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Materials in housing stocks

Abstract

Huge material stocks are embedded in the residential built environment. These materials
have the potential to be a source of secondary materials, an important consideration for
the transition towards a circular economy. Consistent information about such stocks,
especially at the global level, is missing. This chapter attempts to fill part of that gap by
compiling a material intensities database for different types of buildings and applying that
data in the context of a scenario analysis, linked to the SSP scenarios as implemented in the
global climate model IMAGE. The database is created on a global scale, dividing the world
into 26 regions in compliance with IMAGE. The potential use of the database was tested
and served as input for modelling the housing and material stock of residential buildings for
the period 1970-2050, according to specifications made for the SSP2 scenario. Six
construction materials in four different dwelling types in urban and rural areas are included.
The material flows related to those stocks are estimated and analysed in Chapter 5, based
on companion paper (also exploring commercial buildings) by (Deetman et al. 2020). The
results suggest a significant increase in the material stock in housing towards 2050,
particularly in urban areas. The results reflect specific patterns in the material contents
across the different building types. China presently dominates developments in the global
level building stock. The SSP2 projections show a stock saturation towards 2050 for China.
In other regions, such as India and South East Asia, stock growth is presently just taking off
and can be expected to become dominant for global developments after 2050. The
database is created to be used as input for resource and climate policymaking as well as
assessment of environmental impact related to residential buildings and assessment of
possibilities for urban mining. In the future, we hope to extend it as new data on materials
in the built environment become available.
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Chapter 4

4.1 Introduction

The demand for primary materials has increased significantly during the last decades, driven
by industrialisation and economic development. The demand for raw materials is forecasted
to continue growing with the increase in global population and affluence (OECD), resulting
in a growing in-use stock of materials. An important share of these materials is related to
residential buildings. The residential building sector accounts for 30 to 50 % of the material
consumption, forming a massive material stock which increased during the past years and
is expected to expand further (Steger and Bleischwitz 2011). Demographic changes and
increased Gross Domestic Product (GDP) are expected to lead to a growth in the demand
for floor area and construction materials respectively (OECD), both per capita and in an
absolute sense. The built environment is associated with considerable environmental
impacts related to the construction and operation of buildings, ranging from the extraction
and transformation of resources to the increased energy demand of the in-use buildings
(Augiseau and Barles 2017). At the same time, it represents a huge urban mine of valuable
raw materials for secondary resource providers. As yet, there is little insight into these
stocks. However, knowledge of these stocks and their dynamics is essential information for
a transition towards the circular economy (Miiller 2006; Krausmann et al. 2017).

Individual estimations of stocks and flows of building materials on a national and regional
level have been performed and described in various studies. However, so far, there is little
harmonisation: each of these studies has its focus, uses its data and makes its own
methodological choices. Material Flow Analysis (MFA) is the methodology widely used to
quantify the materials flows and stocks in the built environment. The two main approaches
of material stock assessment can be described as bottom-up and top down (Auping et al.
2015; Urge-Vorsatz and Ksenia Petrichenko, Miklos Antal, Maja Staniec, Michael Labelle,
Eren Ozden 2012). The top down approach calculates stocks at the aggregate level, as the
result of net-additions-to-stock of a material over a period of time. The bottom-up approach
divides the stock into categories of products or applications and estimates the stock by
characterizing each of its components with a material intensity ratio (e.g. kg/m?).

Over the past years, efforts have been made to explore the dynamics of the stock (Olaya et
al. 2017; Hashimoto et al. 2007; Miiller 2006). For instance, Miller (Muller 2006) applied
stock dynamics modelling to forecast the resource demand simultaneously with the related
waste generation. Hu et al. (Hu et al. 2010) used Miiller’s dynamic stock model as a basis
for the development of an MFA model which represents the changes in the residential
buildings floor area in use in China between 1900 and 2100. A number of studies developed
this approach further and explored the material composition of the stock while taking into
consideration the generation of construction and demolition waste (Reyna and Chester
2015; Aksoezen et al. 2016; Hu et al. 2010; Hashimoto et al. 2007), as well as the spatial
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Materials in housing stocks

distribution of the stock (Heeren and Hellweg 2019; Tanikawa and Hashimoto 2009;
Kleemann et al. 2016; Koutamanis et al. 2018).

Recognising the importance of the environmental implications of material demand,
researchers assessed the relationship between the material stock and negative impacts
related to the built environment such as energy consumption and greenhouse gas
emissions. The most recent studies employ a Life Cycle Assessment (LCA) approach and take
into account material and energy flows in addition to emissions related to the life cycle of
the building itself (Stephan et al. 2012; Yang et al. 2018; Nemry et al. 2010).

In recent years, a small but growing number of studies has been conducted with the purpose
to record, store and analyse information on the material content of the built environment.
For example, Gontia et al. (Gontia et al. 2018) developed a material intensities database of
residential buildings in Sweden. The study explores 46 buildings and separates them
according to their building type, construction type and construction period. In addition,
Kleemann at al. (Kleemann et al. 2016) developed a material content database in order to
investigate the building stock in Vienna, Austria. Another study compiling a material
database along with the investigation the total material stock and flows resulted from
demolition waste is Miatto et al. (Miatto et al. 2019), recording detailed information of
material intensities of buildings in one city (Padua, Italy). Besides, Heeren at al. (Heeren and
Fishman 2019) compiled a material intensities database on a global scale by extracting
information from 33 studies and recording approximately 300 data points from those
studies.

