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Abstract

Purpose In the context of worldwide efforts to reduce plastic waste, the authors of this document patented a cement mortar
floor slab interjoist prefab vault incorporating recycled plastic. This piece was designed to be used for the refurbishment of
Spanish traditional timber jack arch floor slabs. Taking into account nowadays context, it is essential to assess the environ-
mental benefits of this product.

Methods A cradle to gate LCA has been performed following ISO 14044 and ISO 15804 recommendations. Thus, the aim
of this research is both to provide a measure of the environmental improvement that this material adds to the building process
and to compare it with current most used construction elements used for the same function. It is stressed that this study is
based mainly on primary data obtained from Spanish producers.

Results The results obtained show that the reference scenario, corresponding to the new patented vault, is the system with
lower impacts in six out of the seven categories assessed. Furthermore, when adding the LCA normalisation step, the con-
ducted analysis show that for the most influential impact categories, GWP100a and AD fossil fuels, the reference scenario
bears the lowest scores.

Conclusions It can be concluded that the new patented vault has a better environmental performance than the assessed
commercial vaults. Therefore, in this research, the benefits for the construction sector to incorporate recycled plastics are
shown. Furthermore, these results can encourage the research on construction products that include recycled plastics in their
composition. Bearing in mind that this study assesses the impacts corresponding to the production of a prototype of the
newly vault, it is considered that there is room for further improvement through the optimisation of the production process.

Keywords Building refurbishment - Plastic waste - Recycling - Sustainable construction - Life cycle assessment,
Comparative LCA

1 Introduction recycled, yielding 10.21 million ton, and 42% was sent to
energy recovery facilities, leaving a 23.4% of plastic waste
Nowadays, plastic waste is a matter of concern worldwide. sent to landfill, which means a yearly amount of 6.9 million

Specifically in Europe, we must take into account that recent  tons of plastics waste (Plastics Europe 2021). On the other
data showed that in 2020, there was a total of 29.5 million = hand, there is a growing demand of plastics in industry. In
tons of plastic waste in Europe. Of this, 34.6% of which was ~ Europe, during 2020, this demand has reached 49.1 mil-
lion tons (Plastics Europe 2021). As a result of this situa-
tion, there is a growing interest in recycling plastic waste.
Communicated by Holger Wallbaum. In Europe, the administration has launched specific regu-
lation for this issue within the Plastics Strategy, including
reduction targets (European Union 2018), setting a minimum
recycling rate of 50% for all plastics by 2025 and maximum
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In the case of Spain, plastic demand during 2020 was 3.6
million tons; of this consumption, 20.4% correspond to the
building sector (INE Spain) (RD 293/2018). Most recent
data in Spain show that a total of 356,320 tons of waste
plastics were produced, of which 17.652 tons were due to the
construction sector; this yields a 5% out of the total amount
(INE, Spain). In addition to this, plastic packaging recy-
cling rate in Spain in 2018 was 41.9%, being the 2nd highest
national rate out of EU members (Plastics Europe 2020).

European efforts to deal with this problem have been
focused on plastic waste recycling rate increase. This is
an effort included in the European Strategy for Plastics in
a Circular Economy (European Union 2018; European
Union 2019). Furthermore, this is a sensible practice that
helps avoiding waste, reducing a growing environmental
problem (Syberg et al. 2021; Elliott et al. 2020), and a way
to extend plastic raw material useful life (Eriksen et al. 2020;
Hahladakis and Iacovidou 2019) reducing plastic demand.
Currently, 46% of recycled plastics in Europe are used in
building and construction sector (Plastics Europe 2020).
Therefore, there are many research projects aimed to incorpo-
rate recycled plastics in building materials (Lamba et al. 2021);
specifically, some of them are focused on the use of recycled
plastics as cement mortar aggregates (Usman et al. 2018) and
concrete aggregates (Almeshal et al. 2020; Kamal et al. 2021).

In that sense, it is highlighted that in 2018, the authors of
this document developed a research and patented a cement
mortar floor slab interjoist prefab vault incorporating recy-
cled plastic (Rubio-de Hita et al. 2018). This piece was
designed to cope with the question of the refurbishment of
Spanish traditional timber jack arch floor slabs (Fig. 1).

This is an issue in South Spain and Portugal as they are
very frequent in traditional domestic architecture (Rubio-de
Hita et al. 2018; Diodato et al. 2015). These slabs are char-
acterised by its curved infill made of masonry (Rubio-de
Hita et al. 2018), and due to today’s shortage of qualified
bricklayers, in most cases, refurbishment method for these
floorings consists of demolition and construction of new
slabs with current construction technology. This means that
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existing slabs and their timber beams, often useful, are dis-
carded, thus increasing construction waste and all associated
problems (Assefa and Ambler 2017; Ferreira et al. 2015).
Although there are commercial models of prefab pieces for
slab interjoist beam-filling, incorporating inferior arched
surface, their interjoists are wider than common dimensions
of existing traditional timber jack arch slabs; therefore, they
are not compatible with existing traditional joist arch slabs.
The new designed interjoist prefab vault incorporating recy-
cled plastic contributes both to the reduction of construction
waste, enabling the refurbishment of slabs otherwise demol-
ished, and the increase in plastic waste recycling.

Finally, nowadays, it is essential to assess the environ-
mental benefits of products and strategies associated to recy-
cling and reducing waste, and the most accepted methodol-
ogy for this purpose is the Life Cycle Assessment (LCA)
(ILCD 2010; Guinée and Lindeijer 2002), which has been
adopted in many researches on construction materials’ envi-
ronmental performance, specifically regarding floor slab
environmental assessment (Demertzi et al. 2020a, b).

