
modest inequality increases energy needs for DLS by 40%. While we 
do not model subnational inequalities, our findings echo this conclu-
sion for material stocks. High beyond-DLS stocks coexist with persis-
tent DLS gaps in some regions, indicating within-region inequalities 
(Fig. 3). Large inequalities also exist between regions—the global north 
currently averaging 181 tons per capita in material stocks, over four 
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Fig. 5 | Historical speed of new material stock construction and timing of DLS 
gap closure assuming extrapolated past construction speed. a,b, Historical  
(a) and future (b) extrapolated speed of new construction (net additions to stock 
per capita for sum of biomass, fossil-based materials, metals and minerals based 
on Wiedenhofer et al., 2024)8 per world region with large DLS gaps (purple lines) 
and with smaller gaps (grey lines), as well as the global population-weighted 
average (blue line). We do not show negative net stock additions (NAS, which 
correspond to shrinking overall stocks because stock demolishment is higher 
than new construction) in a and assume a minimum of zero new construction 
in b. JP/AU/NZ, Japan, Australia and New Zealand. c, The temporal trajectory of 
closing global gaps in DLS for maintenance of current national/regional practices 
(saturated coloured lines) and converged practices (light coloured lines) at two 
different speeds (dashed line, at regional per-capita speed of new construction 
for each world region, and solid line, average population-weighted per-capita 
speed of new construction for the Globe, assumed for all world regions) and three 
different construction foci (green, scenario (i)—assumes construction of DLS 
material stocks only; yellow, scenario (ii)—assumes also building some beyond-

DLS stocks maintaining regional patterns and estimates the accompanying 
beyond-DLS stocks according to regional ratios of existing DLS versus beyond-
DLS stocks in 2015; red, scenario (iii)—assumes also building many beyond-DLS 
stocks following existing global patterns and estimates beyond-DLS stocks 
according to the country cross-section between economy-wide material stocks 
and the level of DLS reached in 2015 (see Table 1 for details). In b, we linearly 
extrapolated trends in construction speed from 2005 to 2016 for each world 
region and the global average, except for centrally planned Asia, for which we 
adopted potential Chinese developments at −1% per year based on indications in 
the literature detailed in Wiedenhofer et al.59. See ‘Timing of closing DLS material 
stock gaps’ section in the Methods for methodological details. The bend in the 
red curve of reaching DLS in c is the result of centrally planned Asia reaching 
DLS between 2019 and 2020, after which the development in the remaining 
world continues at a slower pace. For figure data, see Supplementary Data 1 tabs: 
Fig5a_speed, Fig5b_prospSpeed, Fig5c_closeGap_Glob_curr, Fig5c_closeGap_
Glob_conv.
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times the South’s 42 tons per capita8 (excluding centrally planned Asia, 
163 tons per capita, Fig. 3). Replicating such unequal patterns during 
DLS expansion, could double existing economy-wide material stocks 
(Fig. 3).

While a 40% increase in annual energy use to meet DLS can be con-
sidered moderate, doubling material stocks presents a major climate 
challenge, as it increases demand for products from hard-to-abate 
industries21. Integrated assessment models estimate that achieving DLS 
under stringent climate mitigation policy could emit around 200 GtCO2 
until 2050, while maintaining some inequality38. Our own rough esti-
mates, based on established methods21 and assuming 2015 CO2 intensi-
ties, indicate that material production alone could generate 28 GtCO2 
for constructing DLS stocks (scenario (i)) and around 236 GtCO2 if 
global material stocks were doubled due to major construction of 
beyond DLS stocks (scenario (iii)). About 85% of these emissions are 
energy related and reducible through decarbonization; the rest are 
process emissions potentially harder to avoid.

Reducing these inequalities can enable the achievement of uni-
versal minimum service levels without escalating resource use. This 
may require repurposing and redistributing stocks within regions 
and saturating stocks in the global north and centrally planned Asia, 
prioritizing maintenance and efficiency. Theoretically, saved resources 
through this approach could support DLS stock growth in the global 
south, enable ‘fairer’ beyond-DLS stock levels and address historical 
unequal ecological exchange39. Moreover, this could free up GHG and 
resource budgets for global south development.

Inequality may be greater than discussed, as some beyond-DLS 
stocks in the global south support consumption in the North via 
exports, while the reverse seems unlikely39, although solid evidence 
for this is still needed.

Potentials of resource-light lifestyles and material efficiency 
for reducing resource demand
Following global north developmental patterns—characterized by  
substantial buildup of beyond-DLS stocks, some of which support 
highly affluent lifestyles—would greatly increase global south mate-
rial stock levels. Although such buildups beyond-DLS do not directly 
equate to excess and may be necessary to ensure a good life for all 
in the global south, they must remain within ecological limits at the 
global scale40.

