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Abstract

Nowadays, an omnipresent problem of resource scarcity and a need for reduction of waste
generation make a discussion about eco-friendly production models more serious than ever
before. Actions leading to a long-term sustainability of the Earth should not be treated as
fashion but as normal practice no matter what branch they concern. A building sector is one of
the world’s largest waste generators. Fortunately, the Circular economy (CE) can help to
diminish an environmental impact of the construction industry. Remembering the business
principle what gets measured gets done, there is a need to create new measures of CE thinking in
construction companies. These can be helpful in the assessment of the degree to which CE is
implemented in the entities. However, so far there have been no scales of such
measurement.The article presents two approaches; deterministic and probabilistic. First
approach is responsible for the calculation of total performance of the company in terms of CE
on the basis of inputs given by experts. Second method allows calculating the probability of the
construction enterprise maturity in terms of CE and thus reliability of the deterministic
estimation of this indicator thanks to the Monte Carlo simulations. The scale is based on an
analysis of five phases of construction projects: design, production of building materials,
construction processes, maintenance and end-of-life. Then, three levels of consideration are
proposed in the model: organization, process, and workgroup. Results show that the scale can
be useful for measuring the circularity thinking in the construction sector.
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Introduction

Building has been a sustainable sector since
ancient times. Both materials and building
techniques represented efficient
construction, featuring ecologically designed
buildings and eco-friendly materials with
high reusability and recyclability. This model
of construction was circular. However, the
adoption of more resilient and durable
building materials during the 20th century
converted the sector into one of the most
environmentally harmful, unsustainable and
waste-generating industries in the world.

Fortunately, businesses worldwide have
started to express increasing concern about
environmental issues. In this context, the
building sector, being one of the larger
emitters of harmful gases, generators of
waste, and consumers of resources (Esa,
Halog and Rigamonti, 2017), plays a relevant
role. The main causes of the building sector’s
environmental impact are found in the
consumption of non-renewable resources
and the generation of contaminant residues,
both of which are increasing at an
accelerating pace. The sector’s primary effect
is the accelerated destruction of the stock of
natural capital (Wadel, Avellaneda and Cuchi,
2010; Lo Presti, 2013).

Modern materials, which are useful for
construction and which enable excellent
building features, have the side effect of
dramatically increasing the building sector’s
environmental impact. Furthermore, the
maintenance  phase that follows a
construction also has a significant
environmental footprint. It is also necessary
to focus on deconstruction, which is a key
aspect for minimizing waste, so as to create
more effective strategies (Esa, Halog and
Rigamonti, 2017). Furthermore, the reuse of
elements (e.g., parts of buildings) requires
deep consideration of their quality, their
usefulness in terms of dimensions (do they fit
the new place?) and marketing issues (do
people want to buy used materials?).

For these reasons, the Circular economy (CE)
can be presented as a business model of

sustainability that is especially useful in the
building sector, so it is necessary to create a
specific framework for this business model,
providing answers to questions about how to
implement the CE in the building industry.
However, there is a lack of circularity
indicators that would allow us to measure
the circularity thinking in the enterprises.
Lewandowski’s (2016) literature review on
the CE reveals only eight references which
were focused on evaluation models, some of
which analyzed a scale of measurement of
the CE. Besides, the indicators introduced by
other works such as that of Lihong and Hui
(2011) are generic, considering, e.g,
emission levels or energy consumption. This
scarcity of scales is acting as an obstacle to
the development of the Circular economy in
construction companies. This research was
aimed to create a measurement model of
circularity thinking in the building sector
based on a set of indicators which would
allow businesses to manage the degree of
implementation of the CE, collecting
information from the project life cycle.

Therefore, the main contribution of this
paper is a CE measurement scale specifically
designed for construction projects. It will be
a useful method to evaluate the degree of
implementation of CE, generating valuable
information not only for the company
(contractor), but also for other project
stakeholders. This can be a step towards
developing CE which is really useful in
practice.