Studies like these recognise the importance of the material stock but address it in individual
case studies at various scale levels. On the global scale, the available literature associated
with material stocks in the built environment is limited, and lacking in detail. To address this
gap, this chapter aims to summarise the existing knowledge on the residential building stock
composition, to integrate it into a global level material content database, and to test the
usability of the database by applying it in a global material stocks model for residential
buildings. To facilitate using these data for scenario assessments, we do this in relation to
the IMAGE (Integrated Model to Assess the Global Environment) Integrated Assessment
modelling suite as used by PBL (Netherlands Environmental Assessment Agency) for the
assessment of global level climate change scenarios (Stehfest et al. 2014; Doelman et al.
2018; van Vuuren et al. 2017; O’Neill et al. 2017).

This chapter has the following objectives:

e Review of existing studies using different approaches to identify the material
content in residential buildings.
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e Compile a database of materials used in the construction of residential buildings at
the global level in accordance with the IMAGE regions.

o Test the applicability of the database in a scenario context by modelling the past,
present and future material stock in residential buildings based on IMAGE data and
the materials database, using a bottom-up approach.

This chapter focuses on stocks of materials in residential buildings. In Chapter 5 we add two
pieces of research, based on a companion paper (Deetman et al. 2020):

e A stock assessment of materials in various types of commercial buildings
e Anassessment of inflows and outflows related to both residential and commercial
buildings: the stock of building materials, and waste streams related to demolition.

4.2 Methodology and data

4.2.1 The building stock model

In order to assess the practical applicability of the database, we apply a stock model which
aims to determine the in-use stock of construction materials used in the built environment
and makes estimations of their future stock. In this chapter, we focus on the in-use stock of
residential buildings. The starting point for the stock estimations is the total Useful Floor
Area (UFA) specified for 26 world regions, as projected by the IMAGE model and described
by Daioglou et al. (Daioglou et al. 2012). Section 4.2.2 describes this in more detail. The UFA
is translated into material stock for the period between 1970 and 2050 by using material
intensities per square meter UFA. Similar to Miiller’'s model (Miller 2006) the main drivers
in the system are population and lifestyle in terms of UFA per capita.

The building stock model distinguishes between urban (including suburbs) and rural areas,
as well as different types of residential buildings: detached houses, row houses, apartment
buildings and high-rise buildings (van Beers and Graedel 2004; Stephan 2013; Carre and
Crossin 2015). The additional variables that feed the model are the distribution of the
population over the different dwelling types, the total UFA per building type for the 26
regions, and the material quantity per building type expressed in terms of kg/m? UFA.

As mentioned above, the urban/rural distinction is made in the IMAGE-TIMER projections,
while the distribution over the different dwelling types is calculated based on national
statistics (Energy Information Administration 2019; Australian Government 2019; Eurostat
2019). The material intensity is based on the existing literature, reviewed and documented

63




Materials in housing stocks

in a material intensities database. The different calculations steps and data sources are
discussed in the next section and are illustrated in Figure 4.1.

4.2.2 The IMAGE model and the SSP scenarios

The IMAGE integrated assessment model (IAM) assesses the interactions between human
development and natural systems. The model identifies the impact of energy consumption,
land, water and other natural resources use on the natural environment and explores policy
options concerning sustainable development, climate change and land use. IMAGE generate
scenarios of socio-economic developments based on a set of drivers (Stehfest et al. 2014).
The model operates on a global scale, dividing the world into 26 regions. IMAGE has various
sub-models on agriculture, land use, energy systems etc. One of these sub-models is the
IMAGE Energy Regional model or TIMER. TIMER simulates the composition and dynamics of
the energy system and projects its potential future trajectories and greenhouse gas
emissions. The main variables used as input for the model are population and sectoral
activity (e.g. GDP, Private Consumption) as they are identified as the most important drivers
of energy demand (van Vuuren et al. 2007). The model developed in this chapter makes a
similar assumption and regards population and lifestyle (in this case expressed as Useful
Floor Area (UFA) per capita) as a driving force for material demand.

IMAGE, together with similar IAMs, is used to project the narrative of the Shared Socio-
Economic Pathways (SSP) scenarios (Riahi et al. 2017). The SSP scenarios describe five
different trajectories of socio-economic development of the world and are used as a basis
for assessing climate change and sustainable development at the global level (van Vuuren
et al. 2017). Each trajectory has a baseline variant which includes future developments
without considering extra climate mitigation policies. Each also has variants with different
levels of ambition for reaching climate policy targets. All of the SSP scenarios can be linked
to an estimation of the building and material stock. For the purpose of the current study,
we consider only the SSP2 baseline scenario which assumes moderate population growth,
economic and technological development and contains no specific efforts towards
sustainable development. The SSP2 scenario is regarded as the “middle of the road” SSP
scenarios, as it projects present trends and developments into the future (KC et al. 2017).