In this paper, the environmental impacts of the above-
mentioned new floor slab vault are assessed using LCA
methodology. The aim of this research is both to provide
a measure of the environmental improvement that this
material adds to the building process and to compare it
with current most used construction elements used for
the same function. While most published research on this
scheme is based on statistical database and general con-
siderations for complete systems such as steel, timber,
or concrete structure (Demertzi et al. 2020b), or ceramic
versus concrete bricks for exterior walls (Muneron et al.
2021), in this study, one specific construction piece is
assessed. Furthermore, all meaningful data has been
obtained either from leading companies currently work-
ing for the building sector in Spain or from the new pat-
ented floor slab vault production process. Therefore, a
real case is presented here, with data and results that
depicts Spain current building sector environmental per-
formance, regarding these construction pieces. Moreover,

5. NAILED SIDE BATTENS

Fig. 1 Traditional timber jack arch floor slabs (Rubio-de Hita et al. 2018; Diodato et al. 2015)
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a comparison with other slab typologies is presented. This
way, in this study, all agents involved in the building sec-
tor are provided with the information necessary to make
decisions based on environmental criteria (Guinée and
Lindeijer 2002).

2 Materials and methods
2.1 Description of assessed floor slabs

In this research, four slab systems have been assessed
(models A to D). Commercial models (B to D) have been
chosen representing the most widespread commercial
typology of pieces currently available in the construc-
tion market in Spain; in fact, there is no other type for
this pieces offered in Spanish market. All chosen inter-
joist filling prefab pieces have an arched inferior surface,
thus providing the corresponding slab with a traditional
image. Therefore, it is considered that all of them have
equal aesthetic value. Furthermore, the elements in all
assessed systems have been calculated to bear a 4-m span,
which is the typical dimension for traditional floor slabs
(Rubio-de Hita et al. 2018). The structural design loads
adopted comply with standards included in CTE-DB-SE,
the national adaptation of related Eurocodes (Eurocode),
which currently are of mandatory compliance in Spain.
Consequently, the following values have been considered:
permanent loads (1.5 kN/m?), self-weight loads for each
system slab composition, and live loads intended for resi-
dential use (2.0 kN/m?). Furthermore, according to the
above-mentioned Eurocode, the Reference Service Life
(RSL) of all assessed systems equals the RSL of the cor-
responding building structure which is 50 years, and it is
applied to the slab once it has been refurbished. There-
fore, all considered systems have equal functional char-
acteristics and it is not necessary to define a weighting
coefficient to compare them (EN 15804 2012). Finally,
it is noted that, as a consequence of the shorter interjoist
length for slabs with the new prefab piece made of cement
mortar with recycled mixed polypropylene (model A), cor-
responding timber beam height is 20 cm instead of 25 cm,
for the rest of assessed models:

Table 1 Assessed slab vault characteristics

e Model A: Prefab piece made of cement mortar including
recycled mixed PP. This model includes the recently pat-
ented prefab cement mortar with recycled mixed polypro-
pylene interjoist filling piece (recycled mixed PP vault).

e Model B: Ceramic piece with horizontal upper surface.
This model includes a prefab ceramic interjoist filling
piece. The upper side of this piece is horizontal.

e Model C: Ceramic piece with arched upper surface. This
model includes a ceramic prefab interjoist filling piece.
Both the upper side and the inferior side of this piece
are arch shaped; this commercial model is considered a
traditional piece.

e Model D: Concrete piece with horizontal upper surface.
This model includes a prefab concrete mortar interjoist
filling piece. The upper side of this piece is horizontal.

All slab components and typical cross section are rep-
resented in Table 1 and Fig. 2.

In Table 2, the amounts of each material needed in 1 m?
floor slab of the assessed models are shown.

2.2 Methodology

In this study, a cradle-to-gate approach of LCA to assess
four types of prefab interjoist filling pieces has been per-
formed. For the reference scenario, where a slab with
recycled mixed PP vault (model A) is considered, data
corresponding to prototype production has been used. The
data used for commercial products (models B, C, and D)
represent the current average technology in Spain provided
by building sector companies.

The conducted LCA calculation process fulfils EN 15804
(2012), ISO 14044 (2006), and CEN/TR 15941 (2010).

For the modelling of the assessed processes and impacts
calculation, SIMAPRO by PRé Sustainability B.V. soft-
ware has been used (PRé Sustainability 2016).

2.2.1 Goal definition
The aim of this study is to provide the environmental

impacts of the reference scenario (model A) using the
LCA methodology and to compare it with mainstream

Length (cm) Height (cm) Width (cm) Weight per
unit (kg)
Model A: slab with recycled mixed PP vault 36.00 12.00 25.00 8.32
Model B: ceramic piece with horizontal upper surface 50.00 14.00 25.00 8.50
Model C: ceramic piece with arched upper surface 50.00 14.5 22.00 3.00
Model D: cement mortar vault 60.00 20.00 18.00 14.50
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Model A: Slab with recycled mixed PP vault

1 2 3 4
A7—5

Dimensions in cms.

T
TT
i @
u

[=pte i

20

N

Model B: Ceramic piece, horizontal upper surface

Dimensions in cms. 1 2 3

T T 3 g = 3
T
1
u

cooa

B
)
/

/A

36 2
48
Model C: Ceramic piece, arched upper surface Model D: Cement mortar vault
Dimensions in cms. 1 2 3‘ 4 Dimensions in cms 1 2 3 4
} ! ! s
il N ] N 0 i - ,‘, w0
I > 1 m !
i i Il - i
< ¢ p 5 g L\ [e //fl 5 &
12 16
62 ‘ 76 ‘
1. INTERJOIST FILLING PIECE 4. STAINLESS STEEL BEAM CONNECTOR
2. CONCRETE 5. TIMBER BEAM

3. STEEL MESH REINFORCEMENT

Fig.2 Assessed floor slab cross section; dimensions are in centimetres

technology currently available in the building market
for this purpose. According to this considerations, the
LCA approach adopted is attributional (ILCD 2010; EN
15804 2012; ISO 14044 2006). Thus, data used corre-
spond to average current technology in Spain. Finally,
regarding recycled plastic included in reference scenario
(model A), adopted cut-off rules correspond to the so-
called 0:100 approach, which is in line with EN 15804
(2012) (Allacker et al. 2017). In that sense, all impacts,
until end-of-life stage, are allocated to the primary pro-
duction of plastics.