Theoretical Framework

Industrial Ecology theory as the base of
Circular economy in building sector

Ecology is concerned as ‘creation, use, and
management of resources for the adaption,
human development, and sustainability of
environments’ (Bubolz and Sontag, 1993),
focusing on the interactions between humans
(individuals, groups, and society) and the
environment. The entire system comprises
the cultural norms and beliefs that influence
the other systems, which represent the
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framework for legislative changes. An
ecological transition occurs whenever a
person’s position in the ecological
environment is altered as the result of a
change in role, setting or Dboth
(Bronfenbrenner, 1979; Bauer and Dolan,
2011).

This view is enriched and focused on the
industry through industrial ecology theory, a
new framework that is useful to describe
sustainable building which pays attention to
designs, flows derived from the building
process, energies used, and outputs
generated (Boons et al, 2017). The main
assumptions of this theory are (Ehrenfeld,
1997) as follows. First, the Earth is
configured as a closed ecological system in
which the scale and design of development
are inconsistent with long-term ecological
survival. Second, human society and natural
ecosystems have co-evolved; thus, nature has
now an intrinsic value, and the ethical and
moral underpinnings of economic actions
overlook concerns for the world. Third,
sustainability means independently
maintaining stocks of human and natural
capital. Fourth, policy strategy focuses on
several issues, such as economy based on
functionality, moral and ethical
transformation, technological realism,
precautionary management of uncertainty,
and the life cycle framework, all of which are
useful for closing material loops in
deconstruction (Kibert, 2007; Silvestre, De
Brito and Pinheiro, 2014).

Tibbs (1993) articulated a framework for
industrial ecology that was adapted to the
building sector. Thus, industrial ecology is a
strategic framework that can be used as a
guide for the development of building
practices. In the concept, the impacts of the
design phase play a key role, guiding the flow
of materials in and out of the environment
(Hao et al, 2017). It is crucial to consider
buildings in their whole life cycle. According
to Lenox and Ehrenfeld (1997), the first
phase of design is a conscious, explicit
activity to establish new forms of technology,
organizational or industrial structures,
human competence, and rules. The design

must be the starting point that allows the
implementation of the CE in the building
sector. Moreover, the current building
misdirection is quite clear so the
implementation of this new economic model
based on circularity has to be done by
generating a framework useful for
practitioners. Thus, four paths are useful
through which the CE can be applied to the
building design process, based on the model
of Tibbs (1993) and Ehrenfeld (1997). First
path is to improve the current metabolic
pathway of building processes and material
used. The second one involves the need to
implement the principles of CE in the
industrial ecosystem. Third path
dematerializes building output, keeping in
mind the idea of the product as a service,
Cradle to Cradle (McDonough et al, 2003;
Mulhall and Braungart, 2010; Van Dijk,
Tenpierik and Van Den Dobbelsteen, 2014),
and managing resources carefully. The last
one systematizes the pattern of energy used
(Braungart, McDonough and Bollinger,
2007).

Building sector in Europe and Circular
Economy

The building sector in Europe is strategic for
the economies of the most European
countries. In 2014, 1,545,460 million euros
were invoiced, generating employment for
12,730,700 peoplel.

Europe’s building industry is highly
fragmented and often local, possibly because
of each country’s legal restrictions. Because
of the high inflow of physical goods and
personal interaction, the employment ratio in
the building industry has remained relatively
stable in the various states of the European
Union (EU). It usually ranges from 4.5% to
6.5% of total employment.

Currently, the amount of waste generated in
the EU appears to have declined:
approximately 2.5 billion tonnes of waste (or
approximately 5 tonnes per capita) continue
to be generated each year (according to:
http://www.europarl.europa.eu/RegData/et
udes/BRIE/2016/573899/EPRS_BRI(2016)5
73899_EN.pdf). Some EU members generate
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significant amounts of recyclable waste in the
building sector (the Netherlands, Germany,
France, Italy), whereas other countries’
recycling share is lower. Figure 1 shows the

total waste generation in European countries
in 2014 according to Eurostat, Figure 2
shows waste generation decomposed by
sector, and figure 3 the level of recycling.
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Fig. 1: Generation of total waste in Europe in kilograms per capita (2014)
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Fig. 2: Breakdown of total waste generated in European Union in 2014 by sector
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Fig. 3: Generation of recyclable waste by sector in Europe in 2014

Building sector is characterized by both its
intensive energy and water consumption and
its generation of negative externalities in the
form of environmental pollution. The sector
itself is aware that it must change its
management model to become more
sustainable and that it can comply with the
new approach to the ‘sustainable use of
resources’ set out in the European Building
Products Regulations, which have been in
force since 2013 and state that products’
environmental declarations should be used
when assessing the sustainable use of
resources and the environmental impact of
building works.