We use the IMAGE framework, and especially the TIMER model, to generate driving force
data for stocks of materials in residential buildings. The TIMER model has detailed
representation of the development of long term and global residential energy demand
across urban and rural households, calibrated to historical data. The residential energy
demand is linked to changes in demographic and economic development, as well as lifestyle
parameters. These, in turn, affect "intermediate indicators" also generated by TIMER,
including household sizes and residential floorspace (Daioglou et al. 2012).
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Using the IMAGE framework has the advantage of enabling a link to globally recognised
scenarios. Reciprocally, adding our model of the built environment to TIMER will enable to
assess development scenarios on their consequences for resource requirements as well as
environmental impacts in one modelling endeavour.

4.2.3 Data, variables and calculations

Figure 4.1 illustrates the calculation procedures as well as data sources. More details can be
found in Appendix 4 and 5. The model involves four processes, depicted by hexagon and
squares in the figure. The starting point for the material stock analysis model is
IMAGE/TIMER. TIMER provides population numbers for all 26 regions over the period 1970
— 2050, divided into urban and rural population. TIMER also provides UFA per capita for the
26 regions and the period 1970-2050. By multiplying those, we obtain total UFA per region
over time, divided into rural and urban population.

This information needs to be detailed further by allocating the thus obtained UFA data over
the four different housing types (detached houses, row houses, apartment buildings and
high-rise buildings). TIMER does not deliver that information. We derived multipliers for this
allocation process based on population and housing statistics on the one hand, and our
literature database on material intensities of buildings on the other hand. Statistics tell us
the number of the population living in the four different types of dwellings (P), which we
recalculate into the share of the population (Fpy). The literature database provides, for the
buildings investigated, square meters of UFA per house of each type, which we recalculate
into m? UFA/cap and which we assume is an indicator for lifestyle (L) which is building type-
specific (d,r,a,h). The UFA/cap varies across dwelling types and is different for rural and
urban areas. These we use as weighting factors to obtain multipliers or allocation factors
for distributing the total UFA over the different dwelling types (R). The stock or the UFA
(Sufa) is then obtained by multiplying the total UFA which we obtained from IMAGE-TIMER
by these allocation factors R. This is done per region and per year over the 1970-2050
period, and for urban and rural areas.

Finally, the housing stock in terms of square meters is multiplied with the material intensity
data in terms of kg/m? of the different materials, to determine the materials stocks (Sm),
also per region and per year, and for six different materials.
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Figure 4.1. Outline of the material stock analysis model. The rectangles represent the variables
or drivers, the squares illustrate the stock and the hexagon is a calculation step. The data sources
are written in bold.

4.2.3.1 Population

The population data — historical numbers and projections until 2050 for each for the 26
regions — are extracted from TIMER, based on the SSP2 scenario, as mentioned earlier. The
description of the regional classification can be found in Appendix 1. The historical data are
based on United Nations’ data and the projections on the assumptions made by the
International Institute for Applied Systems Analysis (IIASA) (KC et al. 2017). The future
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population projections are based on various assumptions related to economic, educational,
policy and technical development of the globe and the individual regions, and are shaped
by demographic rates and migration flows (Dellink et al. 2017; van Vuuren et al. 2017).

4.2.3.2 Distribution of population over the different dwelling types

Based on the difference in the construction materials, construction practices and even
climate conditions, the residential buildings can significantly vary. To increase the reliability
of the database and facilitate its usage, we chose to break down the stock of residential
buildings into types. Four different building types were identified for the purpose of the
study: detached houses, semi-detached/row houses, apartment buildings and high-rise
buildings. The distinguishing of the dwelling types is based on a study conducted by Kumar
et al. (2015) (Kumar et al. 2015), which recognises the most common types of buildings in
Canada and is supported by data from national housing statistics. We made the distinction
between apartments and high-rise buildings based on the number of floors: apartment
buildings are defined as comprised of separated units within a building with a maximum of
four storeys. This assumption is made based on the difference in the construction of
buildings above four storeys and the need for reinforcement (steel) which leads to changes
in the material composition (SteelConstruction.info 2019). We exclude the informal
dwelling types typical for many of the developing countries due to lack of data on the
material quantities in these buildings. We acknowledge their importance and we hope more
building types will be incorporated in the database in the future.

Furthermore, we acknowledge that not only the materials but also the average house size,
in terms of square meters per capita, is different for each building type (i.e. detached houses
tend to be more spacious than apartments) and even between urban and rural areas. We
attempt to account for this by applying a weighted disaggregation of the stock based on
regionally specified average per capita floor space, as found in reviewed literature discussed
in Section 4.1. For further information on the disaggregation, please refer to Appendix 4.

Finally, another important note is that we consider that the population is not equally
distributed throughout the four different housing types. In order to calculate the
percentage of people living in different types of dwellings, data on the distribution of the
population by dwelling type is collected from statistical sources. This type of information is
not available at the global level. We used statistical information from Europe, North
America, Australia and Japan, respectively from Eurostat, EIA's Office of Energy
Consumption and Efficiency Statistics (Energy Information Administration 2019), the
Australian Bureau of Statistics (Australian Government 2019) and Statistics of Japan (EStat
Japan 2015). The data can be found in Table 4.1.
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The statistical information presented in Table 4.1 originates from a selection of developed
countries. For most regions, such data were not available. For these regions, we applied
global averages which we calculated from the available information. The representativeness
thus may be questioned. In the future, as more data become available, the quality of these
assumptions can be improved.

