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Abstract: This research focuses on a comparison of 20 external wall systems that are conventionally
used in Spanish residential buildings, from a perspective based on the product and construction
process stages of the life cycle assessment. The primary objective is to provide data that allow knowing
the environmental behavior of walls built with materials and practices conventionally. This type of
analysis will enable promoting the creation of regulations that encourage the use of combinations
of materials that generate the most environmentally suitable result, and in turn, contribute to the
strengthening of the embodied stages study of buildings and their elements. The results indicate that
the greatest impact arises in the product stage (90.9%), followed by the transport stage (8.9%) and the
construction process stage (<1%). Strategies (such as the use of large-format pieces and the controlled
increase in thickness of the thermal insulation) can contribute to reducing the environmental impact;
on the contrary, practices such as the use of small-format pieces and laminated plasterboard can
increase the environmental burden. The prediction of the environmental behavior (simulation
equation) allows these possible impacts to be studied in a fast and simplified way.

Keywords: LCA; cradle to handover; external wall; construction materials; building components; envelope

1. Introduction

The construction industry is responsible for the unsustainable use of natural resources, and is
an important source of air, soil, and water pollution [1]. Published data indicate that this sector uses
between 30-40% of primary energy worldwide [2], with these figures including the energy required
by the buildings [3-5]. The costs of the primary energy consumed by buildings for some countries
are 23% in Spain, 39% in the United Kingdom, 47% in Switzerland, 50% in Botswana, 40% in Europe,
25% in Japan, 28% in China, and 42% in Brazil [6]. Most of this energy consumption is due to heating,
ventilation, and air conditioning throughout the building’s operating life [7-9]. Studies have shown
that most of the environmental impacts occur in this phase, representing approximately 80-90% of the
total impacts generated in the useful life of the building [8,10-17].
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Currently, the energy demand of a building is closely linked to the efficiency of its envelope [6]
as well as its thermal properties. The envelope includes the walls, ceilings, doors, windows, and
any peripheral element of the building [18]. The thermal properties of the materials used will
determine their ability to absorb or emit longwave solar radiation, particularly the U-value (thermal
transmittance) [9].

Although there are relevant conclusions about the envelope’s influence on the energy efficiency
of a building, there is still no consensus about the implication of its construction and previous
phases (A1-A3 product stage; A4-A5 construction process stage, UNE-EN 15804:2012 +A1 [19])
in the overall environmental impacts of the building. This may be because stages A1-A5 generate a
lower environmental impact (between 8-20%) in the life cycle of the building [8,10-17]. It has been
established in previous studies that the operation phase must be included in the life cycle assessment
(LCA) as a priority [20], but without omitting the rest of the phases, since the impact cannot be
considered negligible [7,21]. Some researchers [20,22,23] consider that investing resources in the
embodied stages would lead to buildings becoming more efficient in the operational stage.

The external walls (EW) are essential parts of the building envelope, since they provide thermal
and acoustic comfort; their design allows passive control of the interior conditions of the building
through management of the external temperature transfer [9]. Previous studies have found that EWs
are important contributors of embodied energy, due to the use of the large amounts of material that
are required [24]. Some of the tested practices in the search for improved behavior include green walls
for facades [25], the use of insulation for external walls [26-28], and the use of appropriately sized
windows (glass with the correct thermal coefficients).

The correct choice of materials is capable of generating substantial environmental deflation
throughout the complete life cycle of the building [29-31]. However, the use of these alternative
technologies has been limited due to the incorrect assumption that buildings with high energy efficiency
are also more costly to construct, and thus, from an economic perspective, are of less interest to
developers [32,33].

The effects on the external wall due to environmental actions and the resulting impacts depend
on several factors. These include the wall configuration, the combination of materials within the wall,
the airtightness of the wall system, and the specifics of each building and location. This makes the LCA
of walls and related research a necessity. The LCA is a recently adopted method in the construction
industry; it is one of the dimensions of the life cycle sustainability assessment (LCSA) [34-36].

