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Waste generated by the Construction Sector represents an environmental problem in many countries. To achieve
increasingly eco-efficient waste management, Life Cycle Assessment (LCA) provides an objective method for the
quantification of the potential impact that waste management exerts on the environment. Traditionally, LCA has
focused on the evaluation of non-prevention scenarios once the waste is generated, mainly by showing the ben-
efits of recycling vs. disposal. Consequently, the literature has hardly addressed the positive environmental im-
pacts caused by waste prevention, that is, the reduction at source, which constitutes the preferred option of any
waste management hierarchy. Therefore, this study proposes a model to simulate the environmental performance
of the prevention vs. the non-prevention of construction waste production. The model is applied to an urban sys-
tem of residential buildings in Spain. The results provide evidence of the environmental benefits achieved with
the prevention scenario. The prevention scenario reduces the construction waste generated in the non-prevention
scenarios by up to 57%. Furthermore, it allows a potential reduction of up to 4.6 and 171.1 times the impact
caused by the disposal scenario; and up to 1.7 and 8.3 times those of the recycling scenario. The model can be
implemented in other contexts with other reference buildings, and enables the environmental benefits of reduc-
tion strategies to be studied, thereby providing a tool to guide and support decision-making during the building
design stage. Moreover, the results obtained can help professionals and policymakers to incorporate effective
construction waste prevention measures in waste prevention plans and programs.

© 2021

1. Introduction

Construction and Demolition Waste (CDW) generation represents
an environmental problem in many countries. In the EU, CDW com-
prises the largest waste stream, 36% of all waste generated (Eurostat,
2018). The construction sector requires vast amounts of resources and
accounts for about 50% of all extracted material (European Commis-
sion, 2020a). The inefficient use of resources has an impact on the en-
vironment. Greenhouse gas (GHG) emissions from material extraction,
manufacturing of construction products, construction, and renovation

Abbreviations: ADP, Abiotic Depletion Potential; AP, Acidification Potential; BIM,
Building Information Modeling; CDW, Construction and Demolition Waste; CTE, Cédigo
Técnico de la Edificaciéon; CW, Construction Waste; ED, Energy Demand; EN, European
Standard; EP, Eutrophication Potential; EU, European Union; GHG, Greenhouse gas; GWP,
Global Warming Potential; HTP, Human Toxicity Potential; ISO, International Organisa-
tion for Standardization; LCA, Life Cycle Assessment; LCI, Life Cycle Inventory; LCIA, Life
Cycle Impact Assessment; MH, (mirror) Hazardous; MNH, (mirror) Non Hazardous; MSW,
Municipal Solid Waste; NPS, Non-Prevention scenario; O1, Option 1; 02, Option 2; ODP,
Ozone Depletion Potential; POP, Photochemical Ozone Potential; PS, Prevention scenario;
RB, Reference Building.

* Corresponding author.
E-mail address: cllatas@us.es (C. Llatas)

https://doi.org/10.1016/j.wasman.2021.03.047
0956-053/© 2021.

of buildings are estimated at 5-12% of total national GHG emissions
(European Commission, 2020a). To reduce environmental and cli-
mate impacts, prevention is the preferred option for any waste hierar-
chy (European Commission-JRC, 2018). In fact, in the EU the reduc-
tion of the amount of waste generated takes precedence over the max-
imisation of recycling and re-use in procurement processes (European
Commission-JRC, 2016). Furthermore, several initiatives, such as the
European Green Deal (European Commission, 2019), the EU frame-
work Level(s) (European Commission-JRC, 2021), and the forth-
coming strategy for a sustainable built environment (European Com-
mission, 2021), are committed to a more resource-efficient construc-
tion and waste prevention. However, the new Circular Economy Action
Plan recognises that, despite efforts at both EU and national levels, the
amount of waste generated is not diminishing (European Commission,
2020Db).

The scientific community has emphasised the key role of the build-
ing design stage in preventing CDW (e.g., Bossink and Brouwers,
1996; Poon and Jaillon, 2002; Osmani et al., 2008; Won et al.,
2016; Llatas and Osmani, 2016.), although research efforts towards
the reduction of CDW production still appear limited when compared
with recycling studies (Yuan and Shen, 2011). Many approaches ad-
dress the causes and strategies for the reduction of CDW, but there re-
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mains a lack of studies that investigate the environmental consequences
of preventing CDW production. Moreover, research endeavours over re-
cent decades (Craighill and Powell, 1999; Blengini, 2009; Ortiz et
al., 2010; Martinez et al., 2013) have been largely focused on show-
ing the environmental benefits of recycling CDW rather than on its ac-
tual reduction. Consequently, there is a wide gap in the literature re-
garding the environmental impact related to CDW prevention, which is
mainly due to the lack of quantitative environmental assessment meth-
ods that include prevention.

Therefore, this study presents a model based on Life Cycle Assess-
ment (LCA) standards (ISO, 2006a; 2006b). The main innovation
therein is that it enables the evaluation of prevention scenarios (PS) vs.
non-prevention scenarios (NPS) of the construction stage of new build-
ings, defined as follows:

m PS that apply prevention measures to baseline scenarios (e.g., they de-
sign waste-reduction strategies that reduce construction waste (CW)
generation at source).

m NPS are baseline scenarios that do not apply prevention measures and
treat the CW once generated (e.g., they re-use, recycle, and/or incin-
erate).

A real-world case study was carried out on Spanish residential build-
ings to verify the implementation of the LCA model. The model simu-
lates various scenarios and quantifies the environmental impacts caused
by PS vs. those caused by NPS, and hence provides a tool to guide and
support decision-making during the design stage, thereby contributing
towards the challenge of achieving increasingly efficient buildings.

2. LCA and prevention scenarios (PS) versus non-prevention
scenarios (NPS)

2.1. LCA and NPS

LCA has become one of the most objective and useful quantita-
tive methods for the evaluation of the environmental impact of build-
ings (Bahramian and Yetilmezsoy, 2020). In the field of CDW, its
main development has been the so-called “traditional LCA” (Nessi et
al., 2013; Bizcocho and Llatas, 2019), which employs various ap-
proaches to assess potential environmental impacts caused by CDW
management options, once CDW is generated:

® To express the environmental benefits achieved with the recycling of
separated waste fractions (Grant and James, 2005; DECCW, 2010)
and with that of mixed waste (Blengini and Garbarino, 2010; Mer-
cante et al., 2012).
® To show the benefits achieved with the use of recycled materials vs.
the use of natural materials (Marinkovié et al., 2010; Pantini et
al, 2018; Yazdanbakhsh, 2018).
To compare the impacts of various NPS, by showing the benefits of
re-use and recycling with respect to disposal: (i) recycling vs. dis-
posal (Craighill and Powell, 1999; Blengini, 2009; Butera et
al., 2015; Penteado and Rosado, 2016; Vitale et al., 2017); (ii)
re-use vs. recycling vs. disposal (Balazs et al., 2001; Martinez et
al., 2013; Xia et al., 2020); (iii) recycling vs. incineration (Rivela
et al., 2006); (iv) recycling vs. disposal vs. incineration (Jambeck
et al., 2007; Ortiz et al., 2010); (v) recycling vs. downcycling vs.
disposal (Di Maria et al., 2018).

