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Circular construction: Six key recommendations
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In terms of mass, construction materials and construction and demolition waste make up the largest part
of humankind s material and waste footprints, particularly after an energy transition has largely phased
out fossil energy. However, a circular use of building and construction materials is fraught with
challenges.

The need for a circular build environment

Humans used almost 92.8 Gt of materials in 2015, of which 84.4 Gt were extracted from nature and only
8.4 Gt were recycled. Fifty percent of this so-called global ‘material footprint’ consists of construction
minerals: sand, gravel, clay, limestone, and other minerals, which are used to make bricks, cement and
other building materials .! > But the use of materials in the building sector does not stop there. Large
amounts of cement, steel, copper, and plastics are used in building too. The production of all these
materials with e.g. cement kilns and blast furnaces creates significant environmental impacts — they are
responsible for instance for around 20% of the global carbon emissions, while locally resource extraction
can have significant biodiversity impacts or create water stress. 2 And what goes in, at some moment
must come out — construction and demolition waste (CDW) from the built environment is also the most
important source of waste by volume and its treatment only adds to the environmental burden.

All of these problems could largely be avoided if the world would turn to circular material use in general
and the built environment specifically. A circular economy would use materials as efficiently as
possible, and keep them in use for as long as possible via the so-called ‘R’ strategies as outlined in Figure
1. %7 Since the built environment uses 50% of all global material extraction, it is obvious that any
country with circular economy ambitions will fail if the built environment does not become circular.
Potential strategies include efficient design and production (R1, R2; such as building the same housing
space with less material), more intensive use (R1; such as living in the same space with more people),
building lifetime extension (R2, R3, R4; such as ensuring that a building can be used for different
purposes according to needs over its lifetime), material substitution (R2; such as using low-carbon
alternatives for cement and steel), component reuse (R3, R4; such as re-using window frames), and
enhanced material recycling (RS; such as ensuring bricks can be re-used as bricks instead of being
crushed and used as foundation material).®’
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Figure 1 Circularity strategies and socio-environmental impacts. The left side of the figure shows so-
called ‘R’ strategies to reduce the inflow of primary raw materials in a product system, in our case the
built environment. By this, the same primary materials are kept much longer in economic use. This is
expected to have a beneficial effect on impacts mentioned at the right side of the figure, such as climate-
related emissions, biodiversity loss, and reduction of supply risks. Combines Figure 1 and 3 from the
summary of the Netherland Integral Circular Economy Report by PBL.°

Circularity challenges in the build environment

Unfortunately, a circular economy in the built environment is still far out of reach. Even in the EU,
which probably has the most advanced resource-efficiency and recycling policies globally, only 12% of
the 4.3 Gt of materials used annually currently come from secondary (i.e. recycled) sources. This large
gap is driven by three main factors.

First, what we can use as secondary materials is dictated by what has been built decades ago, and
historically buildings have not been built using circular principles. Therefore, many existing buildings
are not fit for reuse or upgrading. Particularly in the office market this can lead to premature replacement
by more modern units better aligned with further developed changing esthetical and representation
demands of users, leading to significant waste generation in the process. Similarly, construction elements
(e.g. fagade panels) in buildings have historically not been designed for reuse of either the components
themselves or the materials they are made from.

Second, even in countries with high CDW recovery, waste management is still not fit for high-value
recycling or reuse. The current CDW recovery rate of the EU-27 stands at 88%, which seems a good
number’ (see Error! Reference source not found.2). But it is related mainly to the stony CDW fraction
such as concrete, ceramics, and bricks, which is crushed and downcycled for road foundation and
backfill rather than being used as building bricks again, or for the production of new cement.
Furthermore, even where recovery rates are high, several EU-27 countries still landfill a sizeable part of
their CDW rather than recycling.*

