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Abstract. A better understanding of the material composition of the existing building stock is
important for the development of circular economy strategies in the building sector. This paper
presents a recently developed model to map the types and amounts of various materials in
existing buildings in Denmark, with a high level of detail at the level of components rather than
just material types. The model is meant to enable a detailed description of the building stock and
a consideration of how components could be reused. Building properties are imported from the
Danish national building registry (BBR) and processed into a relational database. Properties are
combined with information on past construction techniques from architecture handbooks to
estimate the most likely macro-components (types of wall, roof, etc) used in each building, and
dimension these components. Material amount estimates from the model are compared with
previous estimates as well as with material inventories from case study buildings. While the
open-source model currently lacks accuracy, it is intended to be easily modifiable, and can
support continuous improvements of the estimates based e.g. on new information from material
passports, waste treatment facilities or remote sensing data. The paper discusses future
opportunities to improve the model’s accuracy and use it to help develop circularity strategies
and complement on-site inspections to overcome barriers to circularity.

1. Introduction
The building sector is a major consumer of non-renewable natural resources (such as river sand), and is
responsible for about 20% of global greenhouse gas emissions [1]. The global demand for buildings is
expected to remain high in the coming decades [1]. Therefore, it is crucial to implement strategies to
mitigate environmental impacts and resource use linked with building construction. As new buildings
are steadily being constructed while older buildings are demolished, there is an opportunity to implement
reuse and circularity strategies in the building sector.

An optimal circularity strategy should focus on reusing materials as far up the value chain as possible.
In particular, preserving buildings (i.e. prioritising refurbishment over demolition) should be the top
priority. When buildings undergo extensive refurbishment or demolition, reusing entire components
(such as windows and wall panels) should be prioritised over recycling or downcycling materials.
However, there is often insufficient knowledge about buildings’ material composition at the component
level to enable reuse at a large scale [2]. In particular, authorities need to understand the amounts of
various reusable resources as well as their spatial and temporal distribution to develop reuse strategies.
Similarly, developers need to know well in advance what reused products are available for purchase,
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since design and procurement processes happen long before the actual construction, and temporary
storage of reused materials is costly [3].

The present study assumes that more precise estimates of buildings” material composition could help
address these challenges and facilitate circularity strategies. For instance, Oezdemir et al. [4] claim that
the creation of a cadastre of secondary resources is a prerequisite to urban mining. Material inventories
in the existing building stock are often based on estimating the standing floor area for different building
archetypes, and multiplying it with material intensity coefficients (MICs) representing the amounts of
different types of materials per m? for each archetype [5-8]. While such studies provide useful
information on urban stocks at the municipal and regional scales, more detailed information at the
component level is needed to promote circularity [9]. A cadastre indicating for instance the amount of
clay in each building is only of limited relevance for urban mining, since it doesn’t indicate how much
of this amount consists of bricks versus roof tiles, or whether these components can easily be
deconstructed and reused. To address these issues, this paper presents a model of buildings’ composition
at the level of components rather than just material types. This “macro-component model” is intended
to facilitate planning for component reuse and other circularity strategies in the building sector.

2. Method

The macro-component model is illustrated in Figure 1 and available in supplementary material. The
model uses a catalogue of macro-components, i.e. types of walls, roofs, floor slabs, etc. used in existing
buildings. Each macro-component includes a detailed product composition, as well as the time period
over which it was used. These values were estimated based on Danish handbooks on building design
(notably [10]). For instance, cast-in-place concrete external walls were used between 1930 and 1960 and
contain ca. 460kg of concrete per m? of wall. Several solutions might coexist for any given year.

