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S1 Literature review

S1.1 Dynamic materials modeling of the building sector

In the identified literature, several authors have identified a lack of knowledge of the anthropogenic stock (Schiller et al.,

2017). While initial publications have focused on primary materials inflows, the in-use stock has progressively gained

attention, for its role a driver of the construction and demolition flows, and the secondary materials providers (Müller,

2006). It enables a better understanding of the dynamics of construction and demolition cycle, and the maintenance

and expansion shares of the construction inflow in the building sector. The publications show an increasing share of

maintenance in the most developed areas (Wiedenhofer et al., 2015), as well as a grow of the demolition flow (Müller, 2006;

Bergsdal et al., 2007). Conversely, the developing regions will experience a slowdown of the annual building expansion in

the coming decades, which could have profound industrial consequences for the management of waste and secondary

materials.

We further observe an increasing focus on the construction and demolition wastes. It provides estimations of the prospec-

tive wastes (Bergsdal et al., 2008), potential secondary resources through a better classification of input materials

(Hashimoto et al., 2009), circularity achievements (Arora et al., 2019) or analysis of the impacts of policies, for example

in the European Waste Framework Directive (Wiedenhofer et al., 2015). Despite a substantial increase of the building in-

use stock in China over the past years, per-capita level could further grow (Wang et al., 2015a; Zhang et al., 2015), before

an expected reduction of the building stock expansion in the coming decades in developed areas and China. It could

allow a higher reliance on secondary resources to lower primary inputs and environmental impacts, which require the

development of an efficient waste management and recycling system (Shi et al., 2012; Wang et al., 2015b).

Finally, the parameters assumptions are discussed in the literature, as they represent a major source of uncertainties (Cao

et al., 2018)1, but could provide tools to better manage materials stocks and flows. Several publications emphasize the

significant role of material efficiency to reduce materials demand and their environmental impacts. Material efficiency

is a multifaceted concept (Pauliuk and Heeren, 2021), which includes lifetime extension (Hu et al., 2010; Shi et al., 2012;

Huang et al., 2018)2, a better product design (Shanks et al., 2019)3, or higher recycling and reuse (Shi et al., 2012; Wang

et al., 2015b). Pauliuk and Heeren (2021) proposed the implementation of material efficiency strategies in the building

and transport sectors in Germany.

S1.2 The role of materials engineering to reduce impacts

Contrary to the common belief that concrete is not recyclable, Japan or the Netherlands manage to achieve close to 100%

concrete recycling rate by recycling concrete into new structural applications or in lower grade uses such as road (Tam,

2009; Xicotencatl, 2017). It allows considerable reduction of the environmental impacts of CDW by lowering their amount

in landfills. The potential of recycling construction and demolition waste (CDW) is substantial, as they represent a signifi-

cant part of the society wastes. They reached 25 to 30% of the overall generated European Union wastes in 2017 (European

Union (2017)), of which mineral and solidified wastes represented 76% (Reis et al. (2021)). The European Union targeted

the CDW in the its Waste Framework Directive4, and managed to fulfill the objective to recover or recycle 70% of CDW

by 2020 (Villoria Sáez and Osmani (2019)). More than 82% of generated CDW were recycled in 2021, and only 11% were

disposed in landfills (European Environment Agency (2021)). However, the European results are not representative of the

current global CDW management, and lower recovery rates are observed in other regions (Reis et al. (2021); Tam et al.

1Liu et al. (2020) provided a household level desegregation study for a more accurate description of appliances life cycle in the building sector.
2Hu et al. (2010) raised questions about the optimal lifetime to reduce resources use and environmental impact through an increase of the share of

secondary materials in the input.
3Conversely to light-weighting products, dynamic and increasing materials intensities are sometimes used in MFA studies to model technological

change (Shi et al., 2012; Hatayama and Tahara, 2016).
4This directive from 2008 aimed at enhancing the recovery and management of CDW in a circular economy perspective.
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(2018)).

Concrete is recycled in the form of aggregate by a crushing process, partly replacing natural aggregate content in the

concrete production5. Two types of recycled aggregates from construction and demolition waste (CDW) are generally

considered (Marinković and Carević, 2019). Recycled aggregates (RA) are defined as mixed aggregates. Recycled con-

crete aggregates (RCA) are mainly made of concrete, and their higher quality would allow a use recycled aggregates con-

crete (RAC) for structural applications with different standard compositions depending on the countries (Nováková and

Mikulica, 2016). Despite potential environmental benefits (Tam et al., 2018), the use of recycled aggregates is often limited

to non-structural projects, e.g. in India (Behera et al., 2014), in the USA and in France6 because of a lack of confidence of

construction actors in RA (Silva et al., 2019; European Environment Agency, 2021). The different applications of RA are

described in Reis et al. (2021), and the authors outlined the growing number of encouraging pilot projects using recycled

aggregate concrete (RAC). Silva et al. (2019) further provided a review of 31 constructions projects to demonstrate the tech-

nical and economic viability of recycled aggregates use. Among these projects, 11 are related to structural use of concrete

in buildings. They carry substantial benefits through four reductions : financial, primary resources need, accumulation in

landfills and environmental impacts.

The RAC research field has been growing over the past years, and the specific impact of replacing natural aggregates by

recycled concrete aggregates (RCA) on the properties of RAC was under focus. RCA is defined as aggregates recovered from

concrete in which other materials represent less than few percents (Marinković and Carević, 2019), and it can be used for

higher strength concrete than RA (Purnell and Dunster, 2010). However, Behera et al. (2014) showed lower mechanical and

durability performance of RAC, and emphasized the need of further assessment of RA quality and its impact on concrete.

In reviews on the RCA impacts on RAC production, Silva et al. (2014) and Verian et al. (2018) provided recommendations

for an optimal use of recycled concrete aggregates (RCA) in concrete production. The authors showed different challenges

depending on the use of fine and coarse aggregates7, but a potential was identified for both types. The authors further

reported that some researches estimate a 30% limit in the use of coarse RCA in concrete, but state that there could be no

limit in its potential share if specific process conditions are respected8. Thomas et al. (2013) further outlined the need for

more assessment of RAC in different exposure conditions. For moderate conditions, Thomas et al. (2018) estimated that a

25% replacement of NA by RCA displays viable strength results. Guo et al. (2018) and Verian et al. (2018) further identified

the potential to enhance recycled aggregate concrete performances, using for example CO2 treatment and pozzolanic

materials (e.g. fly ash). Several studies have conducted further environmental assessment of RCA and natural aggregated

for different mixes and geographic perimeters, showing transport distances influence (Marinković et al., 2010) and avoided

emissions in steel production and waste disposal (Knoeri et al., 2013). However, no concordance in the potential reduction

was observed in the literature, and Wijayasundara et al. (2017) further showed similar embodied energy and impacts of

RCA and natural aggregates in a cradle-to-gate analysis of RCA in Australia. Given the lack of consensus, no energy demand

and environmental impact reductions were considered.

In parallel of improving concrete recovery and recycling, "green concrete" aims at cutting the environmental impact. It

is defined as a low-carbon concrete, which production mainly relies on the use of industries or agriculture by-products,

nanoparticles and advanced techniques to further understand concrete structures (Vishwakarma and Uthaman, 2020).