These studies contribute to the Circular Economy challenges that aim
to extend the life cycle of waste materials by reducing the flow of waste
once it has been generated (mainly in the end-of-life phase); the preven-
tion of waste production at source, however, is not addressed. Further-
more, a major handicap to comparing results between different evalua-
tions is the lack of standardisation both in the functional unit and in the
system boundary (Bovea and Powell, 2016).

2.2. LCA and PS

Within the European framework, “waste prevention” is any measure
taken before a substance, material or product becomes waste, that re-
duces: (a) the quantity of waste, including reduction through re-use of
products or extension of product lifespan; (b) adverse impacts of gener-
ated waste on the environment and human health; and (c) the content
of hazardous substances in materials and products (European Commis-
sion, 2018a). Waste prevention is the most efficient way to improve re-
source efficiency and to reduce the environmental impact of waste. EU
Member States are requested to prepare national waste prevention pro-
grams, in which waste managers and policymakers have to address pre-
vention. Several studies highlighted the limitations of “traditional LCA”
regarding the ability of waste management to include waste prevention
(Ekvall et al., 2007; Nessi et al., 2013). It is employed to compare
NPS, in which the functional unit is usually the amount of waste gener-
ated, equal in all NPS, and the system boundaries include the processes
once the waste is generated, that is, downstream processes (e.g., sorting,
transport to waste treatment facility, and waste processing). Moreover,
Gheewala (2009) revealed the inability of “traditional LCA” to include
the effects of waste prevention activities in the responsibilities of waste
management, and the limitations in the applicability of the methodol-
ogy as a decision support tool in waste management planning and poli-
cymaking: these are to be addressed in future research.

2.2.1. LCA and municipal solid waste (MSW) prevention

In order to overcome the aforementioned limitation, various studies
address the inclusion of prevention in LCA waste management, mainly
in the field of MSW. Cleary (2010) proposed an approach named
WasteMAP LCA (Waste Management and Prevention LCA), and subse-
quently evaluated the life cycle effects of waste prevention activities on
a residential waste management system (Cleary, 2014). Nessi et al.
(2013) identified the two main methodological milestones:

The redefinition of the functional unit. With prevention, the same
functional unit cannot be used in all scenarios, since certain scenarios
appear with less waste.

® The redefinition of the system boundaries. With prevention, the
processes before the waste is generated (i.e., upstream processes) must
be considered.

Other LCA studies applied to MSW detect priority waste streams for
prevention (e.g., food in Sakai et al., 2017). Further developments im-
plement tools, such as WARM (EPA, 2019), where generic energy fac-
tors are employed to estimate GHG emission reductions and energy sav-
ings.

2.2.2. LCA and CDW prevention

In the field of CDW, the inclusion of waste prevention in LCA is ad-
dressed in Bizcocho and Llatas (2019), where two models are devel-
oped: one general and one simplified. However, the incidence of build-
ing materials added (+m) or avoided (—M) in the PS is not considered
(see Fig. 1 and Section 3.3). The study was also limited to a single
waste fraction (concrete), of a single building, thus requiring further de-
velopment. Moreover, this study reveal that the main barrier to the ap-
plication of LCA to buildings when prevention activities are included is
the considerable investment of time, which is largely due to the com-
plexity in performing the inventory phase in a building. The incorpo-
ration of upstream processes from prevention activities, aggravates this
issue, which provides evidence that simplification is required. There-
fore, given the lack of attention that the scientific community has paid
to the study of the environmental effects of CDW prevention, the in-
terest in developing tools that support waste prevention programs, and
the opportunity provided by the previous models developed in the field
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Fig. 1. Variables of the model.

of CDW prevention (Llatas, 2011; Llatas and Osmani, 2016; Bizco-
cho and Llatas, 2019), this study presents a model for the quantifica-
tion of the environmental impact of various CW management scenarios,
including CW prevention.

3. Method

This study aims to simulate the management of waste generated dur-
ing the construction stage of new buildings (CW) in PS vs. NPS, as shown
in Fig. 1. The use and end-of-life stages of the building fall outside the
scope of this study. PS,, is the nth PS, which reduces the amount of CW
at source through design waste reduction strategies, while NPS,, is the
n™ NPS, which considers waste management options, such as recycling
and disposal, once CW has been generated. This evaluation can be con-
ducted in the design phase and can serve as a decision-making tool for
the selection of building elements with a low environmental impact. An
integrated urban system of buildings is used as a basis to obtain the vari-
ables of the Model. Within this system, a representative building, called
the Reference Building (RB), is configured to obtain the generic envi-
ronmental impact factors. Subsequently, the quantification can be per-
formed of the environmental impact of any building at this location with
similar characteristics. Fig. 1 shows the main variables of the Model and
the two methodological options (see Section 3.5.2.), which can be ob-
tained through the 5 steps described below. Finally, a case study shows
the usefulness of the Model.

3.1. Step 1. Selection of an integrated urban system of buildings

An Integrated Urban System of Buildings, defined as “a group of in-
terrelated buildings number “n” (B,,) with similar typological and con-
structive characteristics in a geographical area”, is selected. Within this
system, two subsystems are identified: a Material Manufacturing Subsys-
tem, which includes manufacturers and suppliers of building materials;
and a Waste Management Subsystem, which includes the necessary fa-
cilities for CW treatment.

3.2. Step 2. Quantification of CW in NPS

This step quantifies “Q”, the CW generated in NPS (see Fig. 1). To
analyse “Q”, equal in all NPS,, it is necessary to identify and quantify
the CW generated for each building (B,). A CW quantification model

(Llatas, 2011), based on quantification factors, links the construction
procedures adopted in the project with the types and quantities of CW
generated, thereby obtaining “Q” listed in accordance with the European
List of Waste (LoW) (European Commission, 2014).

3.3. Step 3. Application of CW prevention strategies and quantification of
CWin PS

This step quantifies “q”, “p”, “m”, and “M” (see Fig. 1). Subse-
quently, the CW prevention strategies are developed in PS, by using a
CW reduction model (Llatas and Osmani, 2016), which links the de-
sign variables that affect CW reduction with the types and quantities of
CW reduced. This model applies both soft (e.g., modulation, standardisa-
tion, and optimisation) and hard design reduction strategies (e.g., re-use
of CDW and cleaner technologies) to the original building elements in
the NPS,,. Alternative low-waste building elements in PS; are obtained
and the amount of CW generated in PS; (q) is quantified and listed
according to the European LoW (European Commission, 2014). The
amount of CW prevented (p) is obtained by subtracting “q” from “Q”.