Table 4.1. Population share (Py) by building type according to various statistical offices.

Region Area Detached Semi- Apartment High-rise Comments
Houses detached Buildings Buildings
/ Row
Houses
North Urban 52.7% 5.7% 7.1% 13.8% Based on (Energy
America  Rural 19.8% 0.3% 0.5% 0.1% Information
Administration
2019)
Western  Urban 15.9% 22.3% 17.3% 20.0% Based on (Eurostat
Europe  Rural 13.6% 6.1% 3.6% 1.3% 2019)
Eastern Urban 19.4% 3.8% 5.2% 29.8% Based on (Eurostat
Europe  Rural 34.2% 2.4% 2.1% 3.1% 2019)
Australia  Urban 21.9% 40.3% 16.0% 5.9% Based on
Rural  14.5% 0.8% 0.7% 0.0% (Australian
Government 2019)
Japan Urban 37.1% 1.2% 17.7% 12.9% Based on (EStat
Rural 27.5% 0.5% 2.8% 0.3% Japan 2015)
Average  Urban 29.4% 14.7% 12.6% 16.5% Applied to other
Rural  21.9% 2.0% 2.0% 1.0% regions

Note: Though the numbers are expressed as the share of the total population, our model maintains
the urban and rural population fractions as prescribed by the IMAGE elaboration of the SSP2 scenario,
so only the relative fraction within the urban or the rural population is used to disaggregate stock
across the four building types.

4.2.3.3 Lifestyle

The floor area per capita is one of the United Nation’s indicators to trace the progress
towards meeting the goals of the Global Strategy for Shelter (UN-HABITAT 2013). We,
therefore, use the floor area (UFA) per capita as an indicator of lifestyle. An increase in this
indicator implies an improvement in the living conditions of the population.

The per capita floor area (L) provided by the IMAGE-TIMER model increases towards 2050
for all regions. The minimum values found in the set are for urban India: 7 m? per capita for

68



Chapter 4

the present (average of 2000 to 2015), increasing to 16 m? per capita towards the end of
the modelling period (2035-2050). On the other end of the scale we found rural United
States, currently showing an average of 57 m? per capita, which increases to 63 m?/cap
towards mid-century.

Both the population share and the average per capita floor space for different building types
(four building types in urban and rural areas) are static assumptions. This is most probably
not realistic; however, we have no grounds to make different assumptions. In the scenario
calculations, changes in this distribution originate only from urbanisation: an increased
share of urban areas.

4.2.3.4 Materials intensity database

No official statistical datasets are available for material quantities in buildings. There is,
however, a modest body of studies focused on the material contents in residential buildings
(Gontia et al. 2018; Miatto et al. 2019; Heeren and Fishman 2019). We used these studies
to create our database, by translating this information into material intensity indicators (Im):
the material content per square meter UFA. We included six materials in our database:
concrete, steel, aluminium, copper, wood and glass.

In order to create the database, a list of publications was reviewed and a total of 56 studies
was selected from this list to be included. The studies selected for the database were chosen
based on their purpose, spatial and time scale, materials studied and the level of detail. The
literature research process is described below.

First, we reviewed publications focused on compiling material intensities data for buildings.
For the purpose of this chapter, we used two studies containing material intensities
databases (Gontia et al. 2018; Heeren and Fishman 2019). One of the studies has a national
scope as it includes a database of material contents in residential buildings in Sweden
(Gontia et al. 2018). The other presents a database at the global level (Heeren and Fishman
2019).

Second, we explored MFA studies including flows and stocks of residential buildings and
construction materials. The studies investigating stocks were preferred given that this
chapter focuses on stocks and does not look into material flows. Eleven studies from this
category were included in the database (Condeixa et al. 2017; Johnstone 2001; Mesta et al.
2019; Tanikawa and Hashimoto 2009; Huang et al. 2013; Stephan and Athanassiadis 2018;
Reyna and Chester 2015; Hashimoto et al. 2007; van Beers and Graedel 2004; Gontia et al.
2018; Miatto et al. 2019). Some of them assess materials in the existing in-use building stock
at a local scale (Johnstone 2001; Condeixa et al. 2017; Reyna and Chester 2015; Miatto et
al. 2019). Other papers have a more general character as they focus on the material stock
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in entire countries (Hashimoto et al. 2007; van Beers and Graedel 2004). The assessment of
the spatial distribution of the material stock using Global Information System (GIS) is the
purpose of four of these studies (Mesta et al. 2019; Tanikawa and Hashimoto 2009; van
Beers and Graedel 2004; Kleemann et al. 2016). Estimating the material in- and outflows by
using data on the material demand together with construction and demolition activities is
the aim of several other papers (Stephan and Athanassiadis 2018; Huang et al. 2013).