Lowering material intensities and adopting low-intensity 
lifestyles, through resource-light diets, mobility and shelter, can 
help to stay within limits by reducing material needs. For example, 
Veléz-Henao and Pauliuk30 show that material footprints can drop 
through reduced animal products consumption (9–37% dependent 
on extent), public transport use (10%) and light/compact buildings 
(17–25%)30. Here, we have shown that the global average DLS stock 
requirements for current practices could be lowered through wood 
based and lightweight building construction (37% and 12% reduction, 
respectively), larger households reducing per-capita floorspace and 
appliances (9% reduction), vegan diets (4%) and lowering motorized 
transport demand (0.3%, probably underestimated due to limitations 
in LCA modelling, see ‘Existing DLS material stocks and gaps’ and 
‘Limitations’ sections in the Methods) (Supplementary Information 
section 2.5).

In high-income regions, larger reductions can be achieved by tran-
sitioning to larger household sizes (up to 20% reduction), low meat and 
vegetarian/vegan diets (up to 2% and 3%/7% reduction, respectively) 
and low car use (up to 5% reduction) (Extended Data Fig. 1). Conversely, 
in many lower-income regions, such changes may initially increase 
material needs while enhancing living standards.

Therefore, while resource-saving opportunities are greatest in 
the global north due to high material intensities, practice and lifestyle 
shifts may also be important in the global south for shaping sustainable 
development trajectories.

Limitations and sensitivity of results
This is the first study quantifying DLS and beyond-DLS material stocks 
at country and regional levels. Despite using the best available data 
and methodology, limitations remain. These include the use of proxies 
to estimate DLS gaps due to data scarcity2; material intensities from 
LCA with limited representativeness, linear scaling and truncation 
errors41; mismatched data sources to distinguish DLS and beyond-DLS 
stocks; mixed consumption-based and production-based perspec-
tives disregarding exact spatial patterns of DLS stocks; uncertainties in 
development of future practices and technologies; and use of current 
populations and national averages per capita that mask within-country 
inequalities. See ‘Limitations’ section in the Methods for further details.

Sensitivity analyses (Methods) show that changes in DLS thresh-
olds, stock lifetimes and material intensities do not alter our main 
conclusions (Extended Data Table 1): first, if building material stocks 
solely for DLS, the stock gap is small compared with 2015 economy-wide 
material stocks (scenario (i): 8–15% variation versus 12% default). Sec-
ond, reproducing within-country inequalities escalates resource use 
(scenario (ii): 28–37% economy-wide 2015 stocks versus 33% default; 
scenario (iii): 93–112% versus 99% default). Third, DLS achievement 
might be delayed when building beyond-DLS stocks (at past regional 
construction speeds DLS stock gap closed: 2027–2034 for scenario (i), 
2035–2050 for scenario (ii) and not reached until 2050 for scenario (iii) 
across sensitivity cases). Finally, DLS stock thresholds diverge by more 
than factor two across sensitivity cases, illustrating potentials to reduce 
stocks by practice changes and material efficiency.

Further research directions
Although our scenarios show major savings from reducing inequali-
ties and resource-light practices, DLS prioritization faces many con-
straints in the real world. Future work should investigate subnational 
DLS thresholds; improve data on within-country inequalities in service 
provision and resource use; examine the role of trade in shaping stock 
disparities; and develop integrated models that link, materials, energy, 
emissions, land use, lifestyles and governance mechanisms to ensure 
DLS are attained swiftly within planetary boundaries.

Methods
Below, we provide a methodological summary and refer readers to 
Supplementary Information sections 1.1–1.5 for details.

System definition
We combine three state-of-the-art models to quantify achievements 
and gaps in DLS based on available data on service inequalities2,14, mate-
rial intensities for DLS drawing on bottom-up LCA30 and economy-wide 
material stocks and net additions to these drawing on top-down mate-
rial use statistics8. We align the system boundaries of these models to 
calculate (Fig. 1): first, the existing material stocks providing DLS, as 
well as additional stocks required to close DLS stock gaps for 175 coun-
tries in the year 2015; second, the existing material stocks delivering 
beyond-DLS services (that is, use of service or product levels higher 
than DLS or outside of the DLS consumption basket) for 175 countries 
aggregated to 11 world regions2 for the year 2015; and third, the new 
construction (net additions to stocks) required to close DLS gaps, 
including by when this could be achieved based on historic stock expan-
sion rates for the period 2005–20168. Prospective closure of DLS stock 
gaps considers the gaps in the year 2015 only, thus not accounting for 
future population growth.