In addition, the EU is considering initiatives
to the use of environmental variables as
factors as a basis for establishing public
procurement criteria. It is worth noting the
EPD (Environmental Product Declaration)
methodology, whose purpose is to provide
quantitative information about a product or
service’s environmental impacts throughout
its life cycle. In addition, the initiative
regarding products’ environmental footprint
(PEF) attempts to raise awareness and value
the environmental impact of the inputs that
are incorporated into the production or
building process. Thus, taking all of this into
account, the sector must consider the
transition and progressive incorporation of

the new paradigm of the CE, approved by the
European Commission, which determines,
not only the efficient use of resources in
environmental terms, but also the
minimization of resources that are
consumed, reincorporating them into a new
productive or other type of process in which
they are considered a productive factor. In
this way, the building industry will
contribute to a cyclical process in which
product life will be as long as possible.

Building Life Cycle Based Assessment
Model of Circularity Thinking Scale

Scale Inputs

In order to have the initial indicators of the
scale, a systematic review of the literature
has been carried out, whose purpose has
been to obtain a complete view of the
existing research on the subject. In this
paper, the research that has been done so far
was presented after having used explicit
methods to narrow the search and to
evaluate in a critical and justified way each of
the related studies (Vazquez and Lépez,
2011). The basic criterion is to show valid
and applicable evidence for future research.
The review should be methodological,
transparent and reproducible with the aim of
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enhancing the knowledge base to make
appropriate decisions (Tranfield, Denyer and
Smart, 2003).

Review is a fundamental scientific activity
and its logic is based on several premises.
The first is that the large amount of existing
information should be reduced to smaller,
more manageable units to facilitate their
understanding and management. In this way
it will be possible to effectively use the
previous scientific evidence, identifying key
works and future lines of research. The
second is that the review should show
evidence of the process developed, it should
be auditable and repeatable so that other
researchers who follow the search and
analysis guidelines can perform comparable
work, avoiding search bias and analysis, and
the third is that the review should
summarize the evidence (Tranfield, Denyer
and Smart, 2003; Rousseau, Manning and
Denyer, 2008).

The research was based on the approaches of
Vazquez and Lopez (2011), and Nuifiez-Cacho
et al. (2012) defining the aspects to be
investigated, developing subsequently the
search in the bibliographic databases, i.a.
ProQuest, limiting the results to a sample
that includes the main journals in the study
area, specifically, based on the search terms:
“Building”, “Circular Economy”,
“Measurement Scale”. A list of researched
journals appears in the references section.
Moreover, each author analysed the content
of each of the selected articles in order to
identify the indicators that were to be
introduced. It has to be underlined that in the
research, professional experts responsible
for construction projects were involved. They
were responsible ia. with the authors for
choosing the circularity indicators and for
estimating parameters used in the simulation
model. The selected indicator group was
classified according to the Life Cycle Model.
The selected indicators and their desired
value are shown in table 1, 2 and 3.
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Table 1: Circular economy indicators in the construction sector: Organizational level

e Desired
= "§ value of
z = Indicators (Measures) the Justification
=g indicator
A (Target)
‘Designing for deconstruction’ o Majority of experts
DE o ) 100% z 3
strategies - percentage pointed it out
z | MM Better e initiatives for sustainable 80% Majm:lty of experts
= production- percentage pointed it out
e~
- .
) Complement of the Energy Use Majority of experts
CP R - 90% 2 :
g Intensity? index - percentage pointed it out
U
m .. . s . _ . 59 g
2 | MA Bu}ldmgmmlagmuent strategies 80% MaJm_lty of experts
percentage pointed it out
Decision accuracy of demolition time .
EL | and transition to another loop - 70% Ma.|01.1ty oi:experts
¥ pointed it out
percentage