Third, studies dealing with the LCA of residential buildings were reviewed. We identified
various studies conducted with different purposes in the broad context of energy efficiency,
efficient use of materials and the possibilities for their recovery (Zhang et al. 2014; Reza et
al. 2014; Blanchard and Reppe 1998; Mosteiro-Romero et al. 2014; Evangelista et al. 2018;
Oyarzo and Peuportier 2014; Ortiz-Rodriguez et al. 2010; Henry et al. 2014; Ezema et al.
2015; Nemry et al. 2008; Asif et al. 2007; Cuéllar-Franca and Azapagic 2012; Buyle et al.
2015; Pajchrowski et al. 2014; Atmaca and Atmaca 2015; Stephan and Stephan 2014; Asif
et al. 2017; El Hanandeh 2015; Pinky Devi and Palaniappan 2014; Bansal et al. 2014; Sharma
and Marwaha 2015; Ramesh et al. 2012; Shukla et al. 2009; Lee et al. 2017; Jeong et al.
2012; Lee et al. 2015; Chen et al. 2001; Li et al. 2016; Su and Zhang 2016; Yang et al. 2018;
Jia Wen et al. 2015; Abd Rashid et al. 2017; Utama and Gheewala 2009, 2008; Suzuki et al.
1995; Rauf and Crawford 2015; Carre 2011; Aye et al. 2011; Fay et al. 2000; Bhochhibhoya
et al. 2017; Kumar et al. 2015; Reyna and Chester 2015; Stephan 2013; Johnstone 2001;
Carre and Crossin 2015). Whenever they included data on the material composition of
buildings, we used them in our database. We found that the most abundant sources are the
LCA studies estimating the environmental impact of residential buildings (Kumar et al. 2015;
Cuéllar-Franca and Azapagic 2012; Evangelista et al. 2018; Jeong et al. 2012; Ortiz-Rodriguez
et al. 2010; Oyarzo and Peuportier 2014) and investigating the performance of the
residential buildings in terms of energy as well the possibilities for energy optimisation using
alternative materials (Lee et al. 2017; Pajchrowski et al. 2014; Blanchard and Reppe 1998;
Zhang et al. 2014; Kumar et al. 2015; Mosteiro-Romero et al. 2014).

Next to those studies, we included various publications specifying material intensities of
particular houses. These publications were often useful since they are very specific and
contain field data. The downside of these papers is that they lack representativeness. If
necessary, we recalculated the data from these studies into kilograms of specific materials
per square meter of UFA. The calculation steps can be found in the database, provided with
the original publication. A full list with all of the papers can be found in there as well.

We used those studies to compile a database containing material intensities (kg/m?) per
building type and region. For 9 out of the 26 regions, the review did not yield any relevant
studies. When no information was available for a specific region, material or housing type,
we applied a global mean value based on the other regions with available data, as shown in
Table 4.2 in the Results section.
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4.3 Results

In this section, we present the main results. All numbers and further details can be found in
Appendix 4 and in Chapter 5 (Deetman et al. 2020).

4.3.1 The database

The data collected during the study resulted in a database containing a summary of the
reviewed literature. The database contains information on the material content of the six
materials for the four building types in kg per m? UFA. In addition, the database contains
the floor areas of each building type that we calculated from the TIMER info and the
distribution over the different types of buildings. The results of the calculations are
presented in the supplementary information with the original publication.

4.3.1.1 Material content

Table 4.2 depicts the values for the mean material contents across the four different
dwelling types for six different construction materials at present. When calculating the
material quantities, we did not distinguish between rural and urban areas assuming that
the material intensities in the residential buildings in both areas are similar. More detailed
information related to the different regions is presented in Appendix 4.

Steel, concrete and wood appear to be the materials most commonly included in studies on
material intensities. For aluminium, copper and glass the number of data points is much
lower.

The material intensities show high variability. This could be due to the variability in
architecture and construction. However, some materials have a more standard use than
others. Concrete, wood and steel are used for the structure of the house. Copper is used
for wiring and piping, and sometimes ornamental. Glass is used for windows and
sometimes, in high rise buildings, for surfaces of buildings. Aluminium is used for window
frames and also, widely varying, as an ornamental material. We can, therefore, expect the
data for aluminium and glass to show the highest variability.

The studies taken into consideration in this chapter show that concrete is the main material
in terms of quantity used in the construction of houses (Abd Rashid et al. 2017; Asif et al.
2007; Cuéllar-Franca and Azapagic 2012; Ortiz-Rodriguez et al. 2010). Concrete intensity is
high in all housing types (often > 1000 kg/m?). The values in Table 4.2 show that steel is
mainly used in apartments and high-rise buildings. Intensities in detached and row houses
are much lower. Apartments and high-rise buildings use steel as a structural material, either
in columns and beams as such, or as a part of reinforced concrete (Zhang et al. 2014; Mesta
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et al. 2019). The results for wood show a higher intensity for detached houses. We assume
that these results are mostly due to the fact that the single-family houses presented in the
database are mostly wood-based constructions (Pajchrowski et al. 2014; Oyarzo and
Peuportier 2014). For copper, as well, detached and semi-detached houses show the
highest density. This may be explained by the higher density in plumbing and wiring for
these more spread-out housing types. Finally, the glass content in detached houses and
high-rise buildings comes out higher compared to the quantities in the remaining dwelling
types.

