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ABSTRACT. The circular economy (CE) aims to eliminate the concept of pollution and waste generation,
maintain the integrity of the product over several use cycles, and focus on closing material and energy
loops. Circularity metrics are relevant for monitoring, reporting and communicating CE implementation
progress. Applied to buildings, these metrics deliver structured assessments through standardized
indicators, which establish a common language among the agents involved, help implement strategies
to assess the circular potential of technical options. Studies dealing with circularity metrics for
buildings are still scarce and somewhat variable within an overall common framework. Applications to
neighbourhoods are even more incipient. This study applied selected metrics to two building cases with
different constructive characteristics, to improve the understanding on how information on circularity
is conveyed. The selected metrics highlighted the circularity challenges for the two building designs.
However, such metrics disregard the environmental impacts required to induce circular flows and loop
closure. It is herein proposed that such metrics are paired with environmental performance profiles
produced by e.g., life cycle assessments (LCA). The concept of “nested indicators” could be applied
to neighbourhood and city scales by referring to the LCA concept of functional equivalency as the
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“relevance” weighting criterion.

KeEYwoORDS: Circular building, indicator, metric, circularity, circular economy.

1. INTRODUCTION

The circular economy (CE) aims to eliminate the
concept of pollution and waste generation so that
material circulates in the economy perpetually, that
is, it seeks to maintain the integrity of the product
over several cycles of use and focus on the closure of
material and energy cycles [I]. This helps not only
in the security of material supply and sustainable
consumption, but also in improving environmental
and socioeconomic analyses [2].

This new economic-environmental paradigm has
gained relevance in recent years [3]. Indeed, our sys-
tematic literature review (see Appendix |A)) confirmed
that this is a trending research topic, and this will con-
tinue or intensify. It also showed that this discussion
is notably Euro-centred: no article in the final sample
focused on e.g., Brazil or South America. In 2015,
the European Commission defined a first Action Plan
that allocated more than ten billion euros, between
2016 and 2020, for the transition from the current
linear model to a circular model [I]. In 2019, the
“European Green Deal” was established to address the
climate and environmental challenges in Europe and
to separate economic growth from the use of resources.
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In 2020, the European Commission adopted a new
action plan and the proposal for a new regulation of
sustainable batteries. Finally, in 2021, the Global Al-
liance on Circular Economy and Resource Efficiency
was launched, and several initiatives were adopted
in the action plan [4]. All these measures aim to
make the economy of Europe and the world adjust to
protect the environment, enhancing competitiveness
and circularity, and thus achieving a green future [4].
Despite the debate that has taken place over the last
decade, the concept of CE is still being discussed, and
remains somewhat confusing, as shown by the over
114 definitions found in a previous review [5].

CE metrics are relevant, as they serve to identify
areas in which countries need to focus their efforts to
boost their performance in the circular economy [6].
In addition, the EC’s comprehensive performance as-
sessment metrics and methods are critical to defining
public policy. Therefore, metrics serve to monitor,
report and communicate progress towards the imple-
mentation of the circular economy [7].

The EC’s concepts apply to companies in all sec-
tors [§], and therefore also to the construction indus-
try [9,[10]. The construction sector plays a critical but
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also a strategic role in achieving global environmen-
tal, social and economic goals. The Paris Agreement
provides for the global decarbonization of the construc-
tion sector by 2050, intending to avoid the impact of
a 2°C rise in temperature [4]. From the perspective of
circularity, the sector is one of the largest consumers
of resources and natural capital, with about 40 % of
resource consumption and waste generation [IT], 12].
Furthermore, the end-of-life destination of buildings
is usually demolition and, at best, recycling the waste
generated. Thus, applying CE principles to build-
ings allows for considerable benefits to be gained by
keeping assets in circulation rather than starting a cy-
cle from new resource extraction. For this reason,
the European Commission has identified “construc-
tion and buildings” as one of the seven main product
value chains in its Action Plan for the Circular Econ-
omy [13].

In this context, circularity metrics for buildings are
a topic of great interest, as they allow managers to
identify and control the application of CE practices in
the different phases of construction projects, and with
what intensity [I4]. Furthermore, they implement
a common language among all involved actors, which
helps to assess the circularity of buildings and monitor
the progress of a project according to standardized
indicators [I5]. Indicators and metrics are also needed
to implement strategies to assess the circular potential
of the technical options that can be adopted and their
efficiency [2]. As circular buildings gain in reputa-
tion, the valuation model can be used as a benchmark
to compare the performance of buildings based on
CE [15]. The lack of indicators and metrics has pre-
vented policymakers and stakeholders from setting
verifiable recovery targets for new construction and
renovation [I6]. By providing a meaningful measure
of key elements of circular buildings, metrics form the
heart of assessment methodologies, and should objec-
tively assess and measure the building’s development
towards CE and help to improve the performance of
buildings, from the initial stages to the end of their
useful life, closing the materials cycle [15].