Table 2 Weight of elementary components per 1 m? of floor slab

6. TIMBER INTERJOIST SUPPORT

2.2.2 Functional unit

The declared unit considered in the LCA study is 1 m? of
timber floor slab, including each of the assessed interjoist
filling pieces. To ease the comparison of results, the material
flows of each elementary component of the slab are presented
separately. These elementary components are common to the
four assessed systems: reinforced concrete, timber beams,
interjoist filling pieces and stainless-steel connectors.

All four assessed slab models have been designed to
comply with current Structural regulations in Spain and,

Interjoist Concrete (kg/m?) Timber Stainless steel beam Reinforcement
filler (kg/ beam (kg/ connectors (kg/m?) steel mesh (kg/
m?) m?) m?)

Model A: slab with recycled mixed PP vault 69.33 239.58 16.00 0.42 2.20

Model B: ceramic piece with horizontal upper 54.84 319.6 15.48 0.32 2.20

surface
Model C: ceramic piece with arched upper surface 21.99 373.9 15.48 0.32 2.20
Model D: cement mortar vault 105.99 252.63 16.84 0.35 2.20

Interjoist filler weight according to commercial data (Tables 1, 2, 3 and 4). Concrete slab density 2500 kg/m®. Timber beam C18 average den-
sity 320 kg/m®. Stainless steel M8.10 connector weight is 0.032 kg/ud (commercial data). Reinforcement B 500 SD reinforcement Steel mesh is

2.20 g/m?* (commercial data)
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therefore, in EU country members (Eurocode). In this
regulation, a life span of in 50 years is established for
these structures category. Consequently, this has been the
RSL for the functional unit adopted in this study.

On the other hand, all assessed interjoist models bear the
CE marking. Therefore, they comply with UNE-EN 15037
(2009). In consequence, in this study, models A to D are con-
sidered equal regarding structural performance and durability.

Moreover, the use of these pieces is usually associated
with some aesthetic requirement; therefore, all assessed
models have an arched inferior surface so as to provide
this requirement.

As aresult, in this study, it is considered that the func-
tion of each model within the building is equivalent, and
there is no need to define any equivalence coefficient.

Finally, this functional unit has been defined in accord-
ance with EN 15804 (2012); thus, the resulting impacts
for the four assessed models can be compared.

2.2.3 System boundary
The system boundaries have been adopted according to the

cradle to gate modular structure established in EN 15804
(2012), as it is shown in Fig. 3.

LIFE CYCLE STAGES AND MODULES ACCORDING TO EN 15804 .

Once produced, the assessed models for floor slab vaults
remain integrated within the building structure system
throughout its complete life span. Furthermore, according
to current trends, the end-of-life treatment for all of them is
mechanic recycling (Gebremariam et al. 2020; Wang et al.
2021). Therefore, differences are negligible in building life
cycle stages corresponding to construction (A4-5), use stage
(B1-B7) and end of life (C1-4). Consequently, taking into
account that this study goal is the comparison of the impacts
for the four assessed models, the above-mentioned stages
have not been included. Therefore, according to this life
cycle standard (EN 15804 2012), the following stages have
been assessed:

e Al: Extraction and processing of raw materials, second-
ary materials input processing.

e A2: Transport to the manufacturer.

e A3: Production at factory, to the final product at the gate
of the factory. Including energy consumption and pro-
cessing of wastes.

The result is a cradle to gate LCA for all components
included in the four slab models assessed. The boundaries
include the acquisition and processing of raw materials for

BUILDING ASSESSMENT INFORMATION

BUILDING LIFE CYCLE INFORMATION
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Fig.3 Life cycle stages according to EN 15804 (2012). Considered stages
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the production of components used in the construction of
the four models of assessed slab, as well as transportation
and energy consumption during all processes until these
components are at the corresponding manufacturers’ gate,
ready to be delivered and transported to the construction
site to produce the slab. It is noted that factories administra-
tive consumption are not included as well as consumption
associated to factory plants maintenance and construction.

Regarding the end of life of compared products, it is noted
that they result in inert material that usually goes through a
crushing recycling process to obtain different size granulate
products which are appropriate for applications such as roads
and concrete recycled aggregates (Gebremariam et al. 2020).

In the case of the vault incorporating mixed recycled
PP scales, the above-mentioned process always include a
screening step where all impurities such a timber, steel, and
plastic rests are removed from the obtained granulate (Tam
2008; Wang et al. 2021). This way, the plastic used can
be recovered, and the final fate for this material should be
either recycling or energy valorisation, thus avoiding the
disposal of plastic in the environment. Finally, it is noted that
the end-of-life stage of assessed products is not included in
this study; as a consequence, it is a limitation for it.

2.2.4 Allocation criteria
Regarding the production of recycled mixed PP vault in

model A, two allocations decisions have been adopted to
perform this study.

MUNICIPAL SOLID WASTE PLASTIC WASTE SORTING

The first one is the consideration of plastic recycling pro-
cess loads. Recommendations in EN 15804 (2012) have been
followed. Therefore, the cut-off approach has been adopted
(EN 15804 2012; Allacker et al. 2017), which is in line with
this standard. This means that all burdens until the end-of-life
stage of the product are allocated to primary product system.
Taking into account the product end-of-life criteria estab-
lished in EN 15804 (2012), the life cycle inventory of recy-
cled plastic product starts at plastic waste sorting facility gate.

The second allocation issue is related to the impacts
associated to the production of recycled mixed polypro-
pylene. In this case, the data corresponding to the assessed
facility (ANVIPLAST 2019) represent the consumption
for final products including an extrusion process, but the
mixed polypropylene (mixed PP) scale used as recycled
raw material is the previous stage to this extrusion. Conse-
quently, to adequately represent the production process, the
energy consumption of the extrusion system (Starlinger)
has been removed.