Two types of alternative low-waste building elements can be used in
PS;:

(i) Reductive building elements, which reduce CW and do not modify
the materials of the original building elements. For example, the use
of modular coordinated brick walls instead of uncoordinated brick
walls reduces CW, prevent brick breakages, and the materials in-
cluded within both brick walls (bricks, mortar) are equal.

(ii) Substitute building elements, which reduce CW but modify the ma-
terials of the original building elements. For example, the use of pre-
cast concrete, instead of concrete cast in situ, reduces CW, prevents
concrete losses, and obviates the need for timber formworks, but the
materials have been modified since they have been manufactured
differently.

This differentiation was considered in previous studies (Nessi et al.,
2013; Bizcocho and Llatas, 2019), since those processes added and
avoided due to the use of alternative building elements should be con-
sidered. Therefore, “m-M” is obtained only for substitute building el-
ements, since, in the reductive building elements, m = M, and conse-
quently m-M = 0, where “m” is the amount of the materials for the al-
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ternative building element in PS;, and “M” represents those for the orig-
inal building element in NPS,,.

3.4. Step 4. Reference building (RB) configuration

An RB is proposed, since the location of the buildings plays a cru-
cial role in the LCA results, mainly due to waste transportation and the
distances between the working site and the waste management facili-
ties (Blengini and Garbarino, 2010; Mercante et al., 2012; Biz-
cocho and Llatas, 2019; Pantini and Rigamonti, 2020). The RB is
defined as “a theoretical building, located in the geometric centre of an
Integrated Urban System of Buildings, whose types and amounts of CW
generated and prevented are representative of these building systems”.
According to this definition, the CW of the RB generated in the PS, and
NPS,, is obtained from the average of the interrelated buildings (B,,) that
comprise this system. The RB marks the geographical point of supply
of building materials and CW generation with respect to which the dis-
tances, a key parameter, of the Material Manufacturing Subsystem (e.g.,
material manufacturers, suppliers) and the Waste Management Subsys-
tem (e.g., recycling plants, landfills), will be considered in order to cal-
culate the generic environmental impact factors.

3.5. Step 5. Quantifying environmental impacts in PS vs. NPS

The method for quantifying the environmental impact follows the
methodological framework described in the LCA standards (ISO,
2006a; 2006b). A simplified calculation procedure is developed from
Bizcocho and Llatas (2019), starting from the assumption that the to-
tal impacts of all the CW generated in a scenario are considered equal
to the sum of the partial impact of each CW fraction generated. This as-
sumption is also considered for the quantification of global impacts ac-
cumulated from partial impacts of processes in LCA on buildings (EN,
2011). The partial impact associated with each CW fraction is obtained
by multiplying the value of the impact per ton (F), known as the impact
factor, by the total of tons generated (q in PS,, Q in NPS,,). “F” is ob-
tained in accordance with the simplified model proposed in Bizcocho
and Llatas (2019).

3.5.1. Quantifying generic impact factors (F)

To obtain “F”, both the CW upstream processes («) regarding the
Material Manufacturing Subsystem and the CW downstream processes
(Q) regarding the Waste Management Subsystem are considered for each
type of CW managed. Upstream Impact Factors (Fa) include the envi-
ronmental impact due to the necessary processes from the extraction of
1 ton of CW until it becomes waste (raw material, transport to manu-
facturer, manufacture, transport to the building site, and construction
processes). “Foa” are also considered in those building materials added
(+m) or avoided (—M) through the substitute building elements. Down-
stream Impact Factors (Fg) include the environmental impact caused by
the treatment of 1 ton of CW once generated (sorting, transport to waste
treatment facility, processing in recycling or disposal facility). CW re-use
is excluded from the analysis. “F” can be calculated specifically for each
building (B,). However, the simplified procedure proposes using generic
“F” quantified for a representative building, in this case, the RB.

3.5.2. Quantifying environmental impacts

Finally, having obtained the variables of the model (Q, q, p, m, M,
Fy Fo) (see Fig. 1), the environmental impact can be quantified. The
calculation procedure considers both the additional processes, as well
as the avoided processes introduced as a result of the application of
CW prevention strategies, during the construction stage. The alterna-
tive building elements modify both building materials (bricks, concrete,
iron, etc., used in the building), and waste materials (building materi-
als and their packaging supplied but left unused in the building, due to
losses, breakages, etc.). Therefore, the additional and avoided upstream

of building materials (m-M) are included together with the additional
and avoided upstream and downstream of waste materials (q-Q). In ad-
dition, the analytical expressions are reformulated to consider the vari-
ables “m” and “M”, which were not previously considered in Bizcocho
and Llatas (2019).

Fig. 1 shows two methodological options, whose main difference lies
in the system boundaries. Both options consider downstream impacts
in all scenarios, since they include CW management. In NPS, the im-
pact is greater than in PS since the amount of CW generated is greater
(Q > q). The difference between the two options lies in the way of allo-
cating the upstream processes of the prevented CW (p = Q-q). In Option
1 (0O1), upstream processes are included in the form of added loads in
NPS, while Option 2 (02) applies the “zero-burden assumption” (Ekvall
et al., 2007) as the “traditional LCA”. Therefore, in 02, the NPS do not
include upstream processes of CW because these are equal in all NPS,
and the avoided loads of the upstream processes of the prevented CW
are allocated in the PS. Note that the net impact between the scenarios
is the same in both options. Likewise, both options consider in the PS
the upstream processes of the added and avoided materials (m-M). O1
estimates the impact using Eq. (1) and Eq. (2), while O2 uses Eq. (3)
and Eq. (4).

XIJ;/P] = ZQiXFQf:-FZ(%—Qi)xFai D
Xpy = i} FQ = 3 im; = M) X Fa; -
XJJ\IIPZ = ZQ;’XFQJI: @)

n n
Xpy =D axFQ| =Y (g - Q) xFa]
f b )
- 2 (m; — M;)xFa!
i

where X{\./m is impact “j” of an NPS; in O1; Xf,l is impact “j” of a PS, in
01; X}, is impact “j” of an NPS, in 02; X}, is impact *j” of a PS, in

02; O; is the quantity in tons of the fraction i of CW generated on-site
without applying prevention measures in an NPS;; ¢i is the quantity in
tons of the fraction i of CW generated on-site by applying prevention
measures in a PS,; M; is the quantity in tons of the building material i
necessary to construct the building elements in an NPS;; 7 is the quan-
tity in tons of the building material i necessary to construct the building
in a PS,; F a’, is impact “j” associated with the upstream processes of 1
ton of the fraction i of generated CW or those of 1 ton of building ma-
terial i necessary to construct the building elements; and F q is impact
“j” associated with the downstream processes of 1 ton of the fraction i of
generated CW.