Table 4.2. Mean values of the material content by housing type expressed in kg per m? (I,). In the
brackets, the number of data points is presented. They describe the material content in the 56
studies reviewed in our database. Some studies describe material content for multiple houses or
case studies, thus leading to more than 56 data points in some cases.

Steel Concrete Wood Copper Aluminium  Glass
Detached 35.63 846.33 53.07 1.73 3.56 2.68
Houses (87) (104) (121) (13) (19) (43)
Row Houses  32.89 1208.13  34.97 0.01 0.23 1.07

(8) (11) (10) (4) (1) (1)
Apartment 97.36 955.92 37.17 0.31 1.94 6.35
Buildings (53) (84) (82) (22) (17) (33)
High-rise 116.98 910.21 54.48 0.01 2.20 4.42
Buildings (30) (56) (36) (1) (6) (25)

Notes: For region-specific details, please see the SI.

Table 4.2 also shows the number of data points (between brackets) from the 56 studies in
our database, that are used to calculate the mean of the material content and the material
stock. It is important to note that the data points do not correspond to the number of
studies addressing certain material. They reflect the data on individual houses available in
the database.

4.3.2 Stock

Based on the information from the previous section compiled in the database and the data
delivered from the IMAGE-TIMER model the development of the housing and material stock
(Sufa and Sp) was calculated.

4.3.2.1 Housing stock

Figure 4.2 presents the housing stock development in square meters for the IMAGE regions
according to TIMER for the period 1970 - 2050, distributed over the different housing types.
The 26 regions are grouped in 3 different categories related to their pattern of
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development: fast-developing regions which include South American countries, Africa and
Asia, steadily developed regions comprised of North-America, Europe, Oceania, Russia and
the Middle East, and finally China and Japan. China and Japan are grouped based on the
similarity of the projected development of their total housing stocks until 2050: these
countries are the only ones with a stock that declines towards the end of that period.

Figure 4.2a represents the urban areas and indicates consistent growth throughout the
modelled period. According to the projections, the growth is particularly rapid in the fast-
developing regions. More surprising is the steady growth in the housing stock in developed
regions. This phenomenon originates from the projections made by the SSP2 scenario
assuming that the urban population will still increase, as will the UFA/cap, although slowly
(van Vuuren et al. 2017). The fast growth of the in-use floor space in the fast-developing
regions indicated the improvement in the living standards in these lower-income countries
(Wang et al. 2017).

Figure 4.2b, illustrating the rural areas, shows different patterns. As one would expect the
square meters for detached houses dominate. It is interesting to highlight that the housing
stock of the steadily developed countries as well as of the China and Japan group is expected
to decrease in the period after 2030. This phenomenon can be explained with the growing
urbanisation and the trends related to the relocation of the population towards urban
areas, including the suburbia (van Vuuren et al. 2017).

4.3.2.2 Material stock

By combining the housing stock in terms of floor space calculated for the period between
1970 and 2050 and the information on the material contents delivered from the database
we were able to calculate the material stock. This section presents a few of the results that
can be obtained from the material stock time series. Figure 4.3 presents the global material
stock distributed between urban and rural areas in 2018 and 2050. Concrete dominates the
total stock of materials, representing over 90% of the total weight. Furthermore, the model
results show that the stock of materials in residential buildings is expected to almost double
until 2050, and will be located increasingly in urban areas. In rural areas, the stock of
materials is not expected to grow so much, and in some cases may even decline somewhat.
Only for copper, the scenario results show anincrease in rural areas. This result suggests an
interpretation related to the structure of the housing stock: detached houses have a higher
copper intensity than the high-rise and apartment buildings. It may also be a consequence
of limited data availability. The data points for copper are scarce and the results based on a
limited set of studies.
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Figure 4.2. Urban (a) and Rural (b) housing stock represented in square meters across four
dwelling types and three regional categorisations. The graph on the top represents the urban
areas while the bottom one depicts the rural areas. The countries representing the fast-
developing regions are all South American countries, Africa and Asia, except China and Japan
which are placed in a separate category, to show their distinct stock dynamics. The steadily
developed regions consist of North-America, Europe, Australia, New Zeeland, Russia and the
Middle East. The graph on the top illustrates the housing stock in urban areas whilst the bottom
figure shows the stock in the rural areas.
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Figure 4.3. Material stock in urban and rural areas on a global level. Current values and
predictions for 2050, for concrete, steel, wood, copper, glass and aluminium.

In general, the coverage of the database leads to different reliability of the results for
different regions and different materials, and the results should, therefore, be used with
caution. We elaborate on this issue in the discussion section.

Figure 4.4 illustrates the development of the steel stock as one material which plays an
important role in the process of urbanisation. The information could be relevant for urban
mining and usage as secondary material (Stephan and Athanassiadis 2017; Schebek et al.
2017). The results show the rapid development of China’s housing stock since 1980, and
especially since 2000, and the concurrent great increase in the steel stock in residential
buildings. After 2035 a saturation of the stock is visible and near mid-century, the growth
of the steel stock in Chinese residential buildings is expected to cease. Still, model results
indicate that a significant part of the global steel in-use stock can be found in China in 2050.
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China is a country with a huge population showing rapid development. According to the
SSP2 scenario, roughly 35% of the housing stock in square meters will be located in China in
2050, and the share is even higher for the steel-intensive high rise and apartment buildings.
None of the other 26 areas shows a pattern like China. All have much slower growth,
although for India and Africa an acceleration can be detected near the end of the model
period. The stock development of rest of the studied materials is shown in the
supplementary information with the original publication.
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Figure 4.4. Global stock of steel across ten regions for the period between 1970 and 2050.