Considering the above-mentioned criteria, the included
elementary flows are the following: firstly, transportation
from the plastic waste sorting facility to recycling plant, cal-
culated as an average of 74.25 ton km per ton of recycled
plastic obtained (ECOEMBES 2016), considering that 20%
of transport way back goes (EUROSTAT 2021). Secondly,
flows obtained from primary data of the plastic recycler
plant (ANVIPLAST 2019; Starlinger), which consist of the
consumption of 168 kWh of electricity at low voltage, 2.29
L of fuel and 1.32 m? of water per ton of obtained recycled
mixed PP (Fig. 5). Resulting flows are presented in Fig. 4,

EN 15804 (25) (23) BOUNDARY FOR
PRODUCTION OF RECYCLED MIXED PP
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(REF.ECOEMBES) I
LIGHT PACKAGING |
I TRANSPCEY | CARDBOARD | ¢ | PLASTIC RECYCLING |
g PLANT
| GLASS | R |
| ALUMINIUM | 5 (REF. ANVIELAST) I
[ Paper& carpBoARD | 5 1 I
| PLASTIC | & [sorrep waste pp ¥
MIXED WASTE T =z 1
g : &
o
o) 8 (] g I
- 0 z E & | TRANSPORT W >
9 o X
] o g a = I = g
& 2 5 HEEE a TRANSPORT
|| & 7] : ! 22
s 2 i o=
9 FUEL I__':> 25 I
DRINKING WATER e
ELECTRICITY |
BACKGROUND SYSTEM | [
WASTE WATER<;
REJECTS. SOLID WASTE Q? I

Fig.4 Production of recycled mixed PP system boundaries (EN 15804 2012; Allacker et al. 2017)
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Table 3 Production of 1 ton of recycled mixed PP. Obtained impacts

Impact category 1 ton recycled

mixed PP

production
Abiotic depletion (ADPE) 291E-04
Abiotic depletion (fossil fuels) (ADPF) 1.59E+03
Global warming (GWP100a) 1.63E+02
Ozone layer depletion (ODP) 1.90E-05
Photochemical oxidation 4.29E-02
Acidification 9.74E-01
Eutrophication 2.85E-01

and obtained impacts for the production of 1 ton of recycled
mixed PP raw material are shown in Table 3.

2.2.5 Life cycle inventory

Data collection has been performed following ISO 14044
and ISO 15804 recommendations. This way, the impact
scores obtained for model A vault can be compared with
the results included in EPDs of commercial models C, D,
and E. It is noted that it has not been performed a complete
EPD for model A vault.

All data related to specific products have been collected
from manufacturers in Spain, aiming to represent real pro-
cesses and therefore to obtain their corresponding impacts.
Only data related to generic processes have been calculated
from generic databases, as it is shown in Table 4.

Regarding the characteristics of specific data used, infor-
mation corresponding to the assessed commercial prefab
vault models (corresponding to slab models B, C and D) has
been obtained from the producers’ Environmental Product
Declaration (EPD) (AENOR 2017; ANDECE 2020), which
represent the current average production for these products

Table 4 Use of data. Life cycle inventory (LCI)

in Spanish building market. These EPD have been conducted
according ISO 15804 standard, and they assess the cradle to
gate LCA of the product (stages A1-A3). This is the method
adopted in this study; therefore, we consider that this infor-
mation is appropriated for the comparison of products.

Specific data for model A: Reference scenario For the refer-
ence scenario (model A) which is the slab with recycled
mixed PP vault, in the form of scales (Fig. 5), the informa-
tion has been obtained from the process established to pro-
duce the patented piece, including data from Spanish plas-
tic recycling companies. The LCI considered for this vault
has been performed considering standards included in ISO
15804. Considered system boundaries are shown in Fig. 6;
the resulting elementary flows are presented in Table 5, and
finally, the obtained impacts for 1 ton of mixed PP vault
production is included in Table 6.

It is noted that, although human toxicity impact category
is not included in ISO 15804 standard, in this study, it is
presented as additional information for the reference sys-
tem. However, it cannot be compared with assessed com-
mercial vault models impact scores because the available
information for them to their EPDs, and human toxicity is
not included in them.

Specific data for models B and C: Ceramic vault models For
models B and C, including ceramic vault models, specific
data has been obtained from available Environmental Prod-
uct Declaration (EPD) (AENOR 2017), representing the
fourth major producer of ceramic products in Spain. This
EPD has been conducted following EN 15804 (2012) rules.
Declared included processes are raw materials extraction and
processing, transportation, moulding, drying, ceramic firing
and packaging of resulting products, ready to be delivered.
In Fig. 7, considered system boundaries are represented. In

Elementary component Data Process

Source

Materials common to all models
Concrete
Timber beam

Stainless steel beam connectors Generic database Market for steel, chromium steel 18/8, GLO.

Reinforcement steel mesh
Specific materials for each model

Generic database Market for concrete, normal, GLO.

Generic database Market for sawnwood, hardwood, raw, GLO.

Generic database Market for reinforcing steel, GLO.

Ecoinvent database
Ecoinvent database
Ecoinvent database

Ecoinvent database

Model A Specific Prefab piece made of cement mortar including recycled Patent process
mixed PP Cradle to gate LCA. (Rubio-de Hita et al. 2018)
Model B Specific Ceramic vaults and hollow blocks. Environmental Product EPD Hyspalit
Declaration EN 15804 (2012) 2012+A1:2014 (AENOR 2017)
Model C Specific Ceramic vaults and hollow blocks. Environmental Product EPD Hyspalit
Declaration EN 15804 (2012) 2012+A1:2014 (AENOR 2017)
Model D Specific Concrete vaults and hollow blocks. Environmental EPD Andece
Product Declaration EN 15804 (2012) 20124+A1:2014  (ANDECE 2020)
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Fig.5 Recycled mixed PP scales incorporated in model A vault (7.3)
as raw material (Rubio-de Hita et al. 2018)

Table 7, impacts for 1 ton of ceramic vault production from
cradle to gate are included (stages A1-A3, according to EN
15804 (2012)).

Fig.6 Model A. System
boundaries for recycled mixed
PP vault production

BACKGROUND SYSTEM

Specific data for model D: Precast cement mortar vault
model For model D, including precast cement mortar
vault model, specific data has been obtained from availa-
ble Environmental Product Declaration (EPD) (ANDECE
2020), representing a 42.50% of Spain production for this
type of products. This EPD has been conducted following
UNE-EN 15804 rules. The declared included processes
are the acquisition of raw materials, mainly cement and
aggregates, transportation to production plant, produc-
tion on concrete and moulding, and finally, concrete
curing and demoulding of pieces, which afterwards are
stored ready to be delivered. In Fig. 8, considered sys-
tem boundaries are represented, and impacts for 1 ton of
precast cement mortar vault production, from cradle to
gate (A1-A3 stages, according to EN 15804 (2012)), are
presented in Table 8.