3.5.3. LCA-based calculation phases

Based on all the aforementioned aspects, additional issues are con-
sidered in the LCA phases according to current standards (ISO, 2006a;
2006b).
3.5.3.1. Definition of goal and scope The Integrated Urban System of
Buildings in a specific location is selected, together with the CW frac-
tions and the CW management scenarios to be analysed. The functional
unit is defined as “the management of the CW of a building which fulfils
a given set of functions in a location” (Bizcocho and Llatas, 2019).
The system boundaries are established depending on each methodolog-
ical option. Regarding the procedures of load allocation, the “avoided
load” or “system expansion” approach (Finnveden et al., 2009) can be
applied in order to solve the problem of allocation in recycling cases. In
addition, the assumptions adopted may be indicated.
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3.5.3.2. Life cycle inventory (LCI) For each fraction of CW prevented
(q-Q), and for each building material added or avoided (m-M), the
data of the processes involved in each scenario are collected. The data
sources, in order of priority, include primary data collected directly
from the companies involved (e.g., raw material, energy (electricity, NG,
etc.), and wastes (emissions as well as solid waste), followed by sec-
ondary data obtained from official data, public databases, and bibliogra-
phy. The group of interrelated facilities and processes at a location that
involve upstream processes forms part of the Material Manufacturing
Subsystem and the group of those that involve downstream processes
forms part of the Waste Management Subsystem.

3.5.3.3. Life cycle impact assessment (LCIA) Environmental impact is
evaluated using the CML 2001 method (Guinée et al., 2001) accord-
ing to the categories of Climate Change (GWP), Acidification (AP), Eu-
trophication (EP), Stratospheric Ozone Depletion (ODP), Human Toxic-
ity (HTP), and Photochemical Oxidation (POP). Primary Energy (ED) is
also calculated by the Cumulative Energy Demand method. To quantify
the impact, LCA software, such as SimaPro or GaBi, can be used.
3.5.3.4. Analysis of results The model enables the impact to be ascer-
tained according to the two methodological options, in terms of CW frac-
tions, in terms of CW management scenario, for the entire building, etc.
One utility of the model can be the use of quantitative indicators that
make it possible to compare not only CW management scenarios, but
also the impact that buildings have due to their CW management. These
indicators can form a basis for the creation of benchmarks for CW man-
agement in buildings at a location.

Table 1
Characteristics of an urban system of residential buildings in seville.

3.6. Case study

A case study is developed to verify the model. A group of 8 actual
residential buildings (B;-Bg) promoted by a public developer (EMVIS-
ESA, 2020) was selected (Table 1). These buildings were analysed in
the framework of two research projects (Spanish Government, 2018;
Andalusian Government, 2020).

4. Results and major findings
4.1. Integrated Urban system of buildings

The Integrated Urban System of Residential Buildings (B;-Bg) in
Seville, Spain, and both the Material Manufacturing Subsystem, and the
Waste Management Subsystem were analysed (Bizcocho, 2014; Bizco-
cho and Llatas, 2019). Fig. 2 shows the location of the buildings and
the main waste treatment facilities. Table 1 shows the similar typolog-
ical and constructive characteristics of the buildings. All of these con-
structions were multi-family housing with 5 to 9 storeys with structural
systems mainly made of cast-in-situ concrete, and with facades and par-
titions of brick walls. These building systems were used in the baseline
NPS. All buildings, as well as their alternative systems in the PS, were
designed in compliance with the minimum functional and technical re-
quirements in Spain (CTE, 2006).

Residential
building Bl Bg B3 B4 B5 B6 B7 Bg
Description 109 housing- 134 housing- 204 housing- 147 housing- 225 housing- 245 103 housing- 66 housing-
multi-family multi-family multi-family multi-family multi-family housing- multi-family multi-family
multi-
family
Location Plot MA 3.1, Pol. Plot MA 3.2, Pol. Plot A 2.2, Pol. Plot A 3.4, Pol. Plot MC 1.2, Pol. Plot Plot P.2. Campo Plot Avda. de
Aeropuerto, Aeropuerto, Aeropuerto, Aeropuerto, Aeropuerto, Porvenir, los Martires, Andalucia,
Sevilla Sevilla Sevilla Sevilla Sevilla Sevilla Sevilla Sevilla
Construction VIAS VIAS Copcisa CYES San José Acciona Dragados Sanrocon
Company
Developer EMVISESA EMVISESA EMVISESA EMVISESA EMVISESA EMVISESA EMVISESA EMVISESA
Gross Floor 13,910 17,981 23,906 18,592 27,375 45,705 14,112 7,618
Area (m 2)
Number of 5-8 7-9 6-8 7-9 5-8 9 6 5
stories
Structure Cast in situ Cast in situ Cast in situ Cast in situ Cast in situ Cast in Cast in situ Cast in situ
situ + steel
Facade Brick wall Brick wall Brick wall Composite Brick wall Concrete Phenolic board Aluminum
panel panel
Roof Cast in situ flat Cast in situ flat Cast in situ flat Cast in situ flat Cast in situ flat Cast in situ Cast in situ flat Cast in situ flat
roof roof roof roof roof flat roof roof roof
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Fig. 2. Location of buildings (B;-Bg), Reference Building (RB) and CW management facili-
ties in Seville.

4.2. CW generated in NPS

The CW was quantified in NPS and listed according to the European
LoW (European Commission, 2014). In order to automate the calcu-
lations, a tool developed under a research project (Andalusian Gov-
ernment, 2020) was employed. The main CW fractions were identified,
and the amount (Q) was estimated, whereby ratios of CW generation be-
tween 0.073 t/m? (By) and 0.127 t/m? (B,) were obtained (see Supple-
mentary Table 1).

Other studies in Spain handle similar CW generation ratios: for ex-
ample, 0.107 t/m? in Andalusia (CGATE and CSCAE, 2020). The
highest ratio was in By, due to the greater number of elements pro-
duced on site. Most of the CW was inert and of a stony nature, with
concrete and ceramic fractions, due to the building systems used. An-

other source of CW was wood from the timber formworks and the
wooden pallets upon which the bricks, vaults, etc. were supplied. This
composition of CW is consistent with data in Spain, in which minerals
and wood are the two main streams of CDW (Spanish National Insti-
tute of Statistics, 2017).