For materials, our investigation covers all major bulk materi-
als and economy-wide product groups but excludes aggregates in 
foundations of roads and civil engineering in economy-wide stocks 
due to high uncertainty8 (Supplementary Tables 2 and 3). We present 
materials either as aggregate total or for four major material groups 
distinguished in economy-wide material flow accounting (biomass, fos-
sils, metals and minerals)42. For products, we present product groups 
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either as aggregate total or for seven groups—residential buildings, 
non-residential buildings, civil engineering, road and rail, transport 
vehicles, machinery and other (textiles, lamps, printed matter, furni-
ture and products not elsewhere specified). For material flow analysis 
indicators (Fig. 1), we apply material flow analysis indicators ‘material 
stocks’ and ‘net additions to stocks’. Material stocks are the engineered 
materials (for example, steel, concrete and timber) accumulated in 
long-lived products such as buildings, roads, other infrastructure, 
machinery and durable consumer products16,17. We partition existing 
economy-wide material stocks into existing material stocks that pro-
vide DLS versus beyond-DLS services (existing DLS versus beyond-DLS 
material stocks). Net additions to stocks are the net additions of engi-
neered materials in final products which remain in-use as material 
stocks for the duration of their lifetimes. Net stock additions are cal-
culated as gross material additions to stocks less end-of-life outflows 
from obsolete stocks thus representing the yearly (or multiple-year) 
changes in material stock levels. Net stock additions have been used to 
describe the speed of material stock buildup in several works43. Using 
the net stock additions indicator assumes that only new construction 
is used to build DLS stocks, judging it unlikely, that maintenance flows 
contained in gross additions to stocks would be diverted to construct 
DLS stocks. For options closing DLS stock gap, we consider that the DLS 
stock gap can be filled either by new construction of material stocks 
(during which both DLS and beyond-DLS stock construction can occur, 
see ‘Material stock additions for closing DLS gaps’ section for details) 
or by repurposing and redistribution of beyond-DLS stocks (Fig. 1). 
The size of the stock requirements to provide DLS can vary depending 
on the assumed practices and material efficiencies in countries (see 
‘Existing DLS material stocks and gaps’ section for details).

Additional details are described in Supplementary Information 
section 1.1.

Existing DLS material stocks and gaps
Here, we present estimates of the material stocks providing DLS based 
on indicators of DLS thresholds and gaps from Kikstra et al.2,14 and 
material intensities from Veléz-Henao et al.2,14,30.

Kikstra et al.2 estimate the country-specific service thresholds to 
reach DLS for each needs-dimension guided by previous research2,9,11. 
They calculate country-level service gaps (the additional service that 
would need to be provided to lift all those that are currently deprived 
up to DLS) in 2015 based on various data sources for different countries, 
accounting for within-country inequality, for instance considering 
access to sufficient space and durable construction for shelter. The 
data used here include minor updates described in the supplementary 
information of Kikstra et al.14. For needs-dimensions with expected 
large impact on results, we specified service demand by product and 
regional practices (‘routinized type(s) of behaviour’)32, using the follow-
ing data to depict practices in 2015. For nutrition, we used country-level 
diet shares44 estimating the demand of different foods. For buildings 
to provide shelter, health and education, we used regional building 
archetype shares45. For education, we used country estimates of school 
going population shares to determine school-building floorspace 
demand2,46. For mobility, we used regional modal shares and occupancy 
rates from the IMAGE model47,48 with additional two- and three-wheeler 
estimates provided by Kikstra et al.14.

We defined average per-capita service thresholds and gaps in rela-
tion to countries’ entire population, not only relating to the deprived 
part of the population (equation (1), service s and country c, and X is a 
placeholder that signifies ‘threshold’ or ‘gap’)

DLS_service_X_pCs,c =
DLS_service_X_at_scales,c
entire_populationc

(1)

While average per-capita DLS gaps do not reflect the share of the 
population actually affected by DLS deprivation, they indicate the 

magnitude of DLS deprivation in a country and permit comparing the 
overall material stock requirements to close DLS gaps across countries.

Veléz-Henao and Pauliuk30 estimate the material stock inten-
sities of DLS services using LCA and the database ecoinvent 3.8  
(ref. 49), considering the lifetime of stocks in five steps: (1) calculate 
the total amount of materials and services required to provide one 
DLS product or service unit. (2) Filter the materials and services 
to account only those that are classified as stocks. (3) Multiply the 
resulting list of materials and services related to stocks by their 
respective lifetime as ecoinvent reports stock-building material 
use as annual flows. (4) Calculate the upstream materials required 
to provide these stocks. (5) Filter the resulting list of materials to 
account only for targeted stock-building materials (Supplementary 
Information section 1.1). In our study, we used global LCA process 
data of current technology, except for the production of electricity, 
construction materials and cars, for which we used regional data 
on upstream material stock requirements, which we updated from 
Veléz-Henao and Pauliuk30. As an exception from LCA-based data, we 
used material intensities for five world regions from Haberl et al.31 to 
estimate the material stocks contained in residential, educational 
and health care buildings.