DE — design phase, MM — manufacture of materials phase, CP — construction process phase,
MA - maintenance phase. EL — end-of-life phase, CE - circular economy

2 - Complement of the Energy Use Intensity = 1-EC/GVA, where: EC — Energy Costs, GVA —
Gross Value Added. Both EC and GVA are estimated for the whole organisation on the basis

of particular projects

Table 2: Circular economy indicators in the construction sector: Process level

= Desired
= | value of
= = Indicators (Measures the Justification
3| &
= indicator
A (Target)
Designs prepared in full BIM standard Majority of experts
DE : 100% . e
- percentage pointed it out
Continual improvement in CE .
MM | (management control system) - 90% Majog‘ry of: SEp
W : pointed it out
& percentage
w
ﬁ Construction site waste sorting - i Majority of experts
T CP 100% : :
8 percentage pointed it out
&
MA | Processes based on BMS - percentage 80% May oay Of. experts
pointed it out
Decision accuracy of demolition Majority of experts
EL ) 90% . .
methods - percentage pointed it out

DE — design phase, MM — manufacture of materials phase, CP — construction process phase,
MA - maintenance phase, EL — end-of-life phase, BIM — Building Information Modelling,
CE — circular economy, BMS — Building management system
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Table 3: Circular economy indicators in the construction sector: Workgroup level

= Desired
= § value of
B = Indicators (Measures) the Justification
= 3 indicator
A (Target)
‘Close loop’ instructions for designers - 5 Majority of experts
DE 70% z p
percentage pointed it out
More sustainable sources (reused e
MM | components. recycled and controlled 100% AT e Reas
B o i : pointed it out
S virgin feedstock) - percentage
% CP Waste collected for reuse and recycle - 40% Majority of experts
é percentage ° pointed it out
=}
= CE / BMS 1instructions based on BIM - & Majority of experts
MA |~ 90% Sl
percentage pointed it out
Decision accuracy of demolition Majority of experts
EL : i 90% : 5
techniques - percentage pointed it out
DE — design phase. MM — manufacture of materials phase, CP — construction process phase,
MA — maintenance phase. EL — end-of-life phase. BIM — Building Information Modelling.
CE — circular economy. BMS — Building management system

Method: Deterministic Calculation

The environmental impacts of building are
primarily evaluated on the basis of the life
cycle assessment, which enables the
examination of all stages in the product life
cycle (Jiménez Rivero, Sathre and Garcia
Navarro, 2016; Shadram et al., 2016; Nasir et
al, 2017). A theoretical framework for waste
minimization using the concept of the CE in
the life cycle of the projects has been
proposed (Esa, Halog and Rigamonti, 2017),
which observes the main principles of
Industrial Ecology.

A sustainable life cycle consists of five
phases: the sustainable design process; the
sustainable production of sustainable
materials and equipment; the sustainable

building process; the sustainable
maintenance; and the sustainable liquidation,
meaning the conversion of outputs into the
inputs of reuse, remanufacturing or
recycling. These phases involve three
different levels of study: organizational,
meaning decisions related to planning and
organizing in the company; processes,
meaning decisions regarding the processes of
the building; and workgroup, meaning
decisions related to the worker level.

The model proposed in this paper can be
useful for measuring the circularity thinking
in a construction company. The following
concept represents deterministic calculation
of the Circular Economy Index (values: 0 -
100%) understood as a total performance of
the company in terms of the CE.
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FINAL SCORE OF THE CIRCULAR ECONOMY IN
CONSTRUCTION COMPANY - CIRCULAR ECONOMY INDEX

(CEI)

Score for
"Workgroup'
section (SW)

Score for Score for
'Organisation'’ 'Processes’ section
section (SO) (SP)

Fig. 4: Conceptual model of measuring circularity thinking in construction companies

The above figure shows a conceptual model
of measuring company’s circularity thinking,

which is based on the formula described by
the following equation:

CEI = Arithmetic mean (SO;SP;SW) = Arithmetic mean (Weighted arithmetic
mean(SO_DE;SO_MM;SO_CP;SO_MA;SO_EL);Weighted arithmetic (1)
mean(SP_DE;SP_MM;SP_CP;SP_MA;SP_EL);Weighted arithmetic
mean(SW_DE;SW_MM;SW_CP;SW_MA;SW_EL))