2.2.6 Impact assessment

As above-mentioned, this study has been conducted fol-
lowing EN 15804, which applies CML 2012 method; con-
sequently, the characterisation factors considered are the
following: primary energy depletion (MJ), abiotic resource
depletion (kg Sb eq), soil and water acidification AP (kg
SO, eq), stratospheric ozone depletion potential ODP (kg
CFC~!! eq), global warming potential GWP (kg CO, eq),
eutrophication potential EP (kg (PO4)3-eq) and photochemi-
cal ozone formation potential POCP (ethylene kg eq).

REFERENCE SCENARIO. PRODUCTION OF RECYCLED MIXED PP VAULT.

SYSTEM BOUNDARY
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Table 5 Reference scenario (model A). LCI for 1 ton of recycled mixed PP vault

Unit Elementary flow

Source

Material consumption (kg)

Cement 1.55E-01

Water 1.20E-01

Sand 6.24E-01

Recycled mixed PP 1.02E-0O1
Transport (ton km)

Lorry 4.37E-02

Energy consumption (W)

Electricity 2.03E+00

Cement production, Portland, Europe without Switzerland.
Tap water production, conventional treatment, Europe without Switzerland
Sand 0/2, wet and dry quarry, production mix, at plant, undried, EU-27 S System.

Obtained according production process information.

market for transport, freight, lorry 16-32 metric ton, EUROS, RER.

market for electricity, low voltage, ES.

Ecoinvent database
Ecoinvent database
ELCD database
Patented product

Ecoinvent database

Ecoinvent database

3 Results and discussion

Cradle to gate LCA calculation results for the four analysed
floor systems are presented in Table 9 and represented in the
form of bars graph in Fig. 9.

It is noted that model A floor slab (recycled mixed PP
vault) impacts bear the lowest values for all impacts catego-
ries except for abiotic depletion (AD). Furthermore, in this
category, the difference with model bearing lowest score is
of 9%.

In Fig. 9, it is observed that the amount of the impact
for global warming and abiotic depletion (fossil fuels) is
much higher than in the rest of categories. In this regard, it
is reminded that scores between different categories cannot
be directly compared.

Comparing single scores, Fig. 10, in the assessed four
slab systems, we find that both models B and C, with
ceramic vaults, present substantial higher values, approxi-
mately 30% higher, in GWP100a, and AD fossil fuels, due to
the high temperatures needed to produce ceramic materials
(Muthukannan and Ganesh 2019). Furthermore, these mod-
els bear higher values in photochemical oxidation, acidifica-
tion, and eutrophication impact categories due to air emis-
sions produced during the production process of ceramics
(Muthukannan and Ganesh 2019; Zhang and Biswas 2021).
It is noted that in all these impact categories, the least scores
are for model A (slab with recycled mixed PP vault).

On the other hand, for photochemical oxidation (PO) impact
category, the highest score is for model D, which is the slab
with cement mortar vault. In this category, the lowest impacts
are also for model A, bearing scores 13% lower than model D.

3.1 Normalisation

In order to compare the results obtained for different impact
categories, the normalisation step of the results is included.
Normalisation is an optional step in LCA methodology (ISO
14044) (Sleeswijk et al. 2008). This step shows the rela-
tive contribution of the product system score to the impact
categories at a regional level. In this study, the scores per
impact category are divided by normalisation factors cor-
responding to CML EU25, which represent the impacts of
the year 2000, for the countries included in the European
Union in 2006 (PRé Sustainability 2014, 2016). The nor-
malised results cannot be interpreted as a weighting result
to compare results between impact categories; they only
show to which extent the impacts of the assessed product
system contribute to the overall environmental impacts for a
region during a year. The normalised scores for each impact
category are obtained by dividing obtained results by the
normalisation factors (ILCD 2010) (Sleeswijk et al. 2008).

Once analysed the normalised scores represented in
Fig. 11, it has to be noted that GWP100a and AD (fossil
fuels) are the most important contributors to overall impact,

Table 6 Reference scenario

Impact category Units 1 ton recycled mixed
(model A)..Impacts for 1 ton of PP vault production
recycled mixed PP vault

Abiotic depletion (ADPE) kg Sb eq 9.72E-05

Abiotic depletion (fossil fuels) (ADPF) MJ 5.97E+02

Global warming (GWP100a) kg CO, eq 9.59E+01

Ozone layer depletion (ODP) kg CFC-11 eq 5.98E-06

Photochemical oxidation kg C,H, eq 1.21E-02

Acidification kg SO, eq 2.81E-01

Eutrophication kg PO, eq 7.79E-02

Human toxicity kg 1,4-DB eq 1.67E-02
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Fig.7 Models B and C. System
boundaries for ceramic vault
production
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and in both categories, model A is clearly the system with
the lowest score. On the other hand, ozone layer depletion
contribution category is of no relevance.

In regard to abiotic depletion category, this is the only
category in which model A does not bear the lowest score; it
is observed in Fig. 11 that this is the second lowest contribu-
tor to EU25 overall impact, and the difference between the
score of the four models assessed is within the range of 12%.

Finally, for all impact categories, models with ceramic
vaults bear the highest normalised scores, except for abiotic
depletion and (ODP), which are the less relevant categories
according to CML EU25 normalisation factors.

In conclusion, obtained results show that assessed slab
models with ceramic vaults bear the highest scores, and
that reference scenario, model A, shows the best environ-
mental performance.
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3.2 Contribution analysis

A contribution analysis has been performed to detect the
processes with larger impacts in the assessed system accord-
ing to ISO 14044 (2006) and ILCD Handbook (2010).
This analysis has been performed on the reference
scenario, model A, processes. For the rest of the models,
impacts have been obtained from the corresponding com-
mercial EPDs; therefore, consumption data is not available.