4.3. CW prevention strategies and CW generated in PS

The CW prevention strategies were applied in the PS. The building
elements in the NPS are the original elements, and the building ele-
ments in the PS are assumed as alternatives, which can be either sub-
stitute or reductive building elements. Table 2 shows the main original
building elements in NPS, the main alternative substitute and reductive
building elements in PS and the reduction achieved. The building mate-
rials avoided (—=M) and added (+ m) with the alternatives were obtained
mainly from BCCA (Andalusian Government, 2017) and are also in-
cluded in Table 2. The functional unit is related to the unit of measure
of each building element in this database. Zero (0) values are considered
(“m-M” column) in those cases that are reductive building elements. The
last row shows the values obtained for the entire alternative RB, while
considering the total quantity of each building element.

The amount of CW generated (q) in PS was obtained. Overall CW
reductions between 42.5% (B;) and 60.7% (Bg) were achieved (see Sup-
plementary Table 2). Other studies obtained different percentages: 52%
(Jaillon et al., 2008), 84.7% (Tam et al., 2007a), and 100% (Tam et
al. 2007b), which depended on the level of prefabrication of the build-
ing.

4.4. Reference building (RB)

An RB is configured from three parameters: (i) typological charac-
teristics, surface, and location; (ii) CW generated in NPS (Q); and (iii)
CW generated (q) and prevented (p) in PS. (i) The buildings under study
were located in Seville within a radius of 4 km, with the RB as a “vir-
tual 21,150 m? residential building” located in the centre of this circle
(Fig. 2) and potentially materialised with these building systems (Table
1). (ii) The composition of the CW generated in NPS (Q) in RB, was ob-
tained from the average of the buildings (see Supplementary Table 1).
A CW generation ratio of 0.117 t/m? was attained. (iii) The composi-
tion of CW generated in PS (q) in RB, was obtained from the average
of the buildings (see Supplementary Table 2). An average CW reduction
of 57% was attained. The amount of CW prevented (p) was obtained by
subtracting “q” from “Q”. Table 3 includes the values of “Q”, “q” and
“p” in RB.

4.5. Environmental impact in PS vs. NPS

4.5.1. Goal and scope

The goal and scope of this LCA was to compare the environmental
impact due to PS vs. NPS in the RB of an Integrated Urban System of
Residential Buildings (Table 1) in Seville, Spain. The functional unit
was the management of the CW generated during the construction of a
21,150 m? residential building in Seville, which is equal to 2,472 tons of
CW in NPS, following the composition of “Q” (Table 3) and 1,060 tons
of CW in PS, following the composition of “q” (Table 3). The method-
ological option used was that of O2 (Fig. 1), since it is closest to “tra-
ditional LCA”, which is a long-established method to assess various NPS
(Nessi, 2013; Bizcocho and Llatas, 2019). The system boundaries in-
cluded the downstream and upstream processes for each CW fraction
generated. However, due to the application of the zero-burden assump-
tion, the upstream processes were excluded from the system boundaries
of NPS and appear as prevented loads in the PS as shown in Fig. 1.
4.5.1.1. CW analysed Two types of CW were identified (European
Commission, 2018b): (i) (mirror) hazardous (MH) CW; and (ii) (mir-
ror) non-hazardous (MNH) CW (see Table 3). In accordance with
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Table 2
Main original building elements in the non-prevention scenarios (NPS), alternative building elements in the prevention scenarios (PS), reduction achieved and amount of building materials
added and avoided (m-M) in PS in each alternative building element, and in the alternative Reference Building (RB).

Original
building Alternative cw’
element in building Reduction
Building element/system FU NPS element in PS % Type m-M °
Foundation m?2  Permanent Recoverable 8 S —-0.02m 3
brick metal mortar —0.05
formworks formworks mu. bricks
Site mechanical utilities u Brick wall Pre-cast 37 S 0.26 t prec.
catch-basins concrete conc.-0.10 m 3
63x63x70cm catch-basin mortar
—0.30 m 3 cast in
situ —0.15 mu.
bricks
Pillars and beams m?3 Cast in situ Pre-cast 95 S 2.40 t precast
concrete concrete
—2.40 t cast in
situ
Floors m? Cast in situ Pre-cast 98 S 0.16 m 3 precast
waffle slab concrete concrete
25 + 5, inter- hollow core —4.21 u mortar
joist concrete slabs 16 cm block
block —0.19 m 3 cast in
situ
Exterior walls m?2  Uncoordinated Coordinated 11 R 0
m?2  brick walls brick walls
Brick walls, Brick walls, 6 R 0
cement sacks mortar bulk
Forged front patched m Cut bricks on- Special pieces 78 R 0
site of bricks
Interior walls m? Brick wall Brick wall 78 R
built and undemolished
demolished,
thick: 4,0 cm
m 2 Brick walls, Plasterboard 72 S 2m?2
cement sacks panels drywall + 2.0 kg
steel
+0.5 kg gypsum
—0.01 m?3
mortar
- 0.04 mu bricks
Facilities m Circuits inside Circuits 83 R 0
brick walls, outside
with wall slot panels,
without wall
slot
Roof slope m?3  Mortar tiled Cast in situ 57 S -0.13m?3
roof on brick inverted flat mortar- 0.04 mu
wall slopes, roof, slope bricks
slope average average 5 cm,
15 cm cement non-adhered
sacks tiling
Floor finishes m?2 Uncoordinated Coordinated 15 R 0
ceramic tiled ceramic tiled
finish finish
Wall finishes m2  Gypsum Painting 26 S —0.02m?3
plaster and finish only gypsum
painting (on drywalls)
Ceiling finishes m2  Gypsum Gypsum 18 R 0
plaster and plaster, bulk
painting and painting
Carpentry m Anchorage by Mechanical 72 R 0

recess wall anchor
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Original
building Alternative cw®
element in building Reduction
Building element/system FU NPS element in PS % Type m-M ’
Building n u Original Alternative 57° R/S 5,172 t precast
Reference Reference concrete
Building Building —11424 t cast in
21,150 m 2 21,150 m 2 situ — 972 t
mortar
—1245 t bricks
+311 t drywall
—851 t gypsum
—2292 t mortar
block + 39t
steel

FU: Functional unit; R: Reductive alternative building element; S: Substitute alternative building element; u: unit.

@ Reduction by volume obtained from Llatas and Osmani (2016).
b Obtained from BCCA (Andalusian Government, 2017).
¢ Reduction by mass.

Table 3

Reference Building (RB): CW generated (Q) in the Non-Prevention scenarios (NPS), CW generated (q) and prevented (p) in the Prevention scenarios (PS), and reduction achieved in each

CW fraction.