Given that most of the energy demand and environmental impacts of concrete production occurs during cement pro-

duction, the replacement of primary materials by waste materials could achieve lower impacts of concrete production

(Reiners and Palm, 2015). The use of wastes in concrete production has already been implemented for decades in the con-

5Shares of 12% to 29% of recycled concrete were observed in German, the Netherlands and the United Kingdom in 2012 and 2013 (Reiners and Palm,
2015)

6Most of the recycled CDW in France are used in non-structural applications. The RECYBETON project aims at increasing the share of RA in concrete.
7Bravo et al. (2015) found that fine aggregates use hampers concrete performance, but that a limited share of coarse aggregates is viable. This higher

impact of fine RCA was also highlighted in Guo et al. (2018).
8Coarse and fine aggregates are defined by the size of their particles.
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crete industry through supplementary cementitious materials (SCM)9. The most common SCM are coal fly ash (CFA)10,

blast furnace slags (BFS)11, silica fume, or metakaolin (Habert, 2014; Holland et al., 2016)12. The study of "green con-

crete" performances and environmental impacts has showed a growing interest in the literature and several publications

recently reviewed the by-products studies (Siddique, 2014; Gu and Ozbakkaloglu, 2016; Paris et al., 2016; Jiang et al., 2018;

Sandanayake et al., 2020).

9The Lafarge company defines Supplementary Cementitious Materials (SCMs) as "materials that, when used in conjunction with portland cement,
portland limestone cement or blended cements, contribute to the properties of hardened concrete through hydraulic and/or pozzolanic activity".

10CFA is a by-product of the combustion of coal to generate electricity.
11BFS is produced during the iron-making process.
12Many other materials can also be used, such as foundry sand, wood ash, plastic, glass and other ashes (Paris et al., 2016; Sandanayake et al., 2020)
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S2 Methodology

This section provides further documentation on the methodology in this study. The following items are detailed :

• The general equations of the model in Section S2.1;

• The perimeter of the multinational areas considered in the scenarios are described in Section S2.2;

• The historical regional floor areas are displayed in Section S2.3;

• The regional lifetimes methodology and data are detailed in Section S2.4;

• The regional historical materials intensities and the methodology to set their logistic profiles up to 2100 are ex-

plicited in Section S2.5.

S2.1 MATER model general equations

In the following section, TU means "Technological Units" (infrastructures such as m2 of buildings) and RM means "Raw

Materials" (such as concrete or steel).

First, the amount of new infrastructures to build each year depends on the evolution of the stock needed and the quantity

of old infrastructures to replace :

F i n
TUi

= dS

di TUi

+F out
TUi

F out
TUi

= log normal delay(F i n
TU )

(S1)

with :

• F i n : the amount of new infrastructures to build in [TU/y]

• S : the reference stock in [TU]

• F out : the amount of old infrastructures to replace in [TU/y]

Then, the amount of new infrastructures to build is multiplied by their material intensity to calculate the global material

consumption :

FRMi =
∑
TU

(F i n
TUi

× i r m
TU ,RMi

) (S2)

with :

• F : the raw material consumption in [ton/y]

• F i n : the amount of new infrastructures to build in [TU/y]

• i r m : the material intensity in [ton/TU]

The raw material recycling depends on the old infrastructure flow and the primary raw material production is calculated

to fill the gap between the global raw material consumption and the recycling potential :

F 2nd

RMi
=α×F out r m

RMi

F 1st

RMi
= FRMi −F 2nd

RMi

(S3)
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with :

• F 2nd
: the recycled raw materials in [ton/y]

• α : the recycling rate of the raw materials

• F out r m
: the raw materials contained in the old infrastructures in [ton/y]

• F 1st
: the primary raw materials in [ton/y]

• F : the raw material consumption in [ton/y]

If, in a given year, recycled production exceeds the total consumption, the primary production is set to zero and any

surplus is stored to be used next year.

Finally the energy needed to produce the raw materials is calculated thanks to energy intensities :

Ei =
∑
RM

(i e1st

RMi
×F 1st

RMi
+ i e2nd

RMi
×F 2nd

RMi
) (S4)

with :

• E : the total energy needed for the raw materials production in [J/y]

• i e1st

: the energy intensity of the primary raw material production in [J/ton]

• F 1st
: the primary raw materials in [ton/y]

• i e2nd

: the energy intensity of the recycled raw material production in [J/ton]

• F 2nd
: the recycled raw materials in [ton/y]

S2.2 Regional segmentation in the scenarios

Nine multinational areas are considered in this study. They are detailed in the Table S1.
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Regions Countries

Africa Algeria, Angola, Benin, Botswana, Burkina Faso, Burundi, Cabo Verde, Cameroon, Cen-
tral African Republic, Chad, Comoros, Congo, Cote d’Ivoire, Democratic Republic of the
Congo, Djibouti, Egypt, Equatorial Guinea, Eritrea, Eswatini, Ethiopia, Gabon, Gambia,
Ghana, Guinea, Guinea-Bissau, Kenya, Lesotho, Libya, Madagascar, Malawi, Mali, Mau-
ritania, Mauritius, Morocco, Mozambique, Namibia, Niger, Nigeria, Rwanda, Sao Tome &
Principe, Senegal, Seychelles, Sierra Leone, Somalia, South Africa, Sudan, South Sudan,
United Republic of Tanzania, Togo, Tunisia, Zambia, Zimbabwe

China
Europe Albania, Austria, Belarus, Belgium, Bulgaria, Bosnia and Herzegovina, Cyprus, Czech Re-

public, Croatia, Denmark, Estonia, Germany, Gibraltar, Greece, Finland, France, Hungary,
Ireland, Iceland, Israel, Italy, Kosovo, Latvia, Lithuania, Luxembourg, Malta, Moldova,
Montenegro, Netherlands, North Macedonia, Norway, Poland, Portugal, Romania, Serbia,
Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, Ukraine United Kingdom

India
Latin America Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Curacao, Dominican Re-

public, Ecuador, El Salvador, Guatemala, Haiti, Honduras, Jamaica, Nicaragua, Panama,
Paraguay, Peru, Suriname, Trinidad and Tobago, Uruguay, Venezuela

Middle East Bahrain, Islamic Republic of Iran, Iraq, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Ara-
bia, Syria, United Arab Emirates, Yemen

North America Canada, Mexico, United States of America
OECD Pacific Australia, Japan, Korea, New Zealand
Other Asia Afghanistan, Armenia, Azerbaijan, Bangladesh, Bhutan, Brunei, Brunei Darussalam, Cam-

bodia, Hong Kong, Indonesia, Kazakhstan, Dem. People’s Republic of Korea, Kyrgyzstan,
Laos, Macao, Malaysia, Maldives, Mongolia, Myanmar, Nepal, Oceania (excluding Aus-
tralia and New Zealand), Pakistan, Philippines, Singapore, Sri Lanka, Taiwan, Tajikistan,
Thailand, Turkmenistan, Uzbekistan, Vietnam

Table S1: Summary of the considered regions.