Third, in most countries, the built environment is still expanding, requiring additional primary raw
materials, even if CDW could be fully recycled for new building construction. In previous work
Deetman et al.> found that the expected material stocks of residential and service buildings in Europe
will grow to approximately 46 Gt by 2050, accounting for 10% of the global building sector material
stocks (see Error! Reference source not found.3A—B). Inflows related to new buildings and renovation
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in Europe will have stabilised at 900 Mt/yr after 2010 (Error! Reference source not found.3C). But
the outflows initially are much lower, and will only reach in 2050 a volume of 700 Mt/yr by 2050
(Error! Reference source not found.3D). So only from 2050 it will be theoretically possible to cover
material needs in the European built environment largely by secondary materials. Before that time, there
is simply not enough secondary material available and primary extraction is inevitable to cover the needs
for new buildings and renovation.
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Figure 2 Mineral construction and demolition waste management in the EU-27 in 2020. Data from
Eurostat.?
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Figure 3 Material stock, inflow and outflow for the built environment (vesidential and service buildings
included only) in Europe for the period 1970-2050. (a) Material stock for the built environment in
different regions of the world. (b) Material stock for the built environment in Europe. (c) Material inflows
for the built environment in Europe. (d) Material outflows for the built environment in Europe. Data
from Deetman et al.’

Towards solutions for a circular build environment
Here we propose six strategies to overcome the circularity challenges and facilitate a sustainable built
environment.

Efficient design and production. This strategy implies using designs that limit material use, but more
importantly, ensure that building components can easily be re-used at the end of life of buildings.
Lightweight design such as using thinner interior walls or hollow bricks can reduce the primary material
requirements for building components.* At the end-of-life stage, designing to reduce waste, designing
for dismantling, designing for deconstruction, and designing for recycling are expected to minimise
waste production and enable easier material recycling. For instance, highway bridges are often
constructed with concrete beams that support the road surface If well designed, such beams can be re-
used should the original bridge be decommissioned and replaced to accommodate an expanded
highway.* A problem with this strategy can be that the upfront costs of such improvements are for
building companies leading to higher construction costs. This usually is not in their interest: housing
prices per m? floor space in a specific neighbourhood are often a given, and building as cheap as possible
is the best strategy to give them the highest profit. In principle buyers could pay a premium for a house
of which components could be re-used at the end of life, the value of such components is considerably
higher as the rubble that would remain if at its end of life a house would be demolished in a traditional
way. But since these monetary benefits only will become tangible decades, or even more than a century
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in future, it is unlikely the first buyer will be willing to pay for it. . Addressing this split incentive will
be vital to improving circularity in the building sector from a perspective of true life cycle costs.

More intensive use. This implies using the same space more intensively and in doing so reducing the
demand for floor area per capita. Examples include shared office desks, buildings with smart and flexible
layouts, creative storage solutions, shared common spaces, peer-to-peer lodging, trendy smaller homes,
and replacing single-family homes with multi-family homes. But this strategy is not without challenges.
Consumers may value own their spaces and hence oppose solutions for shared use. Furthermore, the
housing and office space per capita in the Global South is already significantly lower compared with
wealthy regions, which limits the opportunity for more intensive use without compromising the
standards of decent living.!° From the strategies we list here, research has shown it is one of the most
effective strategies reduction of material use and related GHG emissions in the build environment.®

Life time extension. Longer-lasting designs prolong the operational stage of buildings, leading to less
frequent replacements and disposal. Similarly, extending the lifespan of existing buildings through
refurbishment reduces the need for new construction. For instance, renewing the fagade and renewing
the interior of a worn-out looking office, or refurbishing an old office to apartments, avoids demolishing
the supporting structure of a building, which is often made from carbon-intensive concrete or steel.