The LCA has allowed detailed studies of all stages in the life of a building (with reliable and
comparable results). Despite being a relatively young methodology in this field, the LCA may provide
a solution to the environmental challenges currently affecting the sector. These include the significant
consumption of energy and raw materials, solid waste management, and greenhouse gas emissions
(GHGs) [3,14,37-42], making this an essential instrument with a view to the future.

The studies in which the built-in stages of constructive elements are addressed in detail are
limited because the greatest environmental implication arises in the operation of a building. On the
other hand, there is also an important number of studies that analyze conventional and alternative
construction materials. However, it is necessary to analyze how these materials behave when they
are integrated in a constructive element of a building from a perspective specific to the design of
the element (stages A1-A5), and not as a consequence of its use. In this sense, this research focuses
on the study of that fundamental part of the envelope: the walls. The study was carried out from
a construction-focused perspective, and thus analyzes stages A1-A5 of the LCA of a building [19].
The main objective is to provide data that facilitate the future promulgation of regulations that allow
the election of adequate and sustainable wall systems.



Sustainability 2018, 10, 2748 3of24

2. Materials and Methods

2.1. Aim and Scope of the Study

The aim of the analysis was to compare the environmental performance of 20 external wall
systems (of three layers) used in Spanish residential buildings through LCA, varying the materials
used for each layer (type of wall and thermal insulation), and define the results of the environmental
impact through a system of equations.

2.1.1. System, Boundaries, and Functional Unit

Each analyzed system has the function of an external wall that is part of an envelope of a
residential building. The analysis proposed for this study is known as “cradle to handover” [43],
which includes the stages: raw materials supply (A1), transport (A2), and manufacturing (A3) (product
stage or cradle to gate); and transport from factory to site (A4) and construction process (A5) [19].
Figure 1 shows the flow chart of the life cycle inventory (LCI) process used in the studied external
walls. The stages of use (B1-B7) and end of life (C1-C4) have not been considered in this research, as
it is intended to define which walls are the most optimal (environmentally and thermally) from the
perspective of their production and construction, rather than as a consequence of their use.
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Figure 1. System boundaries of life cycle assessment (LCA).

In this sense, it has been taken for granted that the envelope of a building (especially the external
walls) is decisive for having an important environmental impact in the operation stage; however, this
hypothesis underestimates the impact of the envelope itself. In addition, considering the time in which
each stage of the life cycle occurs, stages A1-A5 are developed in considerably shorter periods than
stages B1-B7 (specifically B6 and B7). Therefore, the environmental implications of stages A1-A5 will
be greater in terms of environmental impact/building lifespan.

Recent studies have carried out analyses of different types of constructions, such as buildings [44-48] or
pavements [49-52], exclusively considering stages A1-A5 or similar (A1-A4 and A1-A3). The objective
of these works is to help researchers conduct environmental assessments in a fast, effective and
sustainable way [44], and provide tools that contribute to a better practice of the stages involved in
the construction.

In this sense, researchers have studied the carbon footprint of conventional buildings [44]
and the built-in energy of industrialized construction buildings that solve the growing demand for
housing [46]. Meanwhile, to address the lack of energy data in construction, hybrid LCI models have
been developed [47]. On the other hand, to promote the use of alternative materials, the environmental
impacts caused by the use of wood and conventional materials in buildings have been compared [45,48].
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For the purposes of the comparative study, a square meter of external wall was chosen as a
functional unit; being a physical element, it is intuitive, easily understood, and easily compared.
In previous studies [8,53,54], this criterion has ensured that the functional unit would lead to
reliable results.