Figure 4.5 shows the development of the stock of five materials in China (left) and India
(right). The results show a significant difference in the stock behaviour across the two
countries. The graph depicting China illustrates the same trends as in Figure 4.4 — rapid
growth from 2000 onward, and saturation or even decline of the stock for all materials near
2050. The graph representing India shows a rapid growth for all materials, which is not
expected to slow down before mid-century. Please note the different scales of the y-axes
of both figures.

4.3.3 Data uncertainty and sensitivity analysis

Figure 4.6 shows the distribution of the material intensity data by illustrating the 20t and
80" percentiles as well as the mean and the median value for each building type and
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material. If a study has more data points describing the same building type and material,
we use the mean of the values within that study.

We chose to present the data distribution in percentiles. The percentiles allow us to display
the number below which 20 % and 80 % of the values can be found. In Figure 4.6a, a higher
range of the data set can be observed. The distance between the minimum and the
maximum value in relation to the mean is large for each of the building types, which shows
the diversity in the data and available construction methods. On the contrary, in Figure 4.6b
the steel in detached and row houses depicts a smaller range of the data in the available
studies.
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Figure 4.5. Four materials in residential housing stock in China (top) and India (bottom)
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The material content per building type, the useful floor area per capita, and the population
are the main drivers in the model described in the previous section. There is a certain degree
of uncertainty related to the development of all three of these variables, therefore it is
important to estimate the impact of these drivers on the model outcomes (Hong et al.
2016). The UFA/cap and the population forecasts are generated by the IMAGE model. Since
these data are also used in other assessments, notably in the scenarios for climate change,
we will not include those in our sensitivity analysis. Instead, we focus on the sensitivity of
the outcomes for different estimates of the material content per square meter of UFA.
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Figure 4.6. Percentile distribution of the data in the material content database (in kg/m?). The
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mean and the median of all available studies. Indicated above each bar is the number of studies
reporting on a particular material and building type. The graphs present the data distribution for
concrete, for steel and wood and copper, aluminium and glass.
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Figure 4.6 shows the influence of changes in the material intensity parameter on the stock
model. We show the 20 percentile, 80 percentile and the median material content values
in addition to the mean value which we have been applying as a standard. The 20 and 80
percentile values provide a reasonable bandwidth for our results — based on the present
state of knowledge, the “true” value will probably be in that range. The median could be
used as an alternative for the mean value. Detailed results are presented in Appendix 4.
Median, 20" percentile and 80" percentile refer to the database at a global level.

The 20™ and 80™ percentile values show a wide range, with a factor 4 difference between
lowest and highest values. A remarkable finding is that both mean and median values are
closer to the 20™ percentile values than they are to the 80t percentile value. That would
suggest that the high material content values from the database represent more a-typical
buildings.

The sensitivity analysis shows a difference between the mean and median values: for most
of the materials, the median values are lower than the mean. This, too, suggests some
outliers on the high side of the spectrum. An argument could be made to use the median
values instead of the mean. We decided not to do that —in a field where there is still so little
information, we do not know whether the very high values are exceptional (to be excluded)
or just part of the normal range (and therefore to be included). More research will hopefully
clarify this point.

In all, we conclude that the database on material contents for doing such stock assessments
is sufficient to arrive at order-of-magnitude credible values, but still is limited and could
benefit from further expansion of data and details regarding regional differentiation and
differentiation over the housing types. This is a challenge for future database building, to
be taken up by researchers, but also by architects, construction companies and
demolishers.

4.3.4 Material stock comparison with literature

The values for the Chinese in-use steel stock show very high values in comparison with the
rest of the world regions. To check the reasonability of our estimates, we compared our
results with previous steel stock estimations for China (Pauliuk et al. 2013a, 2013b;
Hatayama et al. 2010). The results can be found in Appendix 4. We conclude from it that
our estimates are, although not identical, still in the same order — if the difference would
be relevant, our estimates appear to be on the low side.
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4.4 Discussion and conclusion

In the above, we reviewed a collection of studies on material content of the residential built
environment and, consequently, developed a database of the material intensities. We used
this information together with the output of the IMAGE-TIMER model to generate data on
the material stock of residential buildings at the global scale, for the period 1970 — 2050.

The database contains material content data per square meter of useful floor area of
residential buildings for six materials, four housing types, and urban and rural areas, for the
26 IMAGE world regions. The database is still limited in the number of samples it includes.
We have not been able to find data for all 26 IMAGE regions. However, we considered the
database to be sufficient to calculate global mean values for each housing type. For those
regions where we did not have sufficient data, we used these global means. In addition, we
observed a large range in the material content data per housing type. One reason for that
might be the large variety in types of buildings and materials within and between regions,
that is insufficiently documented. Another reason might be the limited number of data
points: as the number of studies is not that large, it may be that they do not combine to a
representative sample.