—
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National facade materials
building ’
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Figure 1. Overall logic of the macro-component model

Available information from the national building registry (BBR) is used to provide “best guess”
estimates of which macro-components are used in each building. In this first version of the model, this
estimation is only based on the fagade and roof cover materials recorded in BBR, as well as the
building’s construction year. In future iterations of the model, more relevant BBR parameters such as
the building’s latest renovation year and type of use can help refine the prediction. For components for
which directly relevant information is available (roof cover, roof structure and external walls), the range
of possible solutions is first narrowed down based on BBR information. For instance, if the recorded
facade material is “brick”, the external walls could be massive brick walls, sandwich walls or curtain
walls. Then, the remaining solutions are filtered further based on the building’s construction year. If the
construction year fits within the periods of use for several solutions, one is selected at random. In rare
cases where the construction year doesn’t fit the use period of any solution, a random solution is selected.

To quantify material amounts, the building and its macro-components are first dimensioned. In the
absence of more precise data about building dimensions, the height of each building is estimated based
on the number of floors and a standard floor height value. The roof pitch is estimated based on the type
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of roof cover material. Functions to dimension inner walls were extrapolated from French studies [11].
The perimeter of the building is estimated based on the footprint and a space efficiency factor (SEF) to
correct for the fact that the building’s footprint is not a rectangle. Finally, material amounts are estimated
based on the buildings’ dimensions and typical material amounts for each type of component, recorded
in the macro-components catalogue.

The macro-component model is implemented using a PostgresQL relational database and a Python
logic layer. The PostgresQL database stores information from the BBR registry, the macro-component
catalogue, and the model’s results. The links between buildings and macro-component types are stored
in mapping tables in the database (e.g. a “building to roofs” table links each building with a type of
roof). The Python code communicates with and modifies the PostgresQL database, and is used to
perform all calculations and logic operations.

3. Model results

The macro-component model can produce a relatively detailed inventory of components for any given
building. This section compares the first results from the macro-component model to actual measured
values, and to results from other Danish models (the CircleBank model [12] and a model by Lanau et
al. [8]). Although the model provides results as a detailed list of components, the results are presented
here aggregated per material type or building part for the purpose of comparison. Data on actual building
material inventories are scarce, so the type of analysis carried out depends on data availability.

3.1. Amounts per material type

The first point of comparison for model results is a set of 25 apartment buildings constructed between
1870 and 2000, for which material inventories were estimated as part of another project (CircleBank,
private communication). For each building, material amounts were provided in seven material
categories. CircleBank estimates are assumed to be more accurate than any other model results for these
particular buildings, since estimation algorithms for the CircleBank model were developed based on
building plan studies for these 25 buildings (among other data sources). Figure 2 shows the difference
between model results and CircleBank estimates, for both the macro-component model and the previous
model (Lanau et al). Negative values indicate that model results are lower than the CircleBank estimates.
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Figure 2. Comparison between model results and CircleBank estimates
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The results indicate that the macro-component model often underestimate material amounts. In
examples built before 1960, clay is the most important material category, due to the widespread use of
brick walls and roof tiles, and this material category shows a high variability. After 1960, concrete
becomes the most prominent category. Differences are also notable in other categories: for instance, for
glass, both models tend to overestimate material amounts in older buildings, with the macro-component
model showing the largest gap, but in recent buildings both models tend to underestimate material
amounts, with no major difference in accuracy. However, material amounts in these categories are
dwarfed by clay, concrete and to a lesser extent mortar and gypsum products.

In the main material categories, the Lanau et al model [8] often provides more accurate estimates
than the new macro-component model, which significantly underestimates material amounts. One
explanation is the bottom-up nature of the macro-component model: buildings are described as a
combination of components, which is sometimes incomplete in this first version of the model. For
instance, the model does not yet handle stairs, balconies or basement rooms.