For Fig. 2, we first estimated the material requirements for com-
plete fulfilment of DLS stocks per capita (DLS stock threshold) by 
multiplying per-capita DLS service thresholds with material stock 
intensities of services (by DLS service s, practice j, country c, region r, 
product group p and material m; equation (2)):

DLS_stock_threshold_pCs, j,c,p,m

= DLS_service_threshold_pCs,c ×material_stock_intensitys, j,c,p,m
(2)

For this, we assumed the current national/regional practices 
(dimension j) in 2015 as default and additionally evaluate globally 
converged practices for housing (assuming the median of current 
household sizes), for mobility (assuming modal shares from the IEA 
Beyond 2 °C scenario50 and the median of current vehicle occupancy) 
and for nutrition (assuming healthy diets with low meat consump-
tion)30,51. In addition, we calculated per-capita DLS stock thresholds 
assuming further changes in practices (household size: minimum 
and maximum observed for 2015, transport modes: low car and low 
demand, diets: vegetarian and vegan) and material efficiency measures 
(100% renewable energy, electric vehicles, light weighting and material 
substitution in buildings) to evaluate changes to DLS stock thresholds 
(see Supplementary Information section 1.4 for details).

Second, we estimated the currently existing DLS material stocks 
per capita by multiplying current levels of DLS service provision and 
practices estimated for 2015 (expressed as the per-capita average 
over a country’s entire population, equation (3)) with material stock 
intensities, assuming current technologies and practices (equation (4)):

DLS_service_existing_pCs,c

= DLS_service_threshold_pCs,c − DLS_service_gap_pCs,c
(3)

DLS_stock_existing_pCs, j,c,p,m

= DLS_services_existing_pCs,c ×material_stock_intensitys, j,c,p,m
(4)

Third, we calculated the average per-capita DLS stock gaps by 
subtracting the currently existing DLS material stocks from the DLS 
stock thresholds required for full fulfilment of DLS (equation (5)). To 
calculate an aggregate total of DLS stocks or a total per DLS dimension, 
we summed DLS stocks over the respective service, practice, product 
and material dimensions (equation (6), where X is a placeholder for 
existing, threshold and gap, respectively).
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DLS_stock_gap_pCs, j,c,p,m

= DLS_stock_threshold_pCs, j,c,p,m − DLS_stock_existing_pCs, j,c,p,m
(5)

DLS_stock_X_pCc = ∑
s, j,p,m

DLS_stock_X_pCs, j,c,p,m (6)

For Fig. 2a (map), we divided countries’ currently existing DLS 
material stocks (as total, summed over all services, products and 
materials; equation (4) by the DLS stock thresholds required for 
full fulfilment of DLS assuming current national/regional practices 
(equation (2) and see the figure in Supplementary Information sec-
tion 2.2 for four material groups). For Fig. 2a (bars), we aggregated 
the country-level estimates of existing DLS stocks and DLS stock 
gaps (both assuming current and converged of practices) to 11 world 
regions based on the countries-to-regions mapping from Kikstra et al.2 
(Supplementary Table 1). For Fig. 2b, we calculated the DLS stock totals 
(summed over all services, products and materials; equation (6)) for 
existing per-capita DLS material stocks and gaps per world region and 
country variation (median, minimum and maximum) within those. 
For Fig. 2c, we calculated the difference of existing DLS stocks and 
gaps per capita (from Fig. 2b, current practices, together summing 
to DLS stock thresholds) to existing economy-wide material stocks 
per world region reflecting all uses in the economy (as total, summed 
over all products and materials) and their country variation (median, 
minimum and maximum).

Multiplication with the population52 yields at scale DLS stocks 
from per-capita values for Fig. 3a for both stock thresholds and gaps 
(equation (7), where X is a placeholder for existing, threshold and 
gap, respectively).

DLS_stock_Xs,c,p,m = DLS_stock_X_pCs,c,p,m × populationc (7)

Economy-wide and beyond-DLS material stocks
Here, we estimate the material stocks that meet demands beyond-DLS 
for 11 world regions in 2015 for Fig. 2 (beyond-DLS material stocks). 
Therefore, we subtracted the estimate of existing DLS material stocks 
from the estimate of existing economy-wide material stocks (both by 
product and material group in 2015). Figure 3a shows beyond-DLS 
stocks at scale for the globe (equation (8), summed over world regions 
r), whereas Fig. 3b obtains average per-capita values for world regions 
by dividing by the respective population sizes

Beyond_DLS_stocks_existingr,p,m
= economy_wide_stocks_existingr,p,m − DLS_stock_existingr,p,m

(8)

For economy-wide material stocks, we used estimates from a novel 
database, covering 14 product groups and 21 materials8. Due to uncer-
tainties in the combined estimates, the existing DLS material stocks 
for some material–product–region combinations were larger than 
estimated economy-wide material stocks, their subtraction yielding 
negatives (4 out of 44 data points or 0.4% negatives in terms of mass for 
region–material combinations—product groups aggregated, 14/77 or 
1.5% negatives in terms of mass for region–product and 83/308 or 2.4% 
in terms of mass for region–product–material combinations). These 
uncertainties are a major research frontier in the field of industrial 
ecology53, which we cannot resolve here. Therefore, we set any negative 
beyond-DLS stocks to zero and discuss the minor repercussions of this 
correction in the ‘Limitations’ section and Supplementary Information 
section 1.5.2.