3.2.1 Contribution analysis for model A slab
For model A slab, the relative contribution of each cal-

culated process (see Table 2) to the obtained total impact
score is presented in the following Fig. 12.

Table 7 Impacts for 1 ton of

’ Impact category Units 1 ton precast
ceramic vault (models B and C) cement mortar vault
(AENOR 2017) production

Abiotic depletion (ADPE) kg Sbeq 1.02E-05
Abiotic depletion (fossil fuels) (ADPF) MJ 2.41E+03
Global warming (GWP100a) kg CO, eq 2.404-02

Ozone layer depletion (ODP) kg CFC-11 eq 6.29-08

Photochemical oxidation kg C,H, eq 9.07E-02
Acidification kg SO, eq 1.00E-00
Eutrophication kg PO, eq 6.51E-02
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Fig.8 Model D. System bound-
aries for precast cement mortar
ceramic vault production
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It is observed that the main contributor to the obtained
impact scores is the use of concrete. The rest of the pro-
cesses are responsible in different proportions to each
impact category score.

When focusing GWP, the second contributor is the use
of model A mixed PP vault.

In this study, concrete is considered as a generic pro-
cess, and therefore, data used has been obtained from a
generic database (Ecoinvent database), representing an
average production for EU. As a consequence, modify-
ing the flows involved in considered concrete produc-
tion is out of this study scope. Furthermore, the concrete
mass included in model A slab is a fixed data, because it
depends on the slab geometry.

On the contrary, the production of mixed PP vault in
model A is considered as specific process; consequently,

1
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I g
I

,__
EMISSION
WASTE WATER
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|
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|
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a contribution analysis can be performed for its production
process (ILCD Handbook 2010).

3.2.2 Contribution analysis for model A vault

For model A slab vault, the relative contribution of each
calculated process (see Table 6) to the obtained total
impact score is presented in the following Fig. 13.

It is observed that the main contributor to the obtained
impact scores is the use of cement in the vault production.
The second contributor is the use of recycled mixed PP,
and the third score is due to the transport. Finally, the
impact score due to the rest of processes is negligible.

In this study, cement production is considered as a
generic process, and therefore, data used has been obtained
from a generic database (Ecoinvent database), representing
an average production for EU. As a consequence, modifying

Table 8 Impacts for 1 ton of

Impact category Units 1 ton precast
precast cement mortar vault cement mortar vault
(model D) (ANDECE 2020) production
Abiotic depletion (ADPE) kg Sbeq 9.05E-06
Abiotic depletion (fossil fuels) (ADPF) MJ 6.20E+02
Global warming (GWP100a) kg CO, eq 7.68E+01
Ozone layer depletion (ODP) kg CFC-11 eq 8.46E—06
Photochemical oxidation kg C,H, eq 1.92E-02
Acidification kg SO, eq 2.01E-01
Eutrophication kg PO, eq 4.50E-02

@ Springer



The International Journal of Life Cycle Assessment (2024) 29:308-327 319

Table 9 LCI for | m floor slab, Impact category Units Model A Model B Model C Model D

models A to D. Cradle to gate

attributional Abiotic depletion kg Sbeq 131E-04 125B-04 1.34E—04 1.20E—04
Abiotic depletion (fossil fuels) MJ 3.67E4+02  5.13E+02  4.76E4+02  4.01E+02
Global warming (GWP100a) kg CO2 eq 4.81E+01 6.39E+01  6.27E4+01  5.12E+01
Ozone layer depletion (ODP) kg CFC-11eq 3.25E-06  3.37E-06  3.76E-06  3.85E—06
Photochemical oxidation kg C2H4 eq 1.16E-02  1.67E-02  1.45E-02 1.31E-02
Acidification kg SO2 eq 1.52E-01  2.10E-01 1.94E-01 1.57E-01
Eutrophication kg PO4 eq 497E-02 548E-02 5.80E-02 5.01E-02

the flows involved in considered cement production is out
of this study scope. Moreover, the cement mass included
in a vault is a fixed data, as it has been established after an
optimisation process to obtain the best mechanical proper-

(Ecoinvent database), and for transport, it has been con-
sidered a distance (74.2 Tkm), which is an average of the
distances for different potential recycling facilities within
a provincial range.

ties for this piece (Rubio-de Hita et al. 2018).

On the contrary, the production of mixed PP vault in
model A is considered as specific process; consequently,
a contribution analysis can be performed for its produc-
tion process.

3.3 Sensitivity analysis

As established in Section 3.2, the main contributors to the
obtained impact scores for model A slab, throughout the
whole assessed system, are the following:
3.2.3 Contribution analysis for recycled mixed PP

e Model A slab production step: concrete use. Mixed PP
vault is the second contributor in GWP impact score
Model A mixed PP vault production step: use of cement.
Use of recycled mixed PP is the second contributor.
Recycled mixed PP production step: electricity consump-
tion is the largest contributor. Transport process is the
second contributor.

For the production of recycled mixed polypropylene, the
relative contribution of each calculated process, as shown in °
Section 2.2.4, to the obtained total impact score is presented
in the following Fig. 14. .
It is observed that main contributor to the obtained impact
scores is the use of electricity, and the second contributor
is the transport from the urban waste sorting facility to the
recycler factory.
In this regard, it is noted that for electricity con-
sumption, it has been considered Spanish average mix

As stated in the preceding section, this study utilised aver-
age production data for the concrete process. Furthermore,
the amount needed to form 1 m? of slab is fixed due to its

Fig.9 LCIfor 1 m? floor slab,
models A to D. Cradle to gate
attributional
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Fig. 10 LCI for 1 m? floor slab
models A to D. Single scores
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Fig. 11 LCI for 1 m? floor slab models A to D. Normalised scores

geometry. As a result, in spite of its relevance, it is not pos-
sible to conduct a sensitivity analysis for this process.

The same circumstances apply in the case of considered
cement process.

On the other hand, for the recycled mixed PP production
step, we can apply a sensitivity analysis for the transport
distance and assess the influence of changes in the electric-
ity used (ISO 14044 2006; ILCD Handbook 2010).