S2.3 Historical regional building stocks

The surfaces obtained from the logistic approach adopted in this article are displayed in the Figure S1 for the residential

segment and in the Figure S2 for the non-residential segment.
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Figure S1: Historical residential regional floor areas.
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Figure S2: Historical non-residential regional floor areas.

S2.4 Constant and dynamic regional lifetimes

Recent publications analyzed the impact of lifetime in infrastructures modeling (Aktas and Bilec, 2012; Marsh, 2017; Zhou

et al., 2019; Cao et al., 2019). The authors outlined two majors aspects of lifetime assessment. Firstly, the need for a more

systematic use of lifetime distribution. Numerous statistical distributions exist, such as Weibull, normal, log-normal,

Gamma or Gompertz-based. They are widely used in the literature (Table S3), but no insights were available about the

best suited approach to model building lifetime. Miatto et al. (2017) recently provided such an analysis. The authors tested

the sensitivity of the distribution on materials modeling at national and city scales, and concluded on the low effects on

stocks results and higher impacts on output flows. They further outlined the need to use several distribution lifetimes

when various buildings categories are considered, and the low impact of the distribution choice in an aggregated building

stock. Secondly, the inverse relation between lifetime and environmental impacts was depicted in Marsh (2017). They

showed that a lifetime value of 100 years reduces the environmental impacts by 38% in comparison with a 50-year level at

the Danish scale. A better modeling of building lifetime therefore could therefore lie in a combination of a dynamic mean

value with a statistical distribution. This approach was conducted by Hu et al. (2010) for the Chinese residential building

stock, assuming a gradual increase of the mean value of a normal lifetime distribution. A constant approach was selected

in this study because of the wide scope and the required extensive data collection to compute dynamic regional lifetimes.

The life span of buildings and their typology vary according to geography (AIMCC, 2015). In a first step, current regional

lifetimes considered in the literature were studied. They were obtained from a regional analysis and a census of the ob-

served mean values in lifetime distributions. A summary of those latter is presented in Table S3). At the European level,

JRC (2011) reported a life span of about 50 years for more than half of the French housing stock, 20% of the buildings

reaching 100 years. Wang et al. (2018) identified data from several studies, showing longer building lifetimes for Euro-

10



pean buildings than Chinese or North American buildings. The values range from 64 to 132.6 years for Germany, Spain,

Belgium, the Netherlands, Switzerland, Austria, France, and the United Kingdom (CABR, 2014; Song, 2004). Similarly,

AIMCC (2015) presented the results of several European studies predicting lifetimes between 50 and 75 years. Except for

Ciacci et al. (2013) and Hatayama et al. (2009), those values are commonly observed in the lifetime distribution summa-

rized in Table S3. Based on these results, an average service life of 70 years was considered for European commercial and

residential buildings.

In North America, Aktas and Bilec (2012) reported a slightly increasing life span since the late 1990s. The life span of U.S.

residential buildings has evolved from 50 years in 1997 to 61 years in 2009. Wang et al. (2018) estimated close life spans

for the United States and Canada buildings, respectively, with 60 and 70 years. There are large differences in service life by

construction type. In a study conducted in the United States and Canada, O’Connor (2004) revealed that only one third of

North American non-residential concrete buildings are more than 50 years old, compared to 63% of wood buildings and

20% of steel buildings. Wood has a longer life span than concrete, with a majority of buildings destroyed after 75 years of

life. Lifetimes ranging from 26 to 50 years are observed for concrete buildings. The practical observations are therefore

lower than the theoretical values of 51.6 years for wood buildings and 87.2 for concrete buildings (O’Connor, 2004). It

covers a variety of reasons for demolition. In North America, nearly 80% of concrete buildings are demolished for lack of

use or for a new building project. Lower levels are observed for weed (50%) and steel (60%). Only 31% of the buildings are

demolished at the end of their life in O’Connor (2004), which emphasizes the unreliability of the theoretical life span. An

average life of 50 years was therefore considered for the entire North American building stock13.

In China, a different trend is observed by Cao et al. (2019). The authors estimated a life span of 39.4 years for the building

flows between 1950 and 1969, and 37 years between 1970 and 1979. Lifetime then dropped to 25.3 years for buildings

finished between 1980 and 1989, and increases to 26.6 years in the 1990-1999 period and 33.8 years between 2000 and

2015. The life span of Chinese housing thus remains low, explaining the high annual demolition rate. On average, Cai

et al. (2015) estimated a current life span of Chinese residential buildings of 23.2 years, while Hu et al. (2010) suggested

average life spans of 30/40 years in the urban sector in the 1970s and 1980s, and 15 years in the rural sector. These would

increase over time for both rural and urban buildings due to China’s economic reform in 1978, allowing for improved

construction techniques (Hu et al. (2010)). These values and trend are confirmed by Wang et al. (2018), surveying several

studies and announcing a final value of 35 years for the Chinese building stock. Moreover, Hu et al. (2010) depicted a

significant increase of life span in the future, finally reaching 75 years. An average value of 35 years was considered in this

study.

In Japan, the life span has been decreasing since the end of World War II, reaching 25 to 30 years in recent years (Wuyts

et al., 2019; Kobayashi, 2016), although with disparities depending on the construction method14. This low average life

span is explained by the depreciation of buildings observed in Japan, and remains slightly below the observed values in

Table S3. An average value of 30 years was finally considered for the Japanese building stock. A low value is also observed

in South Korea, with an average of 22.4 years (Seo and Hwang (1999)). A minimum value of 50 years seems to be common

in the New Zealand market, and Deetman et al. (2020) modeled the Oceania building stock with a mean value of 83 years.

Japan and Korea accounting for 85% of the total ASEAN population in 2020, a 35 year-value is considered for this region.

In the Middle East, a lack of data is observed. The combination of poor quality materials and harsh climatic conditions

explains why buildings are renewed faster than in Western countries. Thus, we observe an average building life of about

20 years in the United Arab Emirates15, 25 to 50 years in Saudi Arabia16 and 25 to 35 years in Iran17 (Yousefi and Gholipour,

2018). An average life of 30 years was therefore considered for the Middle-East.

13The concrete-made and steel-made building market shares were used to evaluate building lifetime. Concrete market share reached 34% in non-
residential and multi-story buildings, while steel market share was 46%.

14This is in accordance with the reported values of the Chinese Vice-Minister of Housing and Urban-Rural Development.
15The workshop "Life Expectancy of Buildings in the UAE" aimed at tacking the quality issue and thus increasing the buildings lifetime.
16Poor quality standards are assumed to be the source of this low life span.
17This average lifetime is even assumed to decrease as low quality standards actors represent an increasing market share.
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The other regions suffer a lack of data. A 60-year value is considered for Latin America, which is lower than theoretical

values of Heeren et al. (2015) and Deetman et al. (2020), and a lower value for the entire continent by Murakami et al.

(2010). A life span of 50 years was used in Deetman et al. (2020), and is retained in this study for ASEAN and Other Asia. To

the author’s knowledge, no precise assessments of life span are available for Africa and India, an average value of 50 years

was then considered. The final data are displayed in S2.