2.1.2. Data Inventory

Ecoinvent 3.2 was chosen as a database to obtain the LCI for the materials and processes used
in this study. Ecoinvent is recognized internationally as being exhaustive and transparent, with
up-to-date and consistent data for energy and material supply as well as for resource extraction, the
use of chemical products, metallurgy, agriculture, waste management, and transport [55]. It has been
widely utilized in previous building LCA studies [56-58]. Since Spanish-specific LCI data were not
available [59], its application to the scope of research may be considered credible and reliable when
considering information mostly referring to the European area.

To quantify the materials used in each component of the external walls, this study uses information
from the data contained in the Structured Bank of Constructive Elements Data (BEDEC) of the Institute
of Construction Technology of Catalonia (ITeC) [60]. BEDEC is a materials database with information
on construction products, which incorporates constructive elements of typologies such as building,
and contains technical characteristics referring to the Spanish area.

2.1.3. Impact Assessment Method and Categories

The CML 2001 (Leiden University’s Center for Environmental Science) [61] was chosen as an
environmental impact method, since it is considered for application in the Spanish sector and includes
normalization factors of both European and global scope. Additionally, its indicators are given in kg of
substance equivalent, which makes them expressible in technical and objective terms, and eases their
comparison with other research. The CML includes impact categories of collective interest such as:

e Climate change (CC) [62]

e  Depletion of abiotic resources (ADP) [63]

e  Acidification potential (AP) [62]

e  Eutrophication potential (EP) [64]

e  Human toxicity (HTP) [65]

e  Photochemical oxidation (POCP) [62]

e  Stratospheric ozone depletion (ODP) [62,64].

The Software LCA Manager 1.3 [66] was used to support the management of information on
the environmental impacts, which allowed the resources used and their environmental effects to be
analyzed, ordered, grouped, and classified according to the LCA methodology [67]. This software has
been used in previous studies, with satisfactory results [12].

2.1.4. Assumptions

For the evaluation of A4-AS5, the following assumptions were made. For A4, the site of Plaza
Catalufa was considered as the benchmark due to its central and strategic location. For A5, the
number of floors aboveground (weighted average) of buildings destined for housing in Barcelona was
established using the data obtained from its Department of Statistics [68]. A crane was considered
for the construction process, which allows access to the material for the conformation of the walls.
Therefore, buildings of one and two floors were discarded. Consequently, according to these criteria,
the average building in Barcelona destined for housing is of six floors. In addition, it was considered
that each of these levels has a between-floor height of three meters (2.5 m free between levels, with
upper and lower slabs of ~25 cm each) [69]. Therefore, the average height of reference (HR) used in
Ab5 in this study is 18 m (including the complete up—down cycle).
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3. Case Studies

For the present study, 20 external wall systems conventionally used in Spanish residential
buildings were selected. Although the data provided for the proposed alternatives (materials and types
of walls) correspond to the Spanish stock, these can be considered conventional, even in other European
countries [25,38]. The external walls are composed of an exterior layer (EL), which is generally exposed
to the thermal conditions produced by the climate; then, there is a thermal insulation (TT), which helps
provide adequate hygrothermal comfort as well as energy efficiency; finally, there is an interior layer
(IL) in contact with the habitable space of the system, which is subject to its own internal conditions.

The optimum comparative configuration of the external walls that were studied was carried
out by means of an iterative process, which involved evaluating the different geometric thicknesses
and the material types that make up each of the layers. With each proposed solution, the physical
and mechanical properties of each external wall were then evaluated. Finally, those that showed
equivalence in terms of a similar total thickness (EL + TI + IL), compression strength, and thermal and
fire resistance (i.e. equivalent functionality), were chosen. The configuration and properties of the
walls are shown in Figure 2.
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Figure 2. Configuration of the external walls.
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With regard to the thermal requirements of the walls, they were dealt with in accordance with
the basic document DB-HE-1 of the Spanish building technical code (CTE) [70] for the climatic zone
classified as C2, corresponding to the city of Barcelona (Table B.1 of the DB-HE-1, climate zones of the
Iberian Peninsula). The U-value in all of the external wall combinations studied was always below the
established limits for facade walls and enclosures in contact with the terrain (0.73 W/ mZK).