CW "’ Reduction %

Code European Waste List Stream of CW Entry Type t waste

Q" q’ p’
17 01 01 concrete MNH 966.7 377.9 588.8 61
17 01 02/03 bricks/tiles MNH 346.6 163.0 183.6 53
17 01 07 concrete/ceramics MNH 255.0 112.9 142.1 56
17 02 04* wood MH 110.3 14.4 95.9 87
17 02 02 glass MNH 0.6 0.6 0.0 0
17 02 03 plastic MNH 0.6 0.4 0.2 29
17 03 01* bituminous mixt. MH 1.1 0.7 0.4 34
17 04 01 copper MNH 2.2 1.9 0.3 10
17 04 02 aluminum MNH 1.2 1.1 0.1 5
17 04 05 iron and steel MNH 14.7 6.3 8.4 57
17 08 02 gypsum-based mat. MNH 20.6 5.4 15.2 74
17 09 04 mixed waste MNH 113.5 53.8 59.7 53
1501 01 paper/cardboard MNH 14.4 3.7 10.7 74
1501 02 plastic packaging MNH 16.9 7.1 9.9 58
1501 03 wooden packaging MNH 591.2 306.0 285.2 48
1501 10* metallic packaging MH 6.0 2.3 3.7 62
1501 06 mixed packaging MNH 11.2 2.9 8.3 74
Total CW (t) 2,472.7 1,060.4 1,412.3 57
Total CW per GFA (t/m2) 0.117 0.051 0.066

MH: (mirror) hazardous (marked with an asterisk); MNH: (mirror) non- hazardous
4 Obtained from Llatas (2011).
b Obtained from Llatas and Osmani (2016).

Spanish legislation (Spanish Government, 2008, 2015), each type of
CW must be managed differently. This study focused on MNH CW, by
analysing 10 main fractions shown in Table 4. The wooden pallets were
considered re-used, since they are usually removed by the material sup-
pliers, and therefore remain outside the scope of the study.

4.5.1.2. Scenarios analysed For each CW fraction, four management
scenarios were assessed:

® PS;, of prevention, which reduces CW at source by applying the alter-
native building elements shown in Table 2, and the amount of CW
generated (q) is recycled in the recycling plant closest to the RB.

m PS,, of prevention, equal to PS;, with the use of recycled vs. unrecy-
cled products in alternative building elements: in this case, recycled
steel in plasterboard partitions.

® NPS;, of disposal, in which the amount of CW generated (Q) is de-
posited in the landfill closest to the RB.

® NPS,, of recycling, in which the amount of CW generated (Q) is recy-
cled at the recycling plant closest to the RB.

4.5.2. Generic impact factors (F)

4.5.2.1. Material manufacturing subsystem and waste management
subsystem To obtain “F”, both the Material Manufacturing Subsystem
(material manufacturers, suppliers), and the Waste Management Sub-
system (recycling plants, landfills) in the study area of Seville were
analysed in Bizcocho (2014) and in Bizcocho and Llatas (2019). The
analysis applied the principle of proximity and located the facilities to
obtain the distances with respect to the RB (see Fig. 2).

4.5.2.2. LCI To create the LCI, the LCA modelling assumptions con-
sidered in Bizcocho (2014) were further developed in Bizcocho and
Llatas (2019). The upstream () and downstream () processes were
analysed. One of the main difficulties involved obtaining primary data
from companies, and therefore it was necessary to finally resort to back-
ground data from databases, such as Ecoinvent v1.2 (Frischknecht
et al., 2005), and the literature. For example, processes related to
the recycling of inert CW of a stony nature were
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Table 4
Generic impact factors * in Reference Building (RB), upstream impact factors (F,), recycling downstream impact factors (Fog) and disposal downstream impact factors (Fqp), for each CW
fraction.
AP EP GWP oDP HTP POP CED
(kg SO2 eq)/ (kg PO4eq)/ (kg €O2 eq)/ (kg CFC-11 eq)/ (kg 1,4-DB eq)/ (kg C2H4) / (Ml eq)/
t waste t waste t waste t waste t waste t waste t waste
Code European
Waste List Fo For Foo Fa For Foo Fa For Fop Fa For Foo Fa For Fop Fa For Fap Fa For Fop
izr?clreoti -2.1E-01 -5.3E-03 2.0E-02 -3.1E-02-4.1E-04 4.3E-03-1.2E+02 -7.6E-01 2.7E+00 -3.7E-06 -6.2E-08 3.5E-07 -6.3E+00 -9.7E-02 1.6E+00-7.3E-03 -1.8E-04 5.1E-04-5.6E+02-1.7E+01 4.0E+01
;Zifklsgﬁé 23 -5.1€-01 -4.3E-03 2.0E-02 -6.2E-02-2.8E-04 4.3E-03-2.1E+02 -6.1E-01 2.8E+00 -1.5E-05 -4.6E-08 3.5E-07 -1.7E+01 -3.1E-02 1.6E+00 -3.7E-02-1.4E-04 5.3E-04-2.7E+03 -1.4E+01 4.1E+01
r1n7|)?io?\7c —coram, “3-1E01-3.26-03 2002 4.1E-02-8.4E-05 4.36-03-15E402 -4.7E-012.8E+00-7.4E-06 -3.1E-08 3. 56-07-9.9E+00  3.7E-021.6E+00-1.7E-02-1.16-04 5.36-04-1.3E+03-1.26+01 4.1E+01
:Z;:"‘e?l -1.4E+02-3.0E+01 8.5E-02 -4.0E+00-2.0E+00 1.4E-02-1.7E+03 -6.8E+01 1.5E+01 -1.36-04 -4.8E-05 1.4E-06 -8.8E+04 1. 1E+04 6.0E+00 -5.1E+00-9.3€-01 2.9E-03-3.1E+04 -4.8E+03 2.5E+02
:ITJ?nAir?uzm -3.7E+01-4.7E+01 8.5E-02 -3.3E+00-4.2E+00 1.4E-02-8.1E+03 -1.0E+04 1.5E+01 -4.9E-04-5.7E-04 1.4E-06 -3.7E+04 -5.2E+04.6.0E+00 -3.2E+00 -4.3E+00 2.9E-03 -1.3E+05-1.6E+05 2.5E+02
:Zeg;' 05 -4.7E+00-3.5E+00 4.3E-02 -1.0E+00-9.1E-01 8.2E-03 -1.4E+03 -1.1E+03 6.2E+00 -5.2E-05-4.0E-06 7.0E-07 -5.8E+02 1.5E+02 1.1E+01-7.9E-01-8.4E-01 1.26-03-2.2E+04-1.3E+04 1.0E+02
gp‘ﬁs‘z -1.0E+00 -1.8F-012.7E+01 -1.6E-01-4.4E-02 2.1E-01-3.4E+02 1.9E+029.4E+01-3.6E-05-6.8E-07 7.6E-07 -4.2E+01 -4.9E+00 7.4E+01 -4.2E-02 -6.4E-03 1.1E+00-5.6E+03 -2.6E+03 1.1E+02
::p.;lrm -2.7E+00-2.96+00 1.9E-01 -9.5E-01-7.2E-012.7E+00-5.9E+02 2.6E+03 1.6E+03 -8.0E-05-3.1E-05 1.1E-06 -1.6E+02 -8.5E+01 1.26+02-1.4E-01-1.1E-01 3.3E-01-2.4E+04-3.9E+04 2.3E+02
1702 03/15 0102
plastlc -1.0E+01-2.5E+00 5.3E-02 -7.8E-01-2.1E-015.2E+00-2.5E+03 -6.9E+02 1.0E+02 -2.7E-05 1.3E-058.9E-07-2.1E+02 1.9E+012.36+03-5.1E-01-1.4€-01 2.1E-02-9.2E+04-2.9E+04 1.2E+02
17 09 04/15 01 06
miked wasie 51601 4.9E-02 3.8E-02 -6.7E-02 1.5E-02 1.2E-02-1.8E+02 6.6E+005.1E+00-9.2E-06 7.9E-07 6.0E-07-2.9E+01 7.8E+017.6E+01-2.9E-02 1.3E-03 9.8E-04-3.0E+03 1.0E+027.9E+01