3.2. Amounts per building part

A second point of comparison is offered by freely available building case studies from the Danish
Knowledge Center for Sustainable Construction [13], including both residential and non-residential
buildings. Here, we compare “block-wise material intensity coefficients” (BMICs) [8]. BMICs
distinguish material amounts in various parts of the building, and link material amounts to a building’s
footprint and number of floors, rather than floor area. The over-block (resp. under-block) BMIC is
calculated by dividing material amounts in the roof (resp. the foundations, basement and ground slab)
by the footprint. The horizontal block BMIC is calculated by dividing material amounts in intermediate
floors by the number of floors minus one. The vertical block BMIC is calculated by dividing material
amounts in the walls by the number of floors. Figure 3 shows differences between model results and
actual material inventories, for the macro-component model and the pre-existing Lanau et al. model.
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Figure 3. Comparison between model results and actual material inventories

The results indicate that both models provide good estimates of material amounts in the walls in
average. The macro-component model tends to underestimate material amounts in both the roof and the
floor slabs. Once again, this is due to the incompleteness of the bottom-up model. There is therefore a
need to refine the model and ensure that it includes e.g. stairs, balconies and attics. However, the largest
differences by far for both models are found in the under-block, where the models sometimes
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underestimate, sometimes overestimate material amounts. This is due to a very high variability in
material amounts in building foundations, where two similar buildings might have vastly different
material amounts due to the type of soil, the type of foundations, or overdesigned foundations.

4. Concluding discussion

The macro-component model offers a quick method to estimate amounts of various reusable components
in Danish buildings. It can provide a useful basis to plan for reuse strategies at the municipal, regional,
and national levels. The high level of detail allows for new uses compared to more conventional
aggregated models. For instance, the model can help policymakers and planners assess the potential to
reuse components in new construction, and to adapt construction practices to promote reuse. By linking
the model with scenarios for construction and demolition [14], amounts of specific components
available for reuse in any given year can be estimated. By connecting these amounts to geographical
locations, the model can also support the planning of waste handling facilities (optimal location and
capacity). This type of model could also be coupled with a materials exchange platform to create a
marketplace for secondary materials (the intention behind the CircleBank project [12]). Finally, the
model uses a similar nomenclature as the Danish national building LCA tool, LCAbyg, enabling an
integration of environmental impact calculations with the model. However, while the model can provide
useful guidance at a macro scale (for planners and policymakers), it is not sufficient to provide detailed
information on reusable components in a specific project (for developers and contractors). On-site
inspection of components will likely always be necessary to identify the specific properties of
components, to guarantee their safety, quality, and match them to the specific needs of other projects.
At a detailed level, macro-component models can still play a role as screening tools prior to inspections,
and to support the reporting of data relevant for reuse (e.g. in combination with material passports).

Several directions have been identified for future development. Importantly, while the model
provides precise descriptions of buildings, its accuracy remains low at this stage. This is partly due to
its bottom-up nature, leading to underestimations of material amounts as components like stairs and
balconies are not yet modelled. Such incompleteness errors are not present in conventional MIC-based
models. However, the model’s completeness could be improved over time, to cover all relevant macro-
components. The functions used to link buildings with macro-components could also be refined to
consider the building’s use type, interdependencies between components (e.g. which walls are load
bearing might influence which types of floor slabs are used), as well as probability distributions for
various components. The latter is not yet available in Denmark, but has been used in similar models e.g.
in France [15]. Deriving such functions and statistics is a high priority tasks, as these represent very
valuable resources for building stock modelling. More case studies are needed to test and improve the
model, including component-level validations of model predictions. However, this process is time
consuming, and it is challenging to find data for older non-residential buildings. Remote sensing data
such as satellite and LIDAR data offer new resources to partially automate and improve model
predictions, in particular regarding the identification of building types, geometry as well as roof and
facade materials [16]. Although there is much to improve, the model is built to allow for incremental
improvements over time. It lays the groundwork and provides a framework and nomenclature to
continuously improve the mapping of buildings’ material content.

Beside quantitative improvements to the model, there is a need to better understand qualitatively in
which contexts its use could help overcome barriers to circularity. Previous studies have highlighted
issues of governance, logistics, traceability, quality control and data availability as some of the main
challenges to circularity strategies in the building sector [2]. While better models of material content
could be expected to help address some of these issues, there is no guarantee that better information
leads to better decisions. The use of the model in a practical context needs to be better understood.

Supplementary material
The code used to build the model (version 1) is available at https://github.com/NFrancart/iBuildGreen
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