MODEL D

3.3.1 Transport distance sensitivity analysis. Recycled
mixed pp production step

The following Table 10 represents the variation of impact
scores in different scenarios for the transport from the urban
waste sorting facility to the recycler factory.

The reference scenario is defined for a provincial range,
with a calculated distance of 74.25 Tkm. The best approach
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Fig. 13 Model A vault (mixed PP). Process contribution

is defined for a local range, covering 50% less distance,
while the worst-case scenario is defined for a regional range,
involving a 50% increase in transport distance.

As shown in Table 10, the sensitivity analysis indicates
that the different scenarios calculated for the recycled mixed
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Fig. 14 Recycled mixed PP production. Process contribution
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PP production process are not influential in model A’s total
impact score. The variation in impact score between the ref-
erence scenario and the defined sensitivity best and worst
scenarios is less than 1%. This is due to the low weight of
mixed PP included in model A slab.
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Table 10 Model A. Sensitivity analysis. Recycled mixed PP production. Transport
Transport sensitivity analysis Reference scenario  Sensitivity Sensitivity Sensitivity Sensitivity
Model A transport (+50%) (=50%) (+50%) (=50%)
Recycled mixed PP production 74.25 Tkm Transport Transport Transport Transport
37.12 Tkm 111.37 Tkm 111.37 Tkm 37.12 Tkm
(%) variation (%) variation
Abiotic depletion 1.29E-04 1.29E-04 1.29E-04 0.21 -0.23
Abiotic depletion (fossil fuels) 3.66E+02 3.67E+02 3.64E+02 0.37 —-0.40
Global warming (GWP100a) 4.81E+01 4.82E+01 4.80E+01 0.18 -0.21
Ozone layer depletion (ODP) 3.25E-06 3.26E—-06 3.23E-06 0.51 —-0.55
Photochemical oxidation 1.16E-02 1.16E-02 1.16E-02 0.12 -0.14
Acidification 1.52E-01 1.52E-01 1.51E-01 0.17 -0.22
Eutrophication 4.96E—02 4.96E—-02 4.95E-02 0.12 —-0.16

3.3.2 Electricity consumption sensitivity analysis. Recycled
mixed pp production step

Similarly to transport process, following recommendations
in ISO 14044 (2006) and ILCD Handbook (2010), a sensitiv-
ity analysis has been performed on electricity consumption.

The defined best-case scenario includes a reduction
of 50% for impacts due to electricity consumption. The
improved conditions for recycled mixed PP production step
could be achieved in the short term through recycling factory
consumption optimisation, production machines renewal, or
improving the content of renewable energy use in the Span-
ish national electricity mix.

The defined worst-case scenario includes an increase of
50% for impacts due to electricity consumption. This worst-
case scenario has been established only for this sensitivity
analysis purpose, as it does not represent any future trend
for the recycling plastic facilities.

The following Table 11 represents the variation of impact
scores in different scenarios defined for electricity consumption.

As shown in Table 11, the variation in impact score
between the reference scenario and defined sensitivity best
and worst scenarios is below 3% for all impact categories.
Bearing in mind that the scenarios have been defined for

Table 11 Model A. Recycled mixed PP production. Electricity

a variation of 50% of electricity consumption, it can be
concluded that the electricity consumption for the recycled
mixed PP production process has a low influence in model
A slab total impact score. This is due to the low weight of
mixed PP included in model A slab.

3.4 Discussion of results

As shown in the contribution analysis included in Section 3.2,
the main contributor to the obtained impact scores for model
A slab is the use of concrete. In addition to this, the sensitivity
analysis performed for specific processes, such as recycled
mixed PP production, has resulted in negligible changes in
the final impact category scores in the different defined sce-
narios. The conclusion is that the mass of recycled mixed PP
included in model A slab is very low, and therefore, impacts
associated to this production step are not relevant in the final
impact scores.

On the other hand, bearing in mind that the main pur-
pose of all assessed vault models is to fill slab interjoist
spaces, according to Table 2, the most efficient models are
the recycled mixed PP vault model A and the cement mortar
vault model D, as the concrete content per square metres in
these models is lower than in ceramic vault models B and

Electricity sensitivity analysis Reference scenario Sensitivity Sensitivity Sensitivity Sensitivity
Model A electricity electricity (+50%) (—=50%)
Recycled mixed PP production (+50%) (—=50%) Electricity Electricity
Increase Reduction % variation % variation
Abiotic depletion 1.29E—04 1.30E-04 1.28E-04 0.43 -0.89
Abiotic depletion (fossil fuels) 3.66E+402 3.69E+02 3.60E+02 0.84 —1.64
Global warming (GWP100a) 4.81E+01 4.84E+01 4.75E+01 0.7 -1.12
Ozone layer depletion (ODP) 3.25E-06 3.28E—-06 3.17E-06 1.12 —-2.24
Photochemical oxidation 1.16E-02 1.17E-02 1.15E-02 0.97 —-1.27
Acidification 1.52E-01 1.55E-01 1.48E-01 2.02 -2.5
Eutrophication 4.96E—02 5.02E-02 4.88E-02 1.3 —1.62

@ Springer



The International Journal of Life Cycle Assessment (2024) 29:308-327

324

Fig. 15 LCI for 1 m? floor slab 2,50E+02

model A and block and beam

slab (Demertzi et al. 2020b).

Impact scores 2,00E+02
1,50E+02
1,00E+02
5,00E+01
0,00E+00
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C. Moreover, it can be observed in Table 2 that the weight
of recycled mixed PP vault included in model A is 69.33 kg/
m?, whereas cement mortar vault mass included in 1 m?
of model D slab is 105.99 kg/m?. This is a 52.8% increase
for cement mortar vault mass. This can be explained on the
observed reduction of density for recycled mixed PP vaults
(Rubio-de Hita et al. 2018).

As a result, it can be concluded that the most efficient
assessed slab is model A, with recycled mixed PP vault. The
main reason for this outcome is that the content of concrete
and cement per square metres for model A slab is lower than
in the rest of cases, and therefore, the impact score for this
model is lower.