Material substitution. Concrete and steel are among the most carbon intensive materials and contribute
highly to the carbon emissions for building materials production. Also brick production requires
significant energy input. Replacing such materials with, for instance, timber is_one of the most effective
strategies for mitigating embodied GHG emissions of the building stock. Engineered timber (in the form
of glulam and cross laminated timber) offers vast opportunities for substitution of structural concrete
and steel. A global uptake of timber in hybrid structures could reduce on average 5S0Mt CO2-eq by
2050."" Steps have been taken to decarbonize concrete and steel production, but these are dependent on
the large scale application of relatively new technologies based on hydrogen, large-scale electrification
and carbon capture and storage, introducing uncertainty about their possible contribution.!”> Moreover,
compared to primary materials used to produce cement and steel, timber is a renewable resource as trees
can be replanted and grown, ensuring a sustainable supply of building materials. Having said this, at this
point it is still challenging to completely substitute concrete and steel with timber — problems with e.g.
load-bearing capacity have hindered the use of timber in high-rise buildings, with a handful of wooden
buildings globally reaching a maximum height of 80-90 meters.!* Next to this, emissions and
biodiversity loss related to land use from timber production needs to be avoided..

Component reuse. This strategy refers to salvaging, refurbishing, and reusing individual building
components (e.g., concrete panels, timber doors, and window glass) from one construction project to
another. Component reuse is often favoured over material recycling as it requires only re-installation or
refurbishing instead of manufacturing a new component. This strategy usually needs to be enabled by
the aforementioned strategy of efficient design, as the example of concrete beams from highway bridges
illustrates. This strategy needs also to be supported by a further standardization of building and
construction components. If for instance the loading capacity of a specific component is unknown, or
was custom designed, it is impossible to use it in a new project that poses different demands on the
component. The growing prevalence of pre-fabricated constructions in Europe underscores the future
potential for component reuse as prefabricated construction often adopts standardised components and
modules that streamlines integration and reuse.

Enhanced material recycling. The last option, if all the strategies above are exhausted, is to recycle
materials. On the surface, the EU-27 does reasonably well: thanks to landfill taxes and -bans in its
member states it realises a high CDW recovery rate * But as stated, it mainly concerns crushing stone,
concrete and other solid materials to rubble, which then is used for road foundation and backfill. Only
the metals in CDW, such as steel, copper, and aluminium, are truly recycled because of their higher
economic value and ease of sorting. It would be obviously much better to substitute like for i.e. re-use
bricks as bricks and use several fractions of end-of waste cement in cement production. This however
requires that CDW is efficiently pretreated. Residues and contaminants in waste should be removed
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before being sent for recycling. Mandating the implementation of on-site dismantling, sorting, and
selective demolition ensures the quality of waste and increases the likelihood of recycling.* The
drawbacks are also clear: such additional pre-treatment could make recycling more costly than
landfilling and backfilling. New technologies hence play an important role in cost-effective waste
treatment, this is not only to prevent incentives to directly dump CDW, but also to enable higher revenues
because of the higher quality material produced in the recycling process. For example, in concrete
recycling, innovative technologies such as advanced dry recovery and heating air classification systems
can reduce costs of concrete waste treatment and generate materials that substitute primary inputs into
concrete and cement production.* However, due to the energy-intensive nature of the diesel-based
thermal treatment process, this technological system also generates significant GHG emissions.

Final reflections

Realizing a circular built environment is crucial to reduce global material use and can be an important
contributor to climate mitigation. We propose a number of strategies to make this happen. Design is the
connecting factor between virtually all these strategies. Design determines how efficiently material are
used to create a specific floor space. Design determines if a more intensively used building with e.g.
shared office space, feels pleasant and inviting or not and if buildings can be used for a long period or
not. Design further helps to find ways for material substitution, and can make component re-use and
high-quality material recycling possible.

It is however clear that a circular built environment will not be realized without changes in business
practices, user practices, and policy incentives. Certain strategies, such as more intensive use, clearly
require a change in user practices — not everyone will be happy with shared office space or even shared
desks and the already crowded space per capita in the Global South requires more tailor-made inclusive
strategies. The building and construction industry may embark on the required further standardisation
of building components as an enabler for circularity, since this will likely bring benefits — using used
components in a new project obviously will reduce costs. However, businesses that construct buildings
usually pass such cost on to those who own the building, implying that businesses have an incentive to
build as cheaply as possible. This may imply that they are not interested in designing or constructing for
easy refurbishing and life time extension, component re-use or material re-use should such approaches
prove more expensive. An interesting way to overcome such split incentives are for instance ‘design-
build-operate (DBO)’ contracts, where the user pays an annual fee for the use of the building, and the
builder takes responsibility for the building over its full life cycle. At the same time potential
disadvantages deserve early attention — a builder may not have control over how a user behaves, and
hence takes all kind of new, unfamiliar risks and essentially has to embark on a new, unknown business
model.