Material stock additions for closing DLS gaps
Here, we estimate the net additions to stock required for closing DLS 
gaps for Fig. 3. Using net stock additions considers new stock con-
struction only, neither including replacement of stocks at the end of 

their lifetime nor maintenance flows. We developed four explorative 
scenarios, three of which assume closure of DLS gaps entirely by new 
construction and one exploring the potential for a hypothetical repur-
posing and redistribution of stocks (Table 1).

•	 Figure 3 scenario (i)—build DLS stocks only assumes that only 
material stocks which provide DLS are built during closure of 
DLS gaps (corresponding to equation five, DLS stock gap). We 
calculated the net stock additions required for this for both 
current national/regional and converged practices (‘Existing 
DLS material stocks and gaps’ section).

•	 Figure 3 scenario (ii)—build some beyond-DLS stocks accounts 
for the possibility that the buildup of DLS material stocks 
occurs as part of economy-wide development, which includes 
the construction of beyond-DLS material stocks. We assumed 
that the construction of beyond-DLS stocks persists according 
to the ratios of beyond-DLS and DLS material stocks observed 
for world regions in the past and manifested in 2015 (Fig. 3b 
and equation (9)). To estimate the additions of beyond-DLS 
which accompany buildup of DLS material stocks, we mul-
tiplied these ratios with the DLS stock gap per region and 
material group (equation (10) and Supplementary Information 
section 1.3.4). Due to the different sizes of the DLS stock gap for 
current and converged practices (j), the net stock additions for 
these two cases differ also for scenario (ii) (Fig. 3 only shows j= 
current practices, for simplicity; bDLS, beyond-DLS).

Ratio_bDLS_DLSr,m =
existing_beyond_DLS_stocksr,m,2015

existing_DLS_stocksr,m,2015
(9)

bDLS_additions_scenario_iir, j,m
= ratio_bDLS_DLSr,m × DLS_stock_gapr, j,m

(10)

•	 Fig. 3 scenario (iii)—build many beyond-DLS stocks assumes 
that constructing new DLS stocks is accompanied by exten-
sive buildup of beyond-DLS material stocks. In this scenario, 
all countries are assumed to reach at least the average 
economy-wide material stock levels found in countries cur-
rently achieving over 95% DLS fulfilment—estimated at 177 tons 
per capita. 
We derived these economy-wide stock requirements based 
on cross-sectional regressions of per-capita economy-wide 
material stocks in 2015 (by four material groups, based on 
Wiedenhofer et al.8) against a country-level index of the DLS 
achievement in 2015 based on Kikstra et al.2. We calculated 
this index as the mean over the relative fulfilment of eighteen 
individual DLS indicators as done in Kikstra et al.2. We applied 
a logistic saturation function bounded between 0% and 100% 
DLS fulfilment, based on other studies which investigate 
relationships of well-being and resource use54,55. Based on 
the regression, we defined the economy-wide material stock 
requirements to reach DLS for all as the material stock level at 
which the logistic curve reaches 95% fulfilment. This thresh-
old reflects the observation that some basic needs indicators 
are fulfilled by less than 100% even in the world’s wealthiest 
nations56–58. The estimated economy-wide stock requirements 
of 177 tons per capita comprise 4.3 tons per capita of biomass, 
1.2 tons per capita of fossil-based, 7.2 tons per capita of metals 
and 164.7 tons per capita of non-metallic mineral materials 
(Supplementary Information section 1.3.4). 
To calculate the beyond-DLS stock requirements additional 
to scenarios (i) and (ii), we subtracted the sum of existing 
economy-wide stocks and new stocks added in scenarios (i) 
and (ii) from the estimated 177 tons per capita, disaggregated 
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by material group (equation (11)). In cases where this subtrac-
tion yielded a negative value—that is, countries already exceed-
ing the estimated requirement—we assumed no further stock 
additions under scenario (iii) (Supplementary Information 
section 1.3.4).