We assessed the applicability of the material content database in a scenario context by
generating stock developments over time of six major construction materials: concrete,
wood, steel, aluminium, copper and glass using the SSP2 scenario as a background. Changes
(mostly increases) of the material stocks in residential buildings originate from three types
of developments such as specified in IMAGE-TIMER:

(1) changes (mostly growth) in population leading to a changed (mostly larger)
requirement for residential buildings

(2) changes (mostly increase) in affluence resulting in a changed (larger) UFA per capita
over time

(3) urbanisation leading to a different distribution over the four types of residential
buildings.

The database in our view represents a good first start of data collection required for
scenario analysis. It is, nevertheless, far from complete and has strong limitations we hope
can be overcome in time.

(1) There is a notable difference between the per capita UFA data from TIMER, and the
UFA/cap emerging from the material intensity database. An explanation may be that
the TIMER data include very small houses (including shacks and shanties), which are
not represented in the studies investigating material content or material intensities of
residential buildings. This implies that the material stocks as calculated by us could be
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an overestimation. Since we use the IMAGE-TIMER output for per capita floor space,
this overestimation would not be the result of assuming too high values for the per
capita floor area, but only of too high material intensity values.

(2) In general, developed countries are overrepresented in the material intensity
database. This may not be a major problem for high rise buildings or apartment
buildings, as these are not very different all over the world. For detached houses,
which are generally much more traditional and differ greatly in their material
composition throughout the world, the largest variations may be expected which may
not be captured adequately in our database.

(3) The material intensities in the database are static. Although there is some evidence
that material intensities in the built environment are subject to changes over time
(Tanikawa and Hashimoto 2009; Kleemann et al. 2016; Heeren and Fishman 2019), we
found insufficient data to enable including such changes in our model. Moreover, the
data from IMAGE-TIMER refer to stocks and not flows, which means we have no
information on the period in which the houses were actually built. We are thus
presently unable to include developments in construction technologies and building
design in our scenarios.

(4) The allocation of dwellings over the four housing types in urban and rural areas is static
and relies on data for the present situation. Changes over time in this allocation have
not been included in the scenario analysis.

All this implies that the uncertainties in the material intensities database are large. By
making it available, we hope that results from future studies will be added, making it more
suitable for answering further research questions related to resource scenario development
and urban mining.

Despite these limitations, the results at the aggregate level presented above show that the
database provides useful information and can be used in a scenario context. As a result of
population increase, development and urbanisation, we see a considerable increase in the
stock of residential buildings at a global level, with a concurrent increase in material stocks.
For some materials, the growth of the stock appears to be larger than for others. The stock
of steel, for example, is shown to rise by 50% by our calculations, while the stock of copper
increases only with 25%. The highest growth worldwide occurs in apartment buildings and
high-rise buildings in urban areas, indicating urbanisation as the main reason for this
difference.

Our results show a difference in stock behaviour between the different regions. In
developed countries, the stock is generally slowly rising. China dominates global
developments in the coming decades by its rapidly rising stock, but this growth is expected
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to level off towards 2050. In regions such as India, South East Asia and Africa, the stock is
starting to rise now and according to our assumptions will continue to do so, probably long
after 2050. These regions may become dominant for global developments after 2050.

Given the abovementioned uncertainties and data gaps, we have to conclude that the
database we present is open for improvement. Nevertheless, we think it could already now
be used to estimate future stock developments, and could be used as a starting point to
assess options for reducing the environmental impacts as well as the possibilities for life
span increase, recycling and using secondary materials in construction. These stock
developments are a very important input for estimates about the flows of construction
materials: the demand for construction materials, and the generation of demolition waste.
How stock dynamics can influence flows is explored in the following Chapter 5 (Deetman et
al. 2020).

Such a stocks-and-flows database is very relevant input for global level assessments of
policies on resource efficiency and circular economy. The size of the urban mine and what
is coming out of it determines the potential for a circular economy. Having information on
the different building types also allows for a better estimate of energy use in the built
environment, which in turn is relevant to assess greenhouse gas emissions. Having
information on the demand for materials enables assessing environmental impacts related
to materials extraction and production, thereby providing a starting point for generating
and assessing options to reduce these impacts.

So far, we have only included the SSP2 baseline scenario in our calculations. The same
approach is applicable also for the other SSP scenarios. Especially when the projections on
population and affluence differ, we expect the stocks of materials in the built environment
to be different. The SSP scenarios may also provide a baseline to enrich with assumptions
on resource efficiency or a circular economy, showing how policies in that direction may
affect material demand. We hope to address these issues in future work. Having knowledge
about the urban mine and the materials that will be available for secondary production
allows assessing to what extent, and when, it will be possible to close cycles of those major
construction materials. By the link to an IAM on climate change, it will thus become possible
to assess the climate benefits (and drawbacks) of circular economy policies.

In conclusion, the results of the research show that, despite the rather limited information,
we have been able to generate scenarios for the development of in-use stocks that make
sense, and that can be used in a modelling environment that is relevant at a global level.
The current study provides a foundation for the development of a more comprehensive
material intensities database. By making the database available, we hope it will grow in
future to allow for more detailed and more reliable assessments.
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Appendix

Additional information with regard to the analysis and the assumptions can be found in n
Appendix 4.
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