Environmental impact categories, Acidification Potential (AP), Eutrophication Potential (EP), Global Warming Potential (GWP), Ozone Depletion Potential (ODP), Human Toxicity Poten-

tial (HTP), Photochemical Oxidation Potential (POP), Cumulative Energy Demand (CED)

2 Obtained from Bizcocho and Llatas, 2019; and Bizcocho, 2014; B maximum value in each column; T minimum value in each column

not available in the Ecoinvent v1.2 databases, for which the bibliogra-
phy was used, and data was obtained as the average of other related
studies (Bizcocho and Llatas, 2019).The downstream (Q) processes
regarding NPS; included on-site storage, transport to disposal facility,
and landfill. The downstream () processes regarding NPS, depended
on the type of fraction: (i) in the case of concrete/ceramic, gypsum,
and plastic, this involved on-site storage, transport to their respective
recycling facility, and treatment (for recycled aggregates, for recycled
plaster, and for secondary plastic); (ii) in the case of metals and pa-
per, this involved on-site storage, transport to their respective recy-
cling facility, and treatment (for secondary metals, for secondary pa-
per pulp); (iii) in the case of mixed wastes: on-site storage, transport to
sorting plant, transport to disposal facility, and landfill. Various assump-
tions were made: (i) for on-site storage, 8 m® tanks were used; (ii) for
transport, 16-ton and 32-ton trucks were employed in the case of trans-
ferring from the recovery plant to the recycling plant to optimise the
transport; (iii) for landfill, the unit processes were taken from Ecoinvent
v1.2 (Frischknecht et al., 2005) for each type of waste; (iv) for re-
cycling, a few unit processes were obtained from companies, and were
completed with Ecoinvent v1.2 (Frischknecht et al., 2005) and the
literature (Bizcocho and Llatas, 2019).The upstream («) processes in-
cluded: production, transport, and construction. Data was obtained for
each type of waste. Several assumptions were made: (i) for production,
use of local materials; (ii) for transport, 16-ton trucks; (iii) for construc-
tion, energy consumption was estimated according to Kellenberger et
al. (2007) (Bizcocho and Llatas, 2019). Likewise, to obtain the up-
stream impact factor (Fa) of the avoided building materials (—M in
Table 2, e.g., cast-in-situ concrete) and added building materials (+m
in Table 2, e.g., precast concrete), Ecoinvent v1.2 (Frischknecht et al.,
2005) and Environmental Product Declarations (EPDs) (e.g., EPD In-
ternational, 2020) were considered.Other assumptions (Bizcocho and
Llatas, 2019) were:

® Transport was modelled considering the type of lorry, the load, and
the distance covered, as were the routes along which the lorry was
unloaded, with lower fuel consumption (European Commis-
sion-JRC-IES, 2011a).

® In NPS,, the primary products that were not consumed thanks to re-
cycling were considered.

® Environmental burdens due to capital goods, such as infrastructure,
machinery, and lorries, were not considered.

4.5.2.3. LCIA The generic impacts (F) were obtained for 1 ton of each
CW fraction using SimaPro 7.1 (Table 4).

4.5.2.4. Analysis of results According to Table 4, all instances of
generic “F” were positive, except for upstream impact factor (Fa)), which
removes upstream loads of avoided wastes and building materials, and
for certain fractions for the downstream impact factor (Fg) in the re-
cycling option (Fggr), which eliminates the loads of materials to be re-
placed, according to the “avoided load” approach (Finnveden et al.,
2009). Moreover, the values of “Fa” were generally much higher than
those of “Fq”, thereby indicating the considerable role played in PS.All
scenarios contemplated sorting on site, before transporting the CW to
the recycling plant or landfill. However, as was observed on the work-
ing site, even if CW is separated on site, a mixed CW fraction was in-
evitably generated. Mixed packaging waste was not separated on site
and was managed together with mixed waste. In NPS,, the mixed frac-
tion was transported to a sorting plant where it should have been sepa-
rated, and each fraction recycled. However, in practice, this fraction is
often contaminated and has low potential for recycling, in such a way
that it is usually rejected and taken to landfill for disposal. Therefore,
NPS, considered the disposal of the mixed fraction. This greater num-
ber of processes (transport, triage, etc.) in NPS, for the mixed fraction
resulted in a higher impact factor for recycling compared to NPS;, as
shown in Table 4.

4.5.3. Environmental impacts in scenarios

4.5.3.1. Environmental impacts Finally, once the variables of the model
(Q, q, p, m, M, F,, Fo) were known, the environmental impact was quan-
tified using Eq. (3) and Eq. (4) for each CW fraction, for each type of
scenario, and for the entire building. Fig. 3 shows the impact per cat-
egory. Fig. 4 shows the impact with respect to the most unfavourable
scenario, NPS;, for the entire RB.