Area Average current life span

Africa 50

ASEAN 50

China 35

Europe 70

India 40

Latin America 60

Middle East 30

North America 50

OECD Pacific 35

Other Asia 40

Table S2: Summary of the current regional building lifetimes considered in this study.
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References Distribution Area Building type
Mean
lifetime

Standard
deviation

Deetman et al. (2021) Weibull Brazil Urban residential 100

Deetman et al. (2021) Weibull Canada Residential 51

Hatayama et al. (2009) Weibull China All 32.5

Zhou et al. (2019) Weibull China Urban residential 34.1 23.5

Cai et al. (2015) Weibull China All 23.2

Deetman et al. (2020) Weibull China Residential 39

Wang et al. (2015b) Weibull China Residential 39

Olaya et al. (2017) Normal Colombia Residential 100 25

Vásquez et al. (2016) Normal Czech Republic Residential 100 25

Deetman et al. (2020) Weibull Eastern Europe Residential 78

Hatayama et al. (2009) Weibull Europe All 31.5

Murakami et al. (2010) Europe All 75

Vásquez et al. (2016) Normal Germany Residential 150 40

Bradley and Kohler (2007) Weibull Germany Urban residential

Ciacci et al. (2013) Normal Italy All 40 14

Hatayama et al. (2009) Log-normal Japan All 38.7

Tanikawa et al. (2015) Log-normal Japan All

Hashimoto et al. (2007)
Log-normal and
Weibull

Japan All

Deetman et al. (2020) Weibull Japan Residential 34

Murakami et al. (2010) Japan All 50

Fishman et al. (2014) Normal Japan and USA All

Deetman et al. (2020) Weibull Mexico Residential 56

Murakami et al. (2010)
North, Middle and
South America

All 50

Brattebø et al. (2009) Normal Norway All
180 down

to 95

Deetman et al. (2020) Weibull Oceania Residential 83

Deetman et al. (2020) Weibull
Rest of South
America

Residential 60.5

Deetman et al. (2020) Weibull
Southeastern
Asia

Residential 50

Heeren et al. (2015) Log-normal
Rest of South
America

Residential and
small offices

90

Müller et al. (2014) Normal The Netherlands Residential 60-90-120 20

Davis et al. (2007) Weibull UK All 60 13.7

Davis et al. (2007) Log-normal UK All 60 12.1

Deetman et al. (2020) Weibull USA Residential 77

Hatayama et al. (2009) Weibull USA All 75

Kapur et al. (2008)
Weibull, Gamma
and log-normal

USA All

Aktas and Bilec (2012) Weibull USA Residential 61 25

Ciacci et al. (2013) Normal USA All 50 15

Deetman et al. (2020) Weibull Western Europe Residential 63

Table S3: Summary of lifetime distributions, regional mean values and standard deviations in the literature.
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S2.5 Regional raw materials and energy intensities

Some material modeling studies consider static materials intensities (Marinova et al., 2020; Deetman et al., 2020; Hong

et al., 2016; Schebek et al., 2017; Yang and Kohler, 2008), and other provide useful data about their evolution over time.

Hu et al. (2010) assumed a dynamic steel material intensities in rural residential building in China, and dynamic concrete

intensities are displayed in Figure S3. An increase of concrete and steel intensities is generally observed over time, except

in Sweden (Gontia et al., 2018). Two reasons can explain this upward trend. Firstly, a change in the construction mix

occurred in Europe and Japan after the World War II. Concrete increased its domination over material use in a context

of rapid and economical reconstruction of destroyed cities (Steele, 2017; Diefendorf, 1989; Chemillier, 1997). The rises

represented in Figure S3 may thus provide insight about an evolution toward more concrete in the construction mix rather

than a higher use of materials in concrete buildings. A further evolution of the mix (e.g. wood building development) is

considered in this study. Higher steel, aluminum and copper intensities over time draw a different trend, such as an

increasing use of reinforced concrete, or higher electrification of buildings. This research field is not well studied in the

literature, and no quantitative regional trends are available to the author knowledge.

Figure S3: Dynamic residential concrete intensity values observed in the literature. Netherlands data from Müller (2006),
Norway data from Bergsdal et al. (2007), Germany data from Ortlepp et al. (2018), French data from Serrand et al. (2013)
and Sweden data from Gontia et al. (2018). The decrease of intensity observed in Ortlepp et al. (2018) could be explained
by a recent rise of masonry use.

In this study, dynamic material intensities were considered. IEA (2018) distinguished five building structures in nine

major regions: composite, wood, steel, masonry and concrete. While wood structures accounted for nearly 80% of the

residential stock in North America, Oceania and Africa, concrete was chosen in the rest of the world. The share of concrete

structures reaches nearly 60% in Europe, China, India, ASEAN and most Asian countries residential buildings, as well

as in Latin America, while wood and masonry are the secondary structures. The situation is more homogeneous in the

non-residential sector. A majority of the stock relies on concrete structures - ahead of steel and masonry - except in

North America. Along with those market shares, IEA (2018) specify regional material intensities for concrete and steel.

The concrete material intensities provided by the IEA (2018) exceed more than 1000 kg/m² for residential in regions with

concrete as the main building material. This is in agreement with Liu (2010) for China, Kleemann et al. (2016) for the

Austrian capital, Müller (2006) for the Netherlands, Ortlepp et al. (2016) for Germany or Serrand et al. (2013) for the city

of Orleans. However, the values observed in the literature vary and are mainly focused on European countries, which
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prevents the comparison of data from the majority of regions. Tertiary material intensities of concrete are higher than

residential in all regions in IEA (2018). Moreover, while concrete does not exceed 20% of the residential market in North

America, Oceania and Africa, its share of the tertiary market in these regions is increasing significantly. It reaches 40% in

North America, 60% in Oceania, and nearly 90% in Africa. Conversely, the market shares of steel show little differences in

material intensities between regions.

IEA (2018) did not specify aluminum and copper consumption of the global building stock. Less data are available for

those two materials than for concrete and steel in the literature. Dong et al. (2019) estimated dynamic residential and

non-residential copper intensities from 1980 to 2050 for China. Koutamanis et al. (2018) compiled copper intensities in

kg/capita from Drakonakis et al. (2007); van Beers and Graedel (2007); Wittmer et al. (2007); Huang et al. (2013); Cochran

et al. (2007); Mália et al. (2013) and Li et al. (2013) for Florida, the USA, China, Korea, Norway, Switzerland, Australia, New

Heaven, and Cape Town. The authors showed significant differences between buildings, even within the same perimeter

and emphasize the difficulty to estimate copper intensity over large areas. Schipper et al. (2018) reported material in-

tensities of copper in residential building range from 0.92 to 3.18 kg/m², and from 0.46 to 1.58 kg/m² for non-residential

buildings. Copper is consumed in the building sector for wiring, air conditioning, plumbing and roof building (Kouta-

manis et al., 2018). This large range of uses and their regional disparities explain the significant heterogeneity observed

in the copper intensities. Residential aluminum intensity varies between 0.37 kg/m² and 0.73 kg/m² in Vienna, Austria

(Kleemann et al., 2016), and between 0.6 kg/m² and 3.6 kg/m² in France depending on the type of building (ADEME et al.,