Add_bDLS_additions_scenario_iiir,m
= max([ew_stock_requirements_scenario_iiim
−economy_wide_stocks_existingr,p,m − DLS_stock_gapr,j,m

−bDLS_requirement_scenario_iir,j,m],0)

(11)

•	 Scenario (r)—repurpose and redistribute explores the pos-
sibility of repurposing and redistributing material stocks 
within regions. We estimated which share of the regional DLS 
material stock gaps (Fig. 3b) could be closed by redistributing 
beyond-DLS stocks within these regions. Therefore, we divided 
the exiting beyond-DLS material stocks of a particular product 
group (for example, total mass of residential buildings catering 
to demand beyond DLS in 2015) by the DLS material stock gap 
of the same product group within each region (equation (12), 
term in brackets). We aggregated to the total share of the DLS 
stock gap that can be closed by repurposing and redistributing 
across all product groups by weighting each group’s repurpos-
ing potential (equation (12), term in brackets) by its contribu-
tion to the overall DLS stock gap (product group share on DLS 
gap).

DLS_gap_closed_redistr[%]

= ∑
p
min ( bDLS_stocksr,p

DLS_stock_gapr,j,p
, 1) × product_share_DLS_gapr,j,p

(12)

To communicate the size-relations between DLS gap and existing 
beyond-DLS stocks, Fig. 4 additionally shows the proportions of the 
two uses by product group (equations (13) and (14))

Proportion_existing_bDLS_stockr, j,p =
bDLS_stocksr,p

(DLS_stock_gapr, j,p + bDLS_stocksr,p)
(13)

Proportion_DLS_stock_gapr,j,p = 1 − proportion_bDLS_stockr,j,p (14)

Timing of closing DLS material stock gaps
Here, we estimate in which year DLS stock gaps (for the population 
in 2015) could be closed when following past trajectories of stock 
expansion for Fig. 5. Therefore, we linearly extrapolated past regional 
speeds of new construction from 2005–2016 up to 2050 (except for 
centrally planned Asia, for which we adopted the likely trajectory of 
−1% per year for China as the by far largest country in this region59). 
We only considered speed of new construction because it appears 
unlikely that materials for maintaining existing stocks are diverted to 
construct DLS stocks. Speed of new construction is measured in terms 
of net additions to stocks from Wiedenhofer et al.8, which we used per 
capita and world region, as well as global population-weighted aver-
age (Fig. 5a,b). Overall, our prospective analysis only determines the 
amount of new stock construction required to close DLS gaps but not 
the material flows required to replace or maintain stocks. The latter 
would require a dynamic stock-flow model and information on the age 
structure of all material stocks, which is not available.

We evaluated six scenario combinations of the size of the stock 
gap and construction speed to evaluate the progression in DLS stock 
achievement (Fig. 5c and equation (15)). For size of the stock gap, we 
assumed the scenarios (i)–(iii) presented in methods section four. 
For construction speed, we assumed, first, the extrapolation of past 

regional per-capita speed for each world region (Fig. 5c, dashed lines), 
and second, the extrapolation of past global average speed per capita 
for all world regions (Fig. 5c, solid lines).

∆DLS_stock_reachedr,m,t =
∑

t
2016construction_speedr,m,t

stock_gap_size_scenariosr, j,m
(15)

In Fig. 5c, we present results for the globe by aggregating regional 
achievement of DLS through calculating the population-weighted 
average of achievement across world regions. We did not assess speed 
for the scenario (r), repurpose and redistribute, as this scenario hinges 
on political and socio-economic factors rather than biophysical ones, 
which are not focus of this work.

Sensitivity analysis
We tested the sensitivity of our main results to variations in DLS ser-
vice threshold indicators (±25%), lifetime assumptions for modelling 
economy-wide material stocks (±30%) and using another material 
intensity dataset for residential buildings as the largest product group 
in DLS stock estimates45. The DLS service thresholds and material 
intensities influence our estimates of the material stocks required to 
fully provide DLS (and the estimated stock gap) in the first two results 
sections. The lifetimes influence our estimates of past speed of new 
construction (net stock additions, through determining the amount 
of maintenance activities in overall construction) (Supplementary 
Information section 1.1), and thereby, the scenarios of future construc-
tion speeds that codetermine how fast DLS gaps can be closed in the 
last results section.

Limitations
Below, we provide an extended summary of limitations. See Supple-
mentary Information section 1.5 for more details.

Limitations in calculating DLS material stocks by combining DLS 
indicators with material intensities. First, DLS indicators were only 
available for 2015 and information to calculate DLS gaps is scarce and 
needs to be improved. Second, some DLS indicators are not ideal for 
integration with material intensities, as they, for instance, refer to 
monetary expenditures on education and health2. Third, the consump-
tion basket of DLS in our study is not comprehensive, as, for instance, 
for education/health, it only takes into account the building itself but 
not what is in there in terms of equipment. Fourth, material intensi-
ties from the LCA need further refinement. Currently, they are built 
on simple down-scaling of provisioning systems in specific countries 
(often Switzerland), which may bias results towards the patterns seen 
in high-income countries. Material intensities may also be incomplete 
due to truncation errors in the supply chain of services41. Another 
limitation is the use of average stock requirements to model the expan-
sion of service provision, which can bias stock needs in particular for 
shared infrastructure such as roads and rails. A core infrastructure 
network is needed to enable reaching important destinations—even 
if only for a single user—but additional users may require minimal 
extension. Capturing this distinction of average and marginal infra-
structure needs can be covered by time-explicit scenarios based on 
Integrated Assessment Models (IAMs). Fifth, material intensities for 
buildings need improvement due to lacking country-level resolution 
on climate zone and construction-type variability53. Sixth, information 
on technologies and lifestyles are only available at coarse resolution 
(often world regions)31,49. Seventh, to assess pathways for closing DLS 
gaps, we considered the two main cases of current and converged 
global practices (‘Existing DLS material stocks and gaps’ section), 
along with selected additional changes in practices and material effi-
ciency. Further changes in, for example, urban form or adoption of 
low-carbon materials, could enable substantial decoupling of DLS 
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provision from raw material use and GHG emissions and should be 
assessed in future work.