4.5.3.2. Analysis of results The model enabled the most favourable sce-
narios to be identified in terms of categories and types of CW, and in
terms of simulating alternatives. Fig. 3 a-f, h) shows how PS; presents
the most favourable scenario for all CW fractions and categories, but
with certain exceptions. In certain types of CW, such as metals and pa-
per, NPS, was more beneficial than PS; in several impact categories.
Moreover, steel prevention was the worst scenario in terms of ODP, CED,
and GWP vs. recycling. The reason is that for NPS,, replaced materi-
als that eliminate loads from the system were considered, while this
strategy was not applied to the new materials added (+m) in PS; as a
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Fig. 3. Environmental impacts in the Reference Building (RB) by category. (a—f, h) PS; with non-recycled steel (m). (g, i) PS, with recycled steel (m).

consequence of the substitute building elements. In order not to pe-
nalise the PS;, the model allowed a greater benefit to be attained in
this scenario by using recycled materials instead of natural materials
in the substitute elements. For example, in the case study, if the 39t
of non-recycled steel added by plasterboard partitions (see Table 2) in
PS; were instead recycled steel, then in PS,, the prevention for steel
would have been more favourable vs. recycling, as shown Fig. 3g, i).
On the other hand, NPS; was the worst scenario, with certain excep-
tions. For example, in the case of GWP, for gypsum and paper, the

worst scenario was NPS,, since the CO, (eq) emissions from recycling
(Fgr) these materials were higher than those due to their disposal (Fqp),
as shown in Table 4. The model also detected the most contaminated
scenario of CW in each impact category: gypsum disposal for AP and
POP; plastic disposal for EP and HTP; paper recycling for GWP; con-
crete disposal for ODP (if PS,); and the most energy-consuming waste,
concrete disposal for CED (if PS,).The total calculation of the impact
of all the CW in the alternative RB leads to the conclusion that the
most favourable scenario for all impact categories is indeed preven-
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Fig. 3. Continued

tion (PS;), followed by recycling (NPS;), and finally, disposal (NPS;), (-1,412t = q — Q) in the RB exerted a major effect on reducing im-
as shown in Fig. 4. This is due to the fact that the reduction of pact in PS, thanks to the elimination of their upstream processes, which
building materials (-11,262t = m—-M) and waste materials were much higher than the loads of the downstream processes of the
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Fig. 4. Environmental impacts in the Reference Building (RB). Incidence of building materials added and avoided (m-M), and waste materials added and avoided (g-Q) in PS;.

CW. Therefore, the application of the CW reduction strategies in the RB
would have led to a reduction of between 4.6 (in EP) and 171.1 (in CED)
times the impact caused in NPS;, while NPS, would only have reduced
between 1.0 (in GWP) and 19.4 (in CED) times the impact of NPS;.
Moreover, the use of re-used and recycled materials in the alternative
building elements in PS; could achieve even greater environmental ben-
efits in PS.

5. Discussion
5.1. Validation

The model enables the comparison of PS vs. NPS of CW manage-
ment in buildings, by obtaining their environmental impact, which has

successfully filled a research gap in the literature. The variables are ob-
tained using previously validated methods: “Q”, as described in Llatas
(2011); “q” and “p”, as described in Llatas and Osmani, (2016); “M”
and “m”, from BCCA (Andalusian Government, 2017); and both the
generic impact factors and overall impact, through LCA standards (ISO,
2006a; 2006b) as described in Bizcocho and Llatas (2019), which
deal with the main methodological issues for the inclusion of PS in the
CW management system of buildings. Although the model seems to be a
suitable approach, further verification in other case studies is needed.
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5.2. Limitations and future developments

A main limitation in addressing the LCA of waste management in-
cluding prevention, with respect to the “traditional” LCA, is the large
amount of data involved, due to the necessary inclusion of upstream
processes. The literature assumes that the LCA of buildings can be
highly complex, especially during the LCI phase (Malmqvist et al.,
2011), where simplifications can be performed without the results be-
ing substantially affected (Kellenberger and Althaus, 2009; Zabalza
Bribidn et al., 2009; John, 2012; Soust-Verdaguer et al., 2016).
This study has employed the following simplification: generic impact
factors of an Integrated Urban System of Buildings are used, instead of
specific impact factors quantified for each building, to enable its appli-
cation in other buildings. This strategy has also been incorporated in
other tools in the field of MSW, such as WARM (EPA, 2019). More-
over, the complexity of LCA-based models in buildings can be overcome
with the application of technologies that are capable of handling large
amounts of data and of automating calculations, such as Building Infor-
mation Modelling (BIM) (e.g., Revit, Allplan, and Archicad). The BIM
methodology also enjoys the advantage of being focused on the building
design process, a crucial phase for the prevention of CW production and
environmental impact.

The present study introduced a case study, for which the principal
difficulty lies in obtaining primary data. Further developments should
therefore address more assessments that include not only different build-
ing typologies and contexts, but also other PS and NPS. Moreover, sensi-
tivity and uncertainty analyses should be undertaken in order to test the
accuracy of the results.

Finally, the Joint Research Centre on behalf of the European Com-
mission (European Commission-JRC-IES, 2011b), states that all the
upstream processes should be included in the system boundaries except
when these processes exert very little effect on the results. This study in-
cluded not only the upstream of the processes added or avoided by the
waste materials (q-Q), but also those added and avoided by the substi-
tute building materials (m-M) during the construction stage. However,
future developments may consider the effect of CW prevention in other
building life cycle stages beyond the system boundaries of this study,
such as the use and end-of-life stages. The usefulness of the model in
the use phase lies, for example, in evaluating the benefit achieved in
the PS from the use of alternative materials to repair and replace build-
ing elements. Materials that require a high degree of maintenance (e.g.,
steel), could be less beneficial with respect to other materials (e.g., con-
crete) during the use phase. In the end-of-life phase, the model can be
useful for the quantification of the benefits of a PS by using alternative
materials that can be re-used, recycled, and even upcycled. Likewise,
the recoverability of building materials at the end of their life could
be analysed. For example, dry anchors would favour reusability over
wet anchored materials. In the case study, the alternatives introduced
non-adhered materials (such as drywalls) and low-maintenance materi-
als (such as precast concrete), which anticipate low maintenance during
the use phase, and a high recoverability of materials at the end-of-life
stage of the building. This, in turn, contributes towards approaching re-
versibility in building design and Circular Economy challenges in con-
struction, such as those of the EU (European Environment Agency,
2020).

6. Conclusions

Although CW prevention is the first and foremost principle of any
CW management system, research efforts in recent decades have largely
been focused on discovering the environmental benefits of non-preven-
tion, that is, recycling vs. disposal, rather than revealing the environ-
mental benefits of prevention vs. non-prevention. This study developed
a simplified model to ascertain the impact of CW prevention in build-
ings. Through case study verification, it was shown that CW preven-
tion presents the most favourable scenario, since it allows a poten-

tial reduction of up to 4.6 (GWP) and 171.1 (CED) times the impact
caused by disposal; and up to 1.7 (GWP) and 8.3 (CED) times those of
the recycling. The model is based on previously validated methods and
can be implemented in other Urban Systems of Buildings at other lo-
cations, by obtaining generic impact factors of their Material Manufac-
turing Subsystem and Waste Management Subsystem in other reference
buildings. Furthermore, this model can provide a useful tool for deci-
sion-making in the integration of CW prevention strategies during the
building design stages, thereby contributing towards the challenge of
Waste Prevention and Circular Economy Strategies. Finally, the knowl-
edge provided together with the results obtained can help professionals
and policymakers to include effective CW prevention measures in Waste
Prevention Plans and Programs.
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