2018). Hong et al. (2016) estimated dynamic residential and commercial aluminum intensity from 2010 to 2025 in China,

while Marinova et al. (2020) and Deetman et al. (2020) provided values for both the residential and the non-residential

sectors at a multi-regional scale. In order to show the link between material intensities and living standards, copper and

aluminum intensities were differentiated with GDP/capita values in this study. The ten selected areas were segmented in

three groups depending on their GDP/capita value in 2020. Maximum values were estimated based on the data summa-

rized in Table S4. They were considered for the first group, the minimum value for the third group and an intermediate

value was estimated for the second group. As described in Schipper et al. (2018), the non-residential copper intensity are

half the residential values. The current regional values finally selected in this study are summarized in the Table S5.
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References Aluminum Copper Year Area Building type

Ortlepp et al. (2018) 1.07 Germany Non-residential

Ortlepp et al. (2016) Germany Residential

Gontia et al. (2018) 3.3 Sweden Residential

Hong et al. (2016) 2.02 2010 China Residential

Hong et al. (2016) 2.2 2025 China Residential

Hong et al. (2016) 4.9 2010 China Commercial

Hong et al. (2016) 5.34 2025 China Commercial

Marinova et al. (2020) 2.53 0.94
Average of studies

for various countries
Residential

Deetman et al. (2020) 4.2 3.2
Average of studies

for mainly developed countries
Non-residential

Dong et al. (2019) 0.11 1980 China Residential

Dong et al. (2019) 0.43 2010 China Residential

Dong et al. (2019) 0.59 2020 China Residential

Dong et al. (2019) 0.88 2050 China Residential

Dong et al. (2019) 0.05 1980 China Non-residential

Dong et al. (2019) 0.21 2010 China Non-residential

Dong et al. (2019) 0.3 2020 China Non-residential

Dong et al. (2019) 0.43 2050 China Non-residential

ADEME et al. (2018) 0.6 0.7 2020 France Residential

ADEME et al. (2018) 3.6 0.6 2020 France Non-residential

Kleemann et al. (2016) 0.73 0.37 1970 Austria Residential

Kleemann et al. (2016) 0.97 1.1 2003 Austria Hospital

Schipper et al. (2018) 0.92-3.18
Previous studies

for various countries
Residential

Schipper et al. (2018) 0.46-1.59
Previous studies

for various countries
Non-residential

Table S4: Summary of buildings residential and non-residential materials intensities (kg/m²).
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Building
type

Material
North

America
Europe China India ASEAN Africa

Latin
America

Other
Asia

Middle
East

OECD
Pacific

R

Concrete 400 1000 1100 1100 1100 400 1100 1100 1100 1000

Steel 12 37 39 37 37 14 37 37 37 33

Copper 3.2 3.2 0.6 0.3 0.6 0.3 0.6 0.6 0.6 3.2

Aluminum 1.3 1.3 2 0.36 0.8 0.36 0.8 0.8 0.8 1.3

NR

Concrete 900 1200 1500 1200 1400 1400 1400 1300 1300 1300

Steel 70 72 71 68 76 71 74 68 68 69

Copper 1.6 1.6 0.3 0.15 0.3 0.15 0.3 0.3 0.3 1.6

Aluminum 4.2 4.2 4.2 1.2 2.7 1.2 2.7 2.7 2.7 4.2

Table S5: Summary of the current residential and non-residential material intensities considered in this study in kg/m². R
= Residential, NR = Non-Residential.

Dynamic materials intensities were then modeled using a logistic function depending on GDP (eq S5). An initial value of

120 kg/m² was assumed for concrete in 1900, in accordance to values observed in Müller (2006); Ortlepp et al. (2016) and

Gontia et al. (2018). Initial values of 0.05 kg/m² were considered for aluminum and copper, and 2 kg/m² and 10 kg/m²

for residential and non-residential steel in 1900. A better knowledge of past steel, copper and aluminum intensities are

needed to design their evolution over time. The saturation levels considered are slightly higher than the current values

of Europe for concrete, with 1,200 kg/m² for residential buildings in 2100. A renewal of residual non-concrete buildings

was assumed, and a small increase of concrete market share in North America. Given the lack of data, the same level than

in the North America was considered in Africa for residential concrete intensity. Other materials were assumed as less

structural for building, and thus higher saturation levels are observed. The same saturation levels were considered for the

nine selected areas.

It = Isat

1+ Isat
I1900

·exp(−β(GDPt −GDP1900))
(S5)

In this equation, It is the material intensity in the year t, Isat and I1900 are respectively the saturation level and the 1900

value of the material intensity, β is a parameter influencing the growth rate, GDPt is the GDP value in the year t and

GDP1900 is the 1900 value of GDP. The final results are displayed in Figures S4a to S4d for regional residential buildings, in

Figures S5a to S5d for regional non-residential buildings. A higher steep of material intensities is observed for residential

copper and non-residential aluminum. It lies in the assumption of almost no demand in 1900 and in the larger saturation

values.

S2.6 Recycled aggregates concrete (RAC)

As described in the section S1.2, two types of recycled aggregates from construction and demolition waste (CDW) are con-

sidered: recycled aggregates (RA) and recycled concrete aggregates (RCA). The different applications of RA are described

in Reis et al. (2021), and the authors outlined the growing number of encouraging pilot projects using recycled aggre-

gate concrete (RAC). Silva et al. (2019) further provided a review of 31 constructions projects to demonstrate the technical

and economic viability of recycled aggregates use. Among these projects, 11 are related to structural use of concrete in

buildings. They carry substantial benefits through four reductions : financial, primary resources need, accumulation in

landfills and environmental impacts. The RAC research field has been growing over the past years, and the specific impact

of replacing natural aggregates by recycled concrete aggregates (RCA) on the properties of RAC was under focus. RCA is
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(a) Concrete (b) Steel

(c) Copper (d) Aluminum

Figure S4: Dynamic and regional material intensities in concrete, steel, copper and aluminum in the residential building
sector.

defined as aggregates recovered from concrete in which other materials represent less than few percents (Marinković and

Carević, 2019), and it can be used for higher strength concrete than RA (Purnell and Dunster, 2010). However, Behera et al.

(2014) showed lower mechanical and durability performance of RAC, and emphasized the need of further assessment of

RA quality and its impact on concrete. In reviews on the RCA impacts on RAC production, Silva et al. (2014) and Verian

et al. (2018) provided recommendations for an optimal use of recycled concrete aggregates (RCA) in concrete production.

The authors showed different challenges depending on the use of fine and coarse aggregates18, but a potential was iden-

tified for both types. The authors further reported that some researches estimate a 30% limit in the use of coarse RCA in

concrete, but state that there could be no limit in its potential share if specific process conditions are respected19. Thomas

et al. (2013) further outlined the need for more assessment of RAC in different exposure conditions. For moderate con-

ditions, Thomas et al. (2018) estimated that a 25% replacement of NA by RCA displays viable strength results. Guo et al.

(2018) and Verian et al. (2018) further identified the potential to enhance recycled aggregate concrete performances, using

for example CO2 treatment and pozzolanic materials (e.g. fly ash).