Where:

CEI - Circular Economy Index

SO - Score for ‘Organization’ section
SP - Score for ‘Processes’ section
SW - Score for ‘Workgroup’ section

SO_DE - Score for ‘Design’ level in
‘Organization’ section

SO_MM - Score for ‘Manufacture of materials’
level in ‘Organization’ section

SO_CP - Score for ‘Construction’ level in
‘Organization’ section

SO_MA - Score for ‘Maintenance’ level in
‘Organization’ section

SO_EL - Score for ‘End-of-life’ level in
‘Organization’ section

SP_DE - Score for ‘Design’ level in ‘Processes’
section

SP_MM - Score for ‘Manufacture of materials’
level in ‘Processes’ section

SP_CP - Score for ‘Construction’ level in
‘Processes’ section

SP_MA - Score for ‘Maintenance’ level in
‘Processes’ section

SP_EL - Score for ‘End-of-life’ level in
‘Processes’ section

SW_DE - Score for ‘Design’ level in
‘Workgroup’ section

SW_MM - Score for ‘Manufacture of
materials’ level in ‘Workgroup’ section
SW_CP - Score for ‘Construction’ level in
‘Workgroup’ section

SW_MA - Score for ‘Maintenance’ level in
‘Workgroup’ section
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SW_EL - Score for ‘End-of-life’ level in
‘Workgroup’ section

Method: Probabilistic Estimation

This section explains the Monte Carlo
simulation method used to analyse the CE in
the building sector. The simulation is a
powerful technique to analyse and solve
complex problems. It is a technique that
imitates the operation of the system of the
real world that evolves over time. The
simulation takes the shape of a set of
suppositions about the operation of the
system, expressing through mathematics the
relationships between system components
(Winston, 2008).

The Monte Carlo simulation is a technique
that generates a random variable based on
probability distributions. Because of its
flexibility, most assumptions can be relaxed
so that operating rules, including policies and
components ageing processes, can be
accounted for in the model (Zio, 2013). After
defining a parametric model, saving the
values begins the simulation process. Next,

o
E?:j_'r"fri'xz' E_;f:j_"'"

the iterative process is repeated thousands of
times until the moment that each rank
becomes a frequency distribution, allowing
us to evaluate descriptive statistics such as
variance, confidence, limits, and so on (Tate,
2012).

The output of the Monte Carlo simulation
proposed in this paper is a probability
distribution for the final result, showing a
degree of the enterprise’s involvement in the
CE. Monte Carlo simulations have been used
to research many aspects of not only
enterprises and projects (Dutra, Ribeiro and
de Carvalho, 2014; Mangla, Kumar and
Barua, 2014; Gonzalez Dan et al, 2016) but
also sustainability issues (Olaru, Sandru and
Pirnea, 2014; Arnold and Yildiz, 2015; Pask
et al, 2017). However, its previous
applications, for example, in the field of
economics, do not concentrate on the CE,
particularly the construction sector. Such a
possibility is discovered in this paper.

The simulations run according to the
following equation:

) 5 .
x} Ek:l”’k Xy

CES =

5 5
=1 Wi =W

3
k=1 Wi (2)

Where:

CES - Circular Economy Scale

wi - weights of particular indicators in
‘Organization’ section

xi — set of probabilistic indicator values in
‘Organization’ section

wj - weights of particular indicators in
‘Processes’ section

xj - set of probabilistic indicator values in
‘Processes’ section

wk - weights of particular indicators in
‘Workgroup’ section

xx — set of probabilistic indicator values in
‘Workgroup’ section

n - number of sections (n=3)

The parameters Xx;, x; and xx are input random
variables that affect the probabilistic results

of the construction enterprise maturity in
terms of the CE. The probability distributions
of the variables and their statistical
properties may be input from a database or
may be specified by experts. The probability
distributions, which are established for each
random variable, enable simulation of the
corresponding random numbers. The
Circular Economy Scale (CES) is generated in
subsequent iterations by values of the input
variables. After each iteration, the output is
different because each time a new draw is
performed, the CES values gained in the
simulation, after a defined number of
iterations, create a random variable f.