In general, obtained results are in line with recent
research. Regarding ceramic industry, published stud-
ies stress that the higher impacts for this industry are for
categories global warming potential and abiotic depletion
(fossil fuels) (Atilgan et al. 2021); furthermore, researches
comparing ceramic brick and concrete blocks show that
1 kg of ceramic bricks production bears higher impacts
regarding abiotic depletion (fossil fuels) and global warm-
ing potential (Muneron et al. 2021) than the same weight
of concrete block. This is coherent with obtained results,
as ceramic interjoist piece models (model B and model C)
bear the higher impacts for these impact categories. There-
fore, researches on this issue conclude that ceramic industry
future challenges have to do with CO, emission reduction
and energy efficiency improvement (Gabaldon-Estevan et al.
2014; Silvestri et al. 2021).

On the other hand, for cement mortar vaults slabs (model
D), the obtained highest impacts are for ozone layer deple-
tion (ODP), being this category the least contributors to the
overall impact. Nevertheless, current research on this field
remarks that the main efforts to improve cement production
are focused on energy consumption reduction (Maddalena

@ Springer
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et al. 2018; Lippiatt et al. 2020), so as to achieve a signifi-
cant reduction in GWP100a and AD (fossil fuels), as these
are the most important contributors to the overall impact.

As aresult, scores for model A and model D slab systems
are very similar, but model A, including a proportion of
recycled mixed PP vault, shows lower scores for most influ-
ential impact categories, due to the benefit of using recycled
plastic, as it is pointed out in related research (Ersan et al.
2022; Gravina et al. 2021).

Finally, it has to be mentioned that there are only a few
studies in the literature focused in LCA of structural floor
systems, and furthermore, all existing research is focused
in the complete flooring system not specifically in the
interjoist piece. The most similar research that has been
found is that of Demertzi et al. (2020b), which develops
an LCA of five structure flooring systems, which include
one reinforced concrete beam and block slab. This is the
most similar system to model A, in current research, but
it still bears substantial differences, because model A
includes timber beams. Furthermore, in Demertzi et al.
(2020b), considered systems are not adapted to slab refur-
bishment. Therefore, specific characteristics related to
slab refurbishment, such as timber beam connectors or a
minimum of 5 cm thickness for the top layer of reinforced
concrete needed to transmit connector tension, are not
included. As a consequence, in order to enable the com-
parison, model A, in current study, has been adapted to a
newly built slab system, removing above-mentioned ele-
ments. Afterwards, resulting impacts for modified model
A slab have been calculated. In the following Fig. 15, the
impacts obtained for abiotic depletion (fossil fuel) (ADP
duel), as well as global warming category, are included.
It is stressed that these are the most relevant impact cat-
egories according CML EU25 normalisation factors, as
shown in the preceding section.
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These figures show that the score in ADP fuel impact
category, for reference scenario (model A), is slightly above
beam and block models (which is 8.6% inferior). This is
mainly due to transport distances considered for timber
beams. On the contrary, for GWP100a category, the score
for model A is much lower than block and beam, with the
score for model A being roughly 60% lower than the value
for beam and block. This difference is due to the content of
timber and recycled mixed PP fraction in model A. In con-
clusion, this comparison shows that results obtained in this
research are coherent with recent research.

4 Conclusions

In this paper, the environmental performance of 1 m? of floor
slab including a new precast vault piece made of cement
mortar with a fraction of recycled mixed polypropylene has
been calculated. This new precast vault has been especially
designed for traditional joist arch floor slab refurbishment.
This slab type is used mainly in historic buildings (Rubio-de
Hita et al. 2018; Diodato et al. 2015); therefore, this design
is oriented to the building refurbishment sector. The cor-
responding environmental impacts have been calculated
according to LCA methodology, attributional approach, and
following core rules for the product category of construc-
tion products included in EN 15804 (2012) (AENOR 2017;
ANDECE 2020). In addition, we have compared the results
with the impacts corresponding to three equivalent floor-
ing systems, which represent current most used technology
(models B to D), using the data included in the correspond-
ing Environmental Product Declaration already published.
Data for generic flows, such as concrete, steel, timber beams
electricity mix and road transport, has been obtained from
generic databases (Ecoinvent, ELCD ref) and modelled for
Spain and EU-27 area. The results obtained show that the
reference scenario, model A flooring, is the system with
lower impacts in six out of the seven categories assessed.
Furthermore, when adding the LCA normalisation step, the
conducted analysis shows that for the most influential impact
categories, GWP100a and AD fossil fuels, the reference sce-
nario, model A, bears the lowest scores. On the other hand,
the only impact category, where model A is not the lowest
score, is abiotic depletion (AD), which is the second least
influential in the overall impact. In this impact category,
model A shows a difference of only 9% with model D, which
bears the lowest score.

As a result, it can be concluded that the new patented
vault, made of cement mortar with recycled mixed PP
(model A), has a better environmental performance than the
other three assessed systems.

In addition to this, the results obtained yield the following:

e The flooring assessed systems incorporating ceramic
vaults bear far worse scores in GWP100a and AD fossil
fuel categories.

e The conducted contribution and sensitivity analysis
conclusion is that the assessed recycled mixed PP vault
has a reduced density, and fills the slab interjoist space
with less mass consumption per square metre of slab;
therefore, the impact score for model A slab is lower
than assessed commercial slabs.

e Specific data used, corresponding to ceramic and cement
mortar vaults, has been obtained from commercial models
representing the current state of the art for Spanish con-
struction market. Specific data for recycled mixed PP vault
(model A) has been obtained from prototype production
process. Therefore, the results obtained are considered to
be representative of Spain current construction market.

e The research has been conducted following EN 15804
(2012) rules; consequently, obtained results can be
compared with any other research applying the same
standard and dealing with the same functional unit.

e This example shows the benefits of the construction
sector to incorporate recycled plastics. This leads to an
enhanced environmental performance and to a reduc-
tion of plastics waste (da Silva et al. 2021).

e Obtained results can encourage the research in the incor-
poration of recycled plastics in construction products.

e Bearing in mind that this study assesses the impacts
corresponding to a recycled mixed PP vault prototype
(model A), it is considered that there is room for fur-
ther investigation on this new piece production process
optimisation and consequently for further environmental
impact score reduction.
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