S2.6.1 RCA replacement scenarios methodology

A significant increase in the EOL-CR of CDW was observed over the past decade in Europe (Villoria Sáez and Osmani,

2019). However, most of other regions display lower rates (Tam et al., 2018; Reis et al., 2021), and most of the CDW are

disposed in landfills. As estimated in Section To be done, the concrete lost stock amounted to about 45 Gt in 2020 and

18Bravo et al. (2015) found that fine aggregates use hampers concrete performance, but that a limited share of coarse aggregates is viable. This higher
impact of fine RCA was also highlighted in Guo et al. (2018).

19Coarse and fine aggregates are defined by the size of their particles.
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(a) Concrete (b) Steel

(c) Copper (d) Aluminum

Figure S5: Dynamic and regional material intensities in concrete, steel, copper and aluminum in the non-residential
building sector.

could reach 115 Gt in 2060 in the B2D and RT scenarios. The recycling of this accumulated concrete would allow to

decrease the dependency on primary mineral production and a reduction of the storage burden. To provide a first-order

estimate of the impact of a mass use of RCA replacement in concrete production on lost stock reduction, a methodology

was developed and computed on the building stock of the IEA (2017) scenarios. It is based in the following assumptions :

1. No RCA replacement is observed at large scales until 2025;

2. It was assumed that both fine and coarse natural aggregates could be replaced by their related recycled aggregates;

3. The potential shares of RCA in RAC described in Verian et al. (2018); Tam et al. (2018) and Thomas et al. (2018) were

used to develop a business-as-usual case and four scenarios of RCA replacement (Figure S6) :

• Business-as-usual case : 0% of RCA replacement from 2025 to 2060

• Replacement scenario 1 (RS1) : progressive increase from 0% in 2025 to 20% of RCA replacement in 2060

• Replacement scenario 2 (RS2) : progressive increase from 0% in 2025 to 50% of RCA replacement in 2060

• Replacement scenario 3 (RS3) : progressive increase from 0% in 2025 to 20% of RCA replacement in 2040

4. A share of 60% to 75% of aggregates in concrete was considered20.

5. Most of the current annual recovered flow annual of concrete is used in non-structural applications and the qual-

ity of the remaining wastes is unknown. It was assumed that RCA will be recovered from the concrete lost stock.

However, RCA represent a small share of CDW, as most of the wastes are RA (Purnell and Dunster, 2010), but no

20The Portland Cement Association reports a rate of aggregates in concrete ranging from 60% to 75%.
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estimation of the global overall share of RCA in CDW is available to the author’s knowledge. Further estimations of

RCA share in CDW will allow to calibrate the potential share of concrete inflow on which scenarios can be applied.

6. The scenarios of RCA replacement are considered on 20%, 50% and 100% of the concrete inflow to exhibit the limited

geographical scale of RCA replacement in landfills.

Figure S6: RCA replacement shares in the BAU case and the three replacement scenarios considered.

S2.7 "Green" concrete

S2.7.1 Fly ash generation

Coal combustion products (CCP) are the residues produced during the combustion of coal to generate electricity. They

include fly ash, bottom ash, boiler slag and flue gas desulfurization materials (Kelly and Matos, 2017). Coal fly ash (CFA)

represents most of the residues, and is mainly recycled to produce concrete (Luo et al., 2021; Marinina et al., 2021). Given

that CFA is produced during with power generation, most countries display ash dumps and CFA is recycled for a local use.

Marinina et al. (2021) reported various rate of use of the generated fly ash among countries, ranging from 10% in Russia and

Africa to more than 90% in France, Japan, Germany and the UK. The future use of CFA to decrease concrete environmental

impacts depends on national energy policies. A gradual shift from fossil fuels to renewable in the electricity mix will

directly impact fly ash generation. CFA generation assessment in energy transition scenarios could therefore provide

insights in the future viability of using CFA to decrease concrete environmental impacts. In this section, an estimation of

CFA production is provided until to 2060 in the B2D and RT scenarios. It relies on :

• Historical fly ash generation data for China (Luo et al., 2021), India (Bhawan and Puram, 2020), the USA (Kelly and

Matos, 2017; AACA, 2016, 2017, 2018, 2019) and the UK (UKQAA, 2016);

• Historical coal demand (BP, 2021);

• Regional or global coal demand assumptions in the B2D and RT scenarios.

Historical fly ash generation intensity was firstly evaluated for the selected areas. They provide evolution of the CFA pro-

duced per coal consumed. The countries display values ranging from about 2.5 Mt/EJ for the USA to more than 11 Mt/EJ

for India, and a stabilization of their values are observed since 2005. Given that 72% of coal was consumed by those
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countries in 2020 (Figure S7), these intensities allow to depict most of the global fly ash generation. The projected CFA

generation was then estimated based on the evolution of coal demand in the B2D and RT scenarios (IEA, 2020, 2021) and

constant future intensities were assumed until 2050. Their selected values are :

• 11 Mt/EJ for India;

• 6 Mt/EJ for China;

• 4 Mt/EJ for the UK;

• 2.5 Mt/EJ for the USA;

• 7 Mt/EJ for the rest of the world. This value was calibrated using the CFA production in 2016 reported in Jin et al.

(2021).

The estimated CFA production between 2010 and 2050 is displayed in Figure S9. It shows a stabilization of CFA generation

at about 1,150 Mt between 2010 and 2060 in the RTS. The reduction of coal demand in the B2DS substantially impact the

CFA production. It drops to 530 Mt in 2030, and finally 250 Mt in 2060. At a regional level, the results are displayed in

Figure S11 for China, Figure S12 for India and Figure S10 for the USA between 2002 and 2060 in the RT and B2D scenario.

A significant increase of the fly ash production is observed between 2002 and 2020 in China. It raised from 180 Mt to 580

Mt, and then experiences a reduction to 370 Mt in 2060 in the RT scenario, and 90 Mt in the B2DS. An almost monotonous

rise from 83 Mt in 2002 to 490 Mt in 2060 is showed for India in the RT scenario, while it decreases to 60 Mt in 2060 in

the B2D scenario. The USA production decreases from 69 Mt in 2002 to 30 Mt in 2060 in the RT scenario, and drops to

7 Mt in 2060 in the B2D scenario (Figure S9). The utilization rate of CFA reached more than 66% in China in 2015 (Luo

et al., 2021), 54% in the USA (Kelly and Matos, 2017) and 56% in India (Bhawan and Puram, 2020). Globally, this rate

was only 25% in the early 2000s (Iyer and Scott, 2001), and experienced a growth to 60% in 2016 (Jin et al., 2021). Based

on this evolution, a global utilization rate was estimated between 2002 and 2019 (Figure S13). Finally, the accumulation

of unused CFA was calculated between 2002 and 2019 (Figure S14), and the initial lost stock in 2002 is unknown. It was

found that the accumulated fly ash in landfills increased by 9.2 Gt between 2002 and 2019, which represents 15.5 years

of current use, with strong regional disparities. The additional stock reached 2.8 Gt in China during the period, 1.1 Gt in

India, 0.5 Gt in the USA and 4.8 Gt in the rest of the world (Figure S14). In the perspective of a progressive decrease in coal

consumption, these stocks could become valuable reserves. They could provide materials to the industries many years

after the shutdown of coal-fired power plants. Given that the CFA intensities are based on a stabilization assumption,

the results carry high uncertainties. Moreover, lower values were observed in the past21 and no reliable retrospective CFA

generations can be estimated from the intensities.