Currently, the most recognized and globally adopted
indicator for the built environment is the Material
Circularity Indicator (MCI), also known as the the-
oretical indicator of circularity of the product. The
MCI tool is part of a broader “Circular Indicators
Project” developed by The Ellen MacArthur Foun-
dation and ANSYS Granta [I7] and evaluates the
input type, output type and the technical useful life
of the materials [I7]. In Verberne’s adaptation [I§],
MCI is the basis for subsequent nested calculations
at product (PCI), system (SCI) and building (BCT)
levels. PCI incorporates product disassembly possibil-
ities and can be referred to as the practical “product
circularity indicator”.

The System Circularity Indicator (SCI) assesses the
circularity of products assembled in a system based
on their mass contribution, broken down into the

Brand’s six building layers [19]. Lastly, the Building
Circularity Indicator (BCI) assesses the set of systems
considering a factor for the level of importance each
of them has [I§]. In the past few years, some BCI
improvements have been proposed. Van Vliet [20]
proposed to omit the building layers in the PCI cal-
culation; Alba Concepts developed a new BCI based
on product, element (instead of “system”) and build-
ing [2I]; and van Schaik [22] slightly modified it to
apply to building foundations.

Some buildings circularity assessments combine met-
rics on reversibility and durability [2], the Building
Circularity Indicator (BCI), the new Predictive BCI
(Predictive BCI — PBCI) [2I] and the Circular Econ-
omy Key Performance Indicators of the construction
industry (KPIs) to determine to what extent a com-
pany implements CE in the different construction
projects phases [23]. An expanded list of indicators
extracted from the systematic literature review (SLR)
can be found in Table [3| (Appendix . Despite this,
there is still a lack of clear definitions to link what
characterizes the circularity of buildings to circular
construction technologies and to adequate indicators
to measure the circular economy [2] and circularity
indicators for the built environment as a whole [3].
Hence, two main research questions emerged to be
addressed in this paper:

e “How clear is the message regarding environmental
assessment of the materials flows involved? Which
kind of information do the studied metrics con-
vey? Do they stand-alone or should be combined to
other to communicate environmental performance
of buildings and the built environment?”, and

e “Can they be aggregated to address larger scales?”.

For this purpose, selected metrics were applied to
two case studies of different material and constructive
characteristics.

2. METHOD
The methodological approach consisted of

e a Systematic Literature Review (RSL) to identify
existing metrics, as well as their structure, content,
components and where they were applied; and

e the application of metrics which stood out in the
SLR to two case studies; followed by an analysis of
the information conveyed and its potential combina-
tion to other environmental assessment outcomes.

Material Circularity Indicator (MCI), Product Circu-
larity Indicator (PCI), System Circularity Indicator
(SCI) and Building Circularity Indicator (BCI) were
hence selected for application in this study.

Two residential buildings were selected as case stud-
ies. The first case is a six-story wood-framed building,
and the second building is a thirteen-story reinforced
concrete structure with masonry walls. For our ex-
ploratory purposes, only the structure and envelope
components were considered in the calculations. The
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Fi1GURE 1. Circularity metrics calculation flow.

building lifespan was 50 years, and the materials ser-
vice life followed the Brazilian performance standard
NBR 15575:2013 [24], and the waste rate was based
on Brazilian Association for Recycling of Civil Con-
struction Waste data.

2.1. CIRCULARITY INDICATOR CALCULATION
METHOD

The calculations followed the steps in Figure [I} once
the products and materials used in each case study,
their service life, and mass (kg), virgin input (V) and
waste (W) involved were determined. Calculations be-
gin by the Linear Flow Index (LFI), the Utility Factor
(X) and the Utility Factor Function, F(X). LFI and
F(X) are next used to compute the Material Circular-
ity Indicator (MCI). The MCI and the Determining
Factor of Disassembly (DDF) — that is: the amount
of material assembled into systems that can be disas-
sembled — feed calculation of the Product Circularity
Indicator (PCI). The MCT is also used to obtain the
theoretical value for the System Circularity Indicator
(SCI (%)), by considering the products’ contribution
to the complete system, in mass. Then, the practical
value for the SCI (SCI (p)) is calculated using the PCI
and the product mass. Finally, the factors accounting
for system dependency/level of importance (LK_ k)
and SCI (theoretical and practical) are considered, to
calculate the theoretical (BCI(t)) and the practical
(BCI(p)) values of the Building Circularity Indicator.

To compute “X”, the buildings were decomposed
into six systems (layers). Table [1|is used to compute
the systems lifetime (Lsys) and level of importance, a
weighting factor between 0 and 1. PCI calculations
need the Determining Factor of Disassembly (DDF)
nof each product. For that we used Durmisevic’s [25]
classification into seven variables (Functional sepa-
ration; Functional dependence, Technical life cycle /
coordination; Geometry of product edge; Standardisa-
tion of product edge; Type of connections; Accessibil-
ity to fixings), and assigned values from zero (worst)
to 1 (best) impact on disassembly. Finally, to com-
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System Lifetime Level of
[years] importance

Site 500 0.1
Structure 100 0.2
Skin 20 0.7
Services 15 0.8
Space Plan 10 0.9
Stuff 5 1.0

TABLE 1. Lifetime (Lsys) in years and level of im-
portance of each system, based on the Brand’s six
building layers [19].

pute the BCI (t) and BCI (p), the level of importance
(LK_k) of each system is computed (Table [I]).