Additionally, as a guarantee of equivalence among all of the systems studied, equivalent
construction solutions were provided that showed a lower variation of U-value (0.098 W/m?K)
in all of the comparisons. The minimum U-value was 0.61 W/m?K, and the maximum U-value was
0.70 W/m?2K. The average of the 20 systems was 0.65 W/m?K. The thicknesses of each solution in their
total transversal section were adjusted until a maximum variation of 16% was attained, with extreme
dimensions of between 23.5-28 c¢m, these sections were considered conventional for external walls
in multi-storey Spanish residential buildings. The U-value and thickness for each external wall are
shown in Table 1.

Table 1. Properties of the external walls.

EW 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

(‘L/J\]-)];?Ii) 0.65 0.68 0.63 0.68 0.65 0.64 0.61 0.7 0.66 061 061 067 062 061 0.69 062 0.64 070 0.68 0.69

Thickness (cm) 263 245 260 270 263 270 250 235 280 26.0 245 238 258 265 253 258 275 265 258 255

The options chosen for making up the exterior layers were elements of ceramic clay pieces (CCP)
and mortar pieces (MP) of grey cement. Ceramic clay pieces and laminated plasterboard (LPB) were
used for the interior layers. Materials derived from natural wool and petroleum, with similar physical
and mechanical performance, were chosen as thermal insulation. The specific physical characteristics
of the elements chosen for configuring the walls are shown in Table 2. The finishes to cover the
walls on their exterior and interior faces were of cement mortar (mor) and laminated plasterboard
(G). The normalized compressive strength for the exterior and interior layers was 10 N/mm? and
3-5 N/mm? respectively, and was considered null for thermal insulation.

Table 2. Properties of materials used.

Element . - A *** Fire Density g
of Wall * Type Material (W/mK)  Resistance (kg/m?) Characteristics
~ ” High-density (HD) CCP with faced finish (FF) joined with industrial mor M7.5;
B 0.35 Al 780 category | UNE-EN 771-1 [71].
cce
HD CCP with coated finish (CF) joined with mor 1:2:10 of cement (CEM II);
~ -
EL LEPp 0.23 Al 850 category I UNE-EN 771-1 [71].
MB 118 A-1 520-1230**  MB pieces with CF joined with mixed mor 1:2:10; category I UNE-EN 771-3 [72].
MP
SMB 1.18 A-1 520-1230 **  SMB pieces with CF joined with mixed mor 1:2:10; category I UNE-EN 771-3 [72].
HBs 032 Al 770 Low-dsnsity (LD) partitions with CF joined with mixed mor 1:2:10; UNE-EN
771-1[71].
ccp HBd 0.32 A-1 770 ** LD partitions with CF joined with mixed mor 1:2:10; UNE-EN 771-1 [71].
1L ~ - LD partitions of 700 x 500 mm and variable thickness with CF joined with
LEP 0.29 Al 650 gypsum-based adhesive; UNE-EN 771-1 [71].
Self-supporting structure of galvanized steel profiles (GP), uprights each 400 mm
LPB LPB 0.25 A-25-1,d0 750-900 ** (60 mm width), channels (60 mm width) with laminated plasterboard (G);
UNE-EN 520 [73].
Natural RW 0.035 A-1 50 **** Rigid plate positioned without adhering, UNE-EN 13162 [74].
wool GW 0.036 A-1 40 Semi-rigid plate positioned without adhering; UNE-EN 13162 [74].
TI EPS 0.036 B-S1,d0 10-50 ** Smooth surface faces and smooth edge, without adhering; UNE-EN 13163 [75].
Petroleum XPS 0.036 B-S1, d0 25-50 ** Smooth surface faces and smooth edge, without adhering; UNE-EN 13164 [76].