21The coal ash production in 1992 by country is provided Manz (1997)
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Figure S7: Historical coal consumption (BP, 2021)

Figure S8: Historical regional coal fly ash generation per EJ of coal consumed. Estimated from (UKQAA, 2016; Luo et al.,
2021; Kelly and Matos, 2017; AACA, 2017, 2018, 2019; Bhawan and Puram, 2020) and (BP, 2021).
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Figure S9: CFA production between 2010 and 2100. Estimated historical global data are displayed between 2010 and 2019
and prospective results are showed for the SSPs and the RTS and B2DS between 2020 and 2100 (or 2060 for the RTS and
B2DS).

Figure S10: Estimated CFA production in the USA between 2002 and 2100. Historical data are displayed between 2002
and 2015, estimated historical data are depicted between 2016 and 2019, and modeled data are showed between 2020 and
2100.
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Figure S11: Estimated CFA production in China between 2002 and 2100. Historical data are displayed between 2002 and
2015 for the USA, estimated historical data are depicted in 2019 and 2019 and modeled data are showed between 2020 and
2100.

Figure S12: Estimated CFA production in India between 2002 and 2019. Historical data are displayed between 2002 and
2019 for India, estimated historical data are depicted in 2019 for India and modeled data are showed between 2021 and
2100.
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Figure S13: Historical utilization rate in China, India and the USA, and estimated values at the global level and for the rest
of the world.

Figure S14: Estimated global additional stock of unused coal fly ash between 2002 and 2019.

S2.7.2 "Green" concrete composition

Three studies were considered to compute the energy and environmental effects of using by-products and/or recycled

materials in concrete. The resulting materials is referred to as "green" concrete. Two types of replacements are considered

in the studies :

• Replacement of natural aggregates, by various (fine and coarse) recycled concrete aggregates (RCA), fine RCA, coarse

RCA or Electric Arc Furnace Steel Slag (EAFSS);

• Replacement of Ordinary Portland cement, by coal fly ash (CFA) or blast furnace slag (BFS).

Flower and Sanjayan (2007) considered CFA and BFS replacement, and found potential CO2 emissions reduction by 22%

for BFS and 13% to 15% for CFA. Turk et al. (2015) analysed natural aggregate replacement by EAFSS, cement replace-
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ment by CFA, and combined EAFSS or CFA with RCA. The results display higher reductions for CFA replacement than for

EAFSS, and a positive impact of an additional RCA use. Kurda et al. (2018) analyzed a large panel of single and combined

replacements of fine RCA, coarse RCA and CFA (and additional superplasticizer not considered in this study). The authors

showed significant reduction potential of CFA and a higher reduction when combined with coarse RCA than with fine

RCA. The emissions decrease could reach 60% with a replacement CFA of 60% combined with a 100% coarse replacement.

The results of the three studies are displayed in Table S6.

Concrete mix Impact and potential reduction

References
Various

RCA
Fine
RCA

Coarse
RCA

CFA BFS EAFSS
Production

energy (MJ/t)
CO2 em.

(kgCO2/t)
Energy

reduction
Emissions
reduction

Kurda et al.
(2018)

1,950 362

50% 1,940 361 0.5% 0.3%

100% 1,940 360 0.5% 0.6%

30% 1,580 269 19% 26%

50% 30% 1,570 268 19% 26%

100% 30% 1,560 267 20% 26%

60% 1,210 176 38% 51%

50% 60% 1,190 174 39% 52%

100% 60% 1,190 174 39% 52%

100% 1,530 331 22% 8.6%

50% 100% 1,530 331 22% 8.6%

100% 100% 1,530 330 22% 8.8%

100% 30% 1,160 330 41% 34%

50% 100% 30% 1,150 238 41% 34%

100% 100% 30% 1,150 237 41% 35%

100% 60% 783 145 60% 60%

50% 100% 60% 781 145 60% 60%

100% 100% 60% 779 144 60% 60%

Turk et al. (2015)

1,690 260

25% 1,300 195 23% 25%

5.6% 1,400 250 17% 4%

30% 25% 1,150 190 32% 27%

28% 5.6% 1,230 242 27% 7%

Flower and
Sanjayan (2007)

290-322

25% 253-273 13-15%

40% 225-251 22%

Table S6: Production energy of various concrete mixes. RCA = Recycled Concrete Aggregates, CFA = Coal Fly Ash, BFS =
Blast Furnace Slag and EAFSS = Electric Arc Furnace Steel Slag.

The energy and environmental impact of an increase of "green" concretes based on CFA, BFS and combined CFA and

coarse RCA was computed in the B2D and RT scenario. The traditional concrete considered in Kurda et al. (2018) was used

(Table S7)22. Four "green" concretes were computed (Table S8) and used in 20%, 50% and 100% of concrete demand.

22A modification of a material used in a concrete mix display side effect on other contents (Kurda et al., 2018). For example, the fine aggregates
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Materials Fine aggregates Coarse aggregates Cement Water Total

763 1,060 350 186 2,359

Table S7: Traditional concrete mix materials in kg for 1 m3 (Kurda et al., 2018)

Green concrete Replacement Production energy reduction Emissions reduction

GC1 30% CFA 19% 26%

GC2 60% CFA 38% 51%

GC3 60% CFA and 100% coarse RCA 60% 60%

GC4 40% BFS 22%

Table S8: Considered replacements in "green" concretes.

S3 Sensitivity analysis

A local sensitivity analysis was conducted in this study. The material intensities of buildings and energy intensities of

material production have linear effect in the computation. Therefore, the sensitivity analysis was only conducted on

lifetime and recycling rates.

S3.1 Lifetime

Two types of sensitivity were studies on lifetimes. First, we assumed variations of ± 20% of the mean lifetime in the normal

distribution. We observe significantly higher differences in the p 20% case than in the 20% case. It is explained by the

combined effects of different material intensities among regions with various socioeconomic dynamics and the larger

inflow required to feed the in-use stock in a stock-driven model.

composition of a concrete mix changes when CFA is used. In this study, no side effects are considered.
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Raw materials Scenarios 2040 2060 2100

Concrete SSP1 17% 22% 32%

Concrete SSP2 17% 20% 24%

Concrete SSP3 20% 22% 21%

Concrete SSP4 19% 24% 27%

Concrete SSP5 14% 20% 30%

Steel SSP1 8% 7% -1%

Steel SSP2 9% 6% 2%

Steel SSP3 10% 6% 1%

Steel SSP4 9% 7% -3%

Steel SSP5 7% 9% 1%

Aluminum SSP1 9% 11% 10%

Aluminum SSP2 9% 10% 8%

Aluminum SSP3 11% 11% 5%

Aluminum SSP4 10% 12% 6%

Aluminum SSP5 7% 10% 10%

Copper SSP1 10% 11% 13%

Copper SSP2 10% 10% 9%

Copper SSP3 12% 11% 8%

Copper SSP4 12% 12% 9%

Copper SSP5 8% 10% 13%

Table S9: Sensitivity results with an increase of 20% of the mean lifetime.
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Raw materials Scenarios 2040 2060 2100

Concrete SSP1 -11% -14% -22%

Concrete SSP2 -11% -13% -16%

Concrete SSP3 -13% -15% -14%

Concrete SSP4 -13% -16% -18%

Concrete SSP5 -9% -13% -21%

Steel SSP1 -7% -7% -2%

Steel SSP2 -7% -6% -3%

Steel SSP3 -9% -7% -2%

Steel SSP4 -9% -7% 0%

Steel SSP5 -5% -7% -4%

Aluminum SSP1 -7% -8% -10%

Aluminum SSP2 -7% -8% -8%

Aluminum SSP3 -8% -9% -5%

Aluminum SSP4 -8% -9% -7%

Aluminum SSP5 -5% -8% -11%

Copper SSP1 -7% -8% -13%

Copper SSP2 -7% -8% -8%

Copper SSP3 -8% -8% -7%

Copper SSP4 -8% -9% -8%

Copper SSP5 -5% -7% -12%

Table S10: Sensitivity results with an decrease of 20% of the mean lifetime.