Multiple iterations allow calculating the
probability of the construction enterprise
maturity in terms of the CE and thus the
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reliability of the deterministic estimation of
this indicator. The simulations were
conducted with an add-in called "@RISK"
Risk Analysis Add-in for Microsoft Excel
Version 7.5.1: Industrial Edition.

Results of the Simulation
The indicators were grouped into three

different levels - organizational level,
processes and workgroup, looking for the

best indicator selected by experts and
authors from the literature review, of each
phase of the life cycle. The key indicators at
the organizational level with their desired
values are shown in Table 1, at process level
in Table 2, and at work-group level in table 3.

Table 4 shows calculation results of the
Circular Economy Index (CEI). In the sample
case, its value is 58,78%.

Table 4: CEI calculation results

YEAR: 2016 STAKEHOLDER: Designer Manufacturer Contractor Investor
MANUFAC
CONSTRUCTION END-OF-LIFE /
NO. / PHASE: DESIGN  target w; | TUREOF target w; target w; |MAINTENANCE target w; target w;
PROCESS DEMOLITION
MATERIALS
SCORE: 1 03 1 1 1
=
<] 0,52 2 08 ] 08 1
2
3 TARGET: 3 07 108 09
= 0,86 4 015 | o8 1
g PERFORMANCE: 5 | 0,6 107 o5
60,67% 0,24 0,8 0,56 0,56 0,63 0,81 0,09 0,48 0,3 0,35
SCORE: 1 08 1 1 1
0 0,63 2 08 09 1
4 TARGET: 3 0,7 1 1 os
§ 0,92 a 015 ] o8 1
& PERFORMANCE: 5 | 0,75 ]ajg 0,6
68,85% 0,48 0,6 0,56 0,63 0,56 0,8 0,105 0,56 0,45 0,54
SCORE: 1 03 J o7 o
5 0,61 2 08 | 1 1
o
& TARGET 3 07 lo04 1
g 0,76 4 015 | 03 1
S PERFORMANCE: 5 0,75 09 04
80,43% 003 021 0,76 0,95 0,665 0,38 0,075 0,45 0,3 0,36
CLOSING LOOP
58,78% <- FINAL SCORE OF THE CIRCULAR ECONOMY IN CONSTRUCTION COMPANY

The deterministic calculation was followed by a probabilistic estimation of the Circular Economy

Scale (Figure 5).
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CLOSING LOOP
55,63% 58,78%
5.0% m_ 17,1% |
1,0 4 /7
0,8 4
—— CLOSING LOOP
0,6 1
Minimum 53,4315%
Maximum 61,7727%
Maan 57,6585%
0,4 SwDev  1,1864%
Values 5000
0,2 4
0,0 v — r v v v T T d
™M - w O I~ s o] o o -— ~
(T w T3] (T3] (T3] w (73] (=] 0 0

Fig. 5: Cumulative distribution of the CES after 5000 iterations

The simulations were conducted in "@RISK"
during 5000 pre-set iterations. For the same
case as for deterministic values, a level of
58,78% in Circular Economy Index can be
reached only in 17,1% configurations what
can be treated as a reliability of the
deterministic estimation of the Circular
Economy Index.

Discussion

The construction sector needs to undertake
profound reforms to minimize its negative
externalities, particularly in the areas of
waste generation and resource management,
which will ultimately result in a reduction in
its environmental impact.

Therefore, the transition to another model of
production such as the CE is not a question of
social responsibility alone, but instead has
become a strategic factor that guarantees the
company’s future continuity. In this scenario,
the CE is shown as a model upon which the
construction sector can rely to achieve its
environmental impact reduction objectives.

A new paradigm guarantees the maximum
use of resources and their biodegradability.
The consideration of resources and
technological nutrients leads us to consider
the outputs of production processes as future

inputs in other processes. The ideas of
reducing, reusing and recycling are the basis

of the new productive systems. Their
application will translate into future
sustainability. Moreover, public

administrations, companies and institutions
that seek sustainability have the right to ask
companies to build their facilities in a
manner that applies the CE in their
processes. The problem is that there is no
scale that allows us to measure the degree to
which the CE is implemented.