Limitations in calculating demands for DLS versus beyond-DLS. 
First, in some cases, the bottom-up estimates of existing DLS material 
stocks were larger than the top-down estimates of economy-wide mate-
rial stocks, leading to negative beyond-DLS stocks (‘Economy-wide and 
beyond-DLS material stocks’ section). We set these negatives to zero 
stocks (small bias as negatives between 0.4–2.4% of total beyond-DLS 
stocks). This step does not ‘delete’ any material stocks but simply 
affects the allocation of stocks to either DLS or beyond-DLS stocks, 
thus resulting in either overestimated DLS material stocks or under-
estimated beyond-DLS. The consistent combination of bottom-up 
and top-down methods is an ongoing research endeavour in the field 
of industrial ecology53, which we cannot solve here. Second, integrat-
ing the two data sources combines a consumption-based (DLS) with 
a production-based (economy-wide) perspective. When calculating 
domestic beyond-DLS stocks by subtracting consumption-based DLS 
stocks from production-based economy-wide stocks, some stocks 
labelled as domestic within a specific country might actually either 
be located in other regions or cater towards exports and not contrib-
ute to domestic consumption. To mitigate this issue, we calculated 
beyond-DLS stocks for world regions only, for which we assumed all 
trade happening within regions. Third, the current data do not permit 
unequivocal interpretation of the calculated beyond-material stocks 
as providing only beyond-DLS services: the beyond-DLS stocks are 
overestimated if DLS material stocks are underestimated, for example, 
when DLS provision in reality requires more materials than estimated 
via the material intensities based on Veléz-Henao and Pauliuk30 or if the 
consumption basket is not comprehensive, such as missing equipment 
in buildings discussed above.

Limitations in calculating material stock additions required for and 
timing of closing DLS gaps. First, our scenarios are stylized and explor-
ative, only roughly indicating potentials for the resource-efficient and 
timely closing of DLS gaps. While scenario (i) is a detailed assessment of 
the material stock gap, scenarios (ii) and (iii) assume that the observed 
regional/global ratios of DLS and beyond-DLS persist in the future, 
and scenario (r) assumes a match of supply and demand between 
the DLS gap and available beyond-DLS stocks geospatially, as well 
as regarding the interchangeability of product groups. In addition, 
we estimated gap closure based on past speeds of new construction 
and either based on a stock total (summed over all materials) or four 
material groups, assuming substitutability between materials in the 
total or groups. In reality, feasibilities depend on various biophysical, 
social and political constraints.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The descriptive and results data are presented in the Supplementary 
Information. The input data to reproduce results are available via 
GitHub at https://github.com/socialecologyboku/DLSmaterialStocks.

Code availability
The code to reproduce results is available via GitHub at https://github. 
com/socialecologyboku/DLSmaterialStocks.
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Extended Data Table 1 | Results of monovarietal sensitivity analysis

Default (current 
national/regional 
practices)

DLS threshold -25% DLS threshold +25% Residential building 
MIs from (Pauliuk et al. 
2021).

Economy-wide 
stock lifetimes 
-30%

Economy-wide 
stock lifetimes 
+30%

Figure 2

Share of DLS stocks reached

Global North (min-max, 
median)

50%-100% (95%) 55%-100% (97%) 46%-100% (94%) 51-100% (95%) no changes no changes

Global South (min-max, 
median)

19%-92% (59%) 21-93% (62%) 17%-91% (57%) 19-91% (60%) no changes no changes

Centrally Planned Asia 
(min-max, median)

56%-73% (63%) 58%-77% (65%) 54%-71% (61%) 59%-74% (64%) no changes no changes

DLS stock gap, global 
(Gigatons)

82.2 57.4 108.5 74.6 no changes no changes

DLS stock thresholds (tons/cap)