Secondly, we assumed an alternative methodological choice by considering a logit-based mean lifetime. We observe a

small difference between scenarios but a significant difference between raw materials because of the considered evolution

of raw material intensities (Figure S11). The detailed methodology to set dynamic mean lifetimes is described below.
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Raw materials Scenarios 2040 2060 2100

Concrete SSP1 6% 9% 11%

Concrete SSP2 6% 8% 9%

Concrete SSP3 7% 8% 8%

Concrete SSP4 6% 9% 9%

Concrete SSP5 5% 9% 11%

Steel SSP1 1% 1% 4%

Steel SSP2 2% 1% 0%

Steel SSP3 2% 0% 0%

Steel SSP4 1% 0% 2%

Steel SSP5 2% 2% 4%

Aluminum SSP1 3% 5% 2%

Aluminum SSP2 3% 4% 3%

Aluminum SSP3 4% 4% 2%

Aluminum SSP4 4% 4% 2%

Aluminum SSP5 3% 5% 2%

Copper SSP1 3% 4% 4%

Copper SSP2 3% 4% 4%

Copper SSP3 4% 3% 3%

Copper SSP4 4% 4% 3%

Copper SSP5 3% 4% 4%

Table S11: Sensitivity results with logit-based mean lifetime.

In order to obtain dynamic lifetimes, we use a Gompertz-modeled mean value over time and a regional normal distri-

bution. The selected methodology thus intends to provide regional dynamic lifetimes in accordance with the previously

depicted conclusions. However it does not consider local exceptions, such as a diminishing average lifetime in Norway

described in Brattebø et al. (2009). As previously stated, the building stock was segmented into two categories : residential

and non-residential. Due to a lack of data about the non-residential building stocks lifetime characteristics, similar values

are considered for both categories. The methodology relies in three successive steps :

1. Estimating current average regional lifetimes;

2. Evaluating logistic-based profiles for those lifetime between 1900 and 2100;

3. Calibrating regional normal distributions with dynamic mean values.

The selected average lifetime were then made dynamic over time. A four-parameter logistic function was used (eq S1).

The parameters were designed assuming initial lifetimes 30% lower than current values in 1900 and saturation values 10%

higher than the current values (Table S2). The resulting lifetimes are displayed in Figure S15.

Lt = Lsat + Li ni t −Lsat

1+ t
ti

β
(S1)
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In this equation, Lt is the lifetime in the year t, Lsat is the saturation level of the lifetime, Li ni t its initial value, ti is the

inflection year and β influence the growth rate of the curve.

Figure S15: Regional average lifetimes between 1900 and 2100.

In a third and last step, normal distribution were applied on the logistic-based average lifetimes (eq S2). As depicted in

Table S3, a wide panel of standard deviation values are used in the existing studies. It also shows an evolution with the

mean value, and the ratio µ
σ of the selected studies ranges from 2 to 4.6. The data of Zhou et al. (2019) and Aktas and

Bilec (2012) were considered, respectively for China and North America, because of their estimation from historical data.

Given the lack of data for the other areas, an average value of 0.3·µ was selected in this study. This is however a first order

estimation, and it does not provide any overall pattern. Given the dynamic nature of the mean lifetimes, the standard

deviation also varies over time.

f (L) = 1

σ ·p2 ·π ·exp(−1

2
· (

L−µ

σ
)2) (S2)

With f (L) the probability density function depending on the lifetime, σ the standard deviation and µ the mean lifetime.

The final probability density functions of Europe, China, India and North America in 2000, 2020 and 2050 are displayed in

Figures S16a to S16d.
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(a) Europe (b) North America

(c) China (d) India

Figure S16: Normal distribution of the European, North American, Chinese and Indian buildings lifetimes in 2000, 2020
and 2050.

S4 Further results

S4.1 Global in-use stocks

S4.2 Regional in-use stocks

S4.3 Lost and recovered stocks
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(a) Concrete (b) Copper

Figure S17: Stock per capita of concrete and steel by scenarios in the building sector.

(a) Industrializing regions (b) Industrialized regions

Figure S18: Total in-use stocks of base materials by regions in the building sector for the SSP2 scenario.

S5 Discussion

S5.1 Comparison of materials results with other studies
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(a) Lost stock (b) Recovered stock

Figure S19: Global concrete lost and recovered stocks in the building sector for the selected scenarios. Only the two
scenarios with the lowest and the highest lost stocks are displayed. The filled lines show the lost stocks for increasing share
of recovered concrete, and constant 2020 shares are presented by the dashed lines. The residential and non-residential
segments are aggregated.
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References Year Area Perimeter Scenario Concrete Steel Copper Aluminum

Stock (Gt)

Pauliuk et al. (2013) 2008 Global B&I 17

Glöser et al. (2013) 2010 Global B&I 0.2

Hu et al. (2010) 2010 China Residential 0.7

Dong et al. (2019) 2015 China Building 0.03

This study 2018 China Building 66 3 0.03 0.14

Marinova et al. (2020) 2018 Global Residential 240 12 0.2 1.2

Deetman et al. (2020) 2018 Global Building 267 15 0.31 1.3

This study 2018 Global Building 211 9 0.27 0.39

Deetman et al. (2020) 2050 Global Building SSP2 406 27 0.56 1.8

Pedneault et al. (2022) 2050 Global B&I SSP2 1.07

This study 2050 Global Building SSP2 355 16 0.54 0.8

Flow (Mt/yr)

Gao et al. (2018) 2010 China Building 210

Hu et al. (2010) 2010 China Residential 56

Dong et al. (2019) 2015 China Building 2.2

Yin and Chen (2013) 2010 China Building 190

This study 2018 China Building 2,200 87 4.9 1.6

Moynihan and Allwood (2012) 2006 Global Building 290

Glöser et al. (2013) 2010 Global B&I 7

Deetman et al. (2020) 2018 Global Building 8,900 600 12 44

This study 2018 Global Building 8,100 330 16 10

Deetman et al. (2020) 2050 Global Building SSP2 11,900 769 18 52

Pedneault et al. (2022) 2050 Global B&I SSP2 20.8

This study 2050 Global Building SSP2 7,500 310 17 14

Table S12: Results of stocks and flows of bulk materials in previous studies. B&I is Building and Infrastructures
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