To resolve this issue, a scale of desirable
indicators of the company’s circularity
thinking was prepared. However, the
application of life cycle theory to the building
sector allows establishing 5 phases in which
circularity thinking of the company is
considered: the design phase, the
manufacture of materials phase, the
construction process phase, the maintenance
phase, and the end-of-life phase. From
practical point of view, it is easier to
minimize the environmental impact in a
systematic manner. In addition, it is useful to
establish the level of the decisions,
distinguishing between the organizational
level, processes, and workgroup. Measuring
the degree of the implementation of CE in
each phase, the companies can be ranked,
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allowing businesses and administrations to
evaluate the sustainability and create more
effective strategies.

After the design of the scales, a Monte Carlo
simulation method was used to evaluate the
reliability of the CE measure. The results
indicate that this scale will be useful to assess
and evaluate each building project’s
environmental impact. The results show the
relevance of each indicator and the desirable
target, keeping in mind both each phase and
each level.

First, the design phase indicators as design
thinking on deconstruction strategies are a
key indicator, with 100% being a desirable
value (at the organizational level); in
addition, the scale uses indicators related to
design based on the full BIM (Building
Information Modelling) standard (at the
process level), 100% being the desirable
value; indicators of ‘Closed loop’ instruction
for designer (at the workgroup level) are also
relevant; the desired value of this group
would be 70% of fulfilment.

Second, in the phase of material
manufacturing, the initiatives for sustainable
production are a key indicator of the CE at
the organizational level, and the desirable
value is 80%. Moreover, continual
improvement in the application of the CE at
the process level is relevant, requiring a
value of 90%. Focusing on the workgroup
level, the indicator uses more sustainable
sources, reuses components, recycles, and
applies 3R (Reduce-Reuse-Recycle) ideas to
the process; its target is 100%.

Third, in the phase of the construction
process, focusing on the organizational level,
it is desirable for the indicator energy use
intensity to show a value of 90%, whereas at
the process level, a percentage of
construction site waste generated must be
established, with a value target for this item
of 100% of fulfilment. However, at the
workgroup level, we need to measure the
level of waste and components recollected
for reuse and recycling by applying 3R
principles. The target for this indicator is
40%.

Fourth, in the phase of building maintenance,
analysed at the organizational level, the
management of building strategies is a key
indicator with a value of 80%; processes
based on BIM at the process level have an
expected value of 80%, and instructions
based on CE and BIM at the workgroup level
have a desirable value of 90%.

Finally, the phase ‘end of life’ includes, at the
organizational level, the indicator decision
accuracy of demolition time and transition to
another loop, with an expected value of 70%;
the decision accuracy of demolition methods
regarding the process level has an expected
value of 90%, and the indicator of the
decision accuracy of demolition techniques at
the workgroup level has an expected value of
90%.

Conclusion

Based on the results, the paper contributes to
develop the transition of the linear model to
the circular model. Low scale values imply
building companies working in the linear
model, whereas high values of the final score
for the CE show that companies make a
commitment to implementing this model.
Therefore, this paper’s primary contribution
lies in designing a scale of measurement of
the degree of CE implementation, which will
be useful for both government and
businesses by facilitating the transition to the
CE. Besides, a use of Monte Carlo simulations
to rate construction enterprises in terms of
their propensity to conduct activities based
on the CE concept is an innovative solution.
This may be treated as another contribution
of the paper..

Limitations and Future Research Line

This paper has the limitations derived from
the use of a simulation method. It could be
solved through a quantitative study using a
Confirmatory Factor Analysis, which allows
establishing the statistical properties of the
scale. Another limitation originates in the
horizontal nature of the research. The
indicators are gathered at one point in time.
It would be worthwhile analysing the
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circularity from an evolutionary perspective.
Such an approach would use extended
periods to isolate temporal phenomena that
could distort the outcome. The limitations
and the depth of the study have led to a
series of future research proposals that are
set out below. It is believed that it would be
interesting to design a scale, not for a specific
moment in time, but over a broader period of
time and using longitudinal analysis to
observe the evolution of the indicators.
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