Policy cannot sit idle. It is illustrative that while many countries still landfill their CDW, landfill bans
and taxes and similar incentives led to significant recycling in the EU-27. We need similar policies, but
now focused on stimulating the circularity solutions, to make a true circular built environment a reality.

References

1. Krausmann, F., Wiedenhofer, D., Lauk, C., Haas, W., Tanikawa, H., Fishman, T., Miatto, A.,
Schandl, H., and Haberl, H. (2017). Global socioeconomic material stocks rise 23-fold over the
20th century and require half of annual resource use. Proc. Natl. Acad. Sci. /74, 1880-1885.
10.1073/pnas. 1613773114,

2. de Wit, M., Verstraeten-Jochemsen, J., Hoogzaad, J., and Kubbinga, B. (2019). The Circularity
Gap Report: Closing the Circularity Gap in a 9% World.

3. Eurostat (2023). Treatment of waste by waste category, hazardousness and waste management
operations.
https://ec.europa.eu/eurostat/databrowser/view/ENV_WASTRT _ custom_7168566/default/tabl
e?lang=en.

4, Zhang, C., Hu, M., Di Maio, F., Sprecher, B., Yang, X., and Tukker, A. (2022). An overview of



233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

10.

11.

12.

13.

the waste hierarchy framework for analyzing the circularity in construction and demolition waste
management in Europe. Sci. Total Environ. 803, 149892. 10.1016/j.scitotenv.2021.149892.
Deetman, S., Marinova, S., van der Voet, E., van Vuuren, D.P., Edelenbosch, O., and Heijungs,
R. (2020). Modelling global material stocks and flows for residential and service sector buildings
towards 2050. J. Clean. Prod. 245, 118658. 10.1016/j.jclepro.2019.118658.

PBL (2021). Integral Circular Economy Report 2021.

Ellen MacArthur Foundation (2015). Towards a Circular Economy: Business Rationale for an
Accelerated Transition.

IRP (2020). Resource Efficiency and Climate Change: Material Efficiency Strategies for a Low-
Carbon Future. Future. Hertwich, E., Lifset, R., Pauliuk, S., Heeren, N. A report of the
International Resource Panel.

Zhong, X., Hu, M., Deetman, S., Steubing, B., Lin, H.X., Hernandez, G.A., Harpprecht, C.,
Zhang, C., Tukker, A., and Behrens, P. (2021). Global greenhouse gas emissions from residential
and commercial building materials and mitigation strategies to 2060. Nat. Commun. /2, 6126.
10.1038/541467-021-26212-z.

Zhong, X., Deetman, S., Tukker, A., and Behrens, P. (2022). Increasing material efficiencies of
buildings to address the global sand crisis. Nat. Sustain. 10.1038/s41893-022-00857-0.
D’Amico, B., Pomponi, F., and Hart, J. (2021). Global potential for material substitution in
building construction: The case of cross laminated timber. J. Clean. Prod. 279, 123487.
10.1016/j.jclepro.2020.123487.

van Sluisveld, M.A.E., de Boer, H.S., Daioglou, V., Hof, A.F., and van Vuuren, D.P. (2021). A
race to zero - Assessing the position of heavy industry in a global net-zero CO2 emissions
context. Energy Clim. Chang. 2, 100051. 10.1016/j.egycc.2021.100051.

Safarik, D., Elbrecht, J., and Miranda, W. (2022). State of tall timber 2022. CTBUH J. 1, 22-31.



259