3. RESULTS AND DISCUSSION

The linear flow index (LFI) offers immediate insight
on the potential circularity challenges — i.e., flows
with LFT closer to 0, like asphalt or acrylic water-
proofing, extruded polystyrene board from external
walls or slabs — and accomplishments, i.e., LFI closer
to 1, such as steel from window frames and softwood
plywood from external walls. The MCI shows how
linear a material flow is, also from 0 (linear) to 1
(circular). In Figure [1] and Figure 2| the more the
red shape is open, the closer to theoretical circularity
is achieved. The wood-framed building has visibly
more circularity questions solved than the masonry
building, particularly regarding envelope components
(Figure [3).

Still, apart from the wood elements themselves,
the building’s structure uses several items that stress
its circularity performance. The lowest result was
presented by the floor mortar cement (0.95), which
had the shortest estimated lifetime (13 years) within
this group of systems (100 years). Materials with
longer service life positively affect the utility factor
(X) if it suits the system in which the material is
inserted. As pointed out by Verberne [18], the ideal
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Total Wood-framed building Concrete-framed & masonry building
BCI(t) 0.992 0.993
BCI (p) 0.461 0.127
Disassembly potential loss 0,531 0,866

TABLE 2. BCI results for the cases studied.

balance between service life and reusable materials is
still subject for future research.

As a product that is going to be recycled does not,
by definition, mean that it remains functional and can
be safely broken down, the PCI highlights those com-
ponents with the greatest disassembly potential. The
masonry building shows lower indicators, but still with
some items that can be disaggregated from the system,
mainly envelope components (e.g., stone wool board,
XPS board and granite). The wood-framed build-
ing showed improved results for disassembly, both
for structure (e.g., steel or wood beams) and enve-
lope (e.g., aluminium or steel elements, rockwool and
prefabricated concrete slab) components.

The SCI aggregates the MCI and PCI results, nor-
malizing and weighting the results from the mass, to
generate a single value that demonstrates a system’s
circularity potential. Thus, products with the largest
mass contribution influence the SCI results, according
to their circularity potential determined in the pre-
vious steps (MCI used in the calculation of SCI (t);
PCI used in the calculation of SCI (p)). The distance
between the theoretical and the practical values indi-
cate the potential “circularity losses” created due to
limited disassembly.

Even in the wood-framed building, concrete use
is substantial and responds for about 62 % of the
structure mass, followed by the wood beams (floor)
summing up to 30 % (Figure[d]). Whilst the theoretical
SCI value represents a circularity stand close to ideal
(MCI ~1), the practical SCI value is cut by almost
half due to the influence of the concrete’s PCI, which
is close to zero, despite the good performance of wood
elements (PCI ~1) (Figure [5)).

The mass of the envelope elements is concentrated
by the gypsum panel (34 %) and wood beams (14 %).
In the concrete-framed and masonry building, concrete
holds 81 % and 44 % of the structure and envelope
mass, respectively (Figure. Concrete blocks account
for 16 % of the envelope’s mass. Such products have
low PCI results and therefore push the practical SCI
towards linearity (Figure [5)).

As the BCI (Table [2) factors in the systems’ impor-
tance, those with shorter lifetimes — in the case, the
envelope products — weight and (negatively) influence
the most. Though both buildings have similar BCI (t),
the disassembly potential loss (BCI (t) — BCI(p)) is
higher for the concrete-framed building (0.866) and
reflects the circularity opportunities designed out for
the wood-framed building.
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4. CONCLUSIONS

This study’s outcome made clear that — though very
intuitive and crucial for societal development peace-
making with its supporting environment — circularity
metrics do not convey complete environmental infor-
mation. By highlighting the renewability, potential
re-application and recoverability of materials, they
emphasize the use phase, and do not usually consider,
for example, the actual impacts to keep materials
and energy in the loop. The environmental impacts /
costs to reinject potentially returnable material in the
industrial loops and transition to circular economy
are not accounted for. Increased material and energy
circularity might even enlarge life cycle impacts until
the full circular economy status is reached. So, it is
herein proposed that such metrics are paired with
environmental performance profiles produced by e.g.,
life cycle assessments.

As to the second research question posed, the con-
cept of “nested indicators” seems to also be smoothly
applicable to larger — e.g., neighbourhood and city —
scales. A “relevance” weighting criterion is needed
and is herein proposed to refer to the life cycle assess-
ment concept of functional equivalency. Procedures
for applying LCA to neighbourhoods have already
been investigated in a few studies, including by some
of these authors, and can provide the basis for such
extended examination.
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