Global average 37.6 28.6 46.5 34.0 no changes no changes

Sub-Saharan Africa 33.9 25.8 42.1 32.4 no changes no changes

Centrally Planned Asia 49.8 37.9 61.7 35.9 no changes no changes

Eastern Europe 49.1 37.7 60.5 45.4 no changes no changes

Former Soviet Union 41.6 31.7 51.6 37.0 no changes no changes

Latin America 35.7 27.2 44.3 31.2 no changes no changes

Middle East & North 
Africa

32.5 24.7 40.3 31.3 no changes no changes

North America 41.5 31.7 51.4 42.9 no changes no changes

Japan, Australia, New 
Zealand

41.0 31.3 50.7 38.0 no changes no changes

Pacific Asia 29.6 22.6 36.6 32.7 no changes no changes

South Asia 28.5 21.8 35.3 29.6 no changes no changes

Western Europe 45.6 34.9 56.2 41.6 no changes no changes

Country maximum 63.3 48.7 78.0 59.2 no changes no changes

Country minimum 26.4 20.2 32.7 26.9 no changes no changes

Figure 3

Share DLS stocks on economy-wide stocks

Global 27% 22% 33% 25% 30% 26%

Sub-Saharan Africa 62% 52% 69% 60% 65% 61%

Centrally Planned Asia 22% 18% 26% 16% 23% 21%

Eastern Europe 26% 20% 31% 24% 30% 24%

Former Soviet Union 20% 16% 24% 17% 24% 18%

Latin America 46% 37% 55% 40% 49% 45%

Middle East & North 
Africa

24% 19% 29% 23% 26% 24%

North America 22% 17% 27% 23% 26% 20%

Japan, Australia, New 
Zealand

22% 17% 27% 21% 26% 21%

Pacific Asia 34% 27% 41% 38% 36% 34%

South Asia 48% 39% 56% 51% 52% 46%

Western Europe 23% 18% 28% 21% 27% 22%

Net additions to stocks required to close DLS gaps vis a vis 2015 economy-wide stocks (global)

scenario-i 11.6% 8.1% 15.2% 10.5% 12.7% 11.0%

scenario-ii 33.2% 28.3% 37.4% 32.3% 34.1% 32.6%

scenario-iii 98.9% 97.1% 99.7% 97.8% 112.4% 93.4%

Share of DLS gap which could be closed by repurposing (global)

Sub-Saharan Africa 21% 36% 15% 26% 17% 23%

Centrally Planned Asia 84% 87% 82% 77% 83% 85%
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Default (current 
national/regional 
practices)

DLS threshold -25% DLS threshold +25% Residential building 
MIs from (Pauliuk et al. 
2021).

Economy-wide 
stock lifetimes 
-30%

Economy-wide 
stock lifetimes 
+30%

Eastern Europe 97% 100% 95% 97% 95% 100%

Former Soviet Union 100% 100% 100% 100% 99% 100%

Latin America 69% 88% 50% 71% 67% 81%

Middle East & North 
Africa

94% 95% 94% 95% 94% 95%

North America 99% 100% 87% 99% 90% 100%

Japan, Australia, New 
Zealand

100% 100% 100% 100% 100% 100%

Pacific Asia 86% 96% 78% 82% 84% 90%

South Asia 73% 83% 58% 64% 66% 78%

Western Europe 100% 100% 100% 100% 100% 100%

Figure 5

Year when reaching 100% DLS globally

@regional construction speed

scenario-i 2031 2027 2034 2030 2031 2030

scenario-ii 2036 2035 ~2050 2039 ~2050 2037

scenario-iii 93% DLS stock 
thresholds in 2050

93% DLS stock 
thresholds in 2050

93% DLS stock 
thresholds in 2050

93% DLS stock 
thresholds in 2050

92% DLS stock 
thresholds in 
2050

93% DLS stock 
thresholds in 
2050

@global (per capita) average construction speed

scenario-i 2020 2019 2021 2020 2021 2020

scenario-ii 2027 2026 2029 2027 2028 2027

scenario-iii 2042 2042 2042 2042 2044 2041

Results of monovarietal sensitivity analysis under assumption that DLS stock gaps are closed while maintaining current national/regional practices (see methods section six for details).

Extended Data Table 1 (continued) | Results of monovarietal sensitivity analysis
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Extended Data Fig. 1 | Effect of practice and technology changes on DLS stock 
thresholds. Impact of changes in practices and technologies on DLS stock 
thresholds across world-regions, relative to a baseline assuming continuation 

of current national/regional practices. For details on the modelled changes 
please see SI 1.4. Underlying data are provided in the Supplementary Data 1 tab 
DLS_stock_thresh_efficiency (last tab).
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Extended Data Fig. 2 | Composition of DLS material stock gap. Decent Living Standards (DLS) material stock gap which needs to be closed to achieve DLS for all, 
disaggregated by material type, product group, needs dimension, and region — assuming continuation of current national/regional practices as of 2015. Data available 
in Supplementary Data 1 tab Fig3_stockGapCurr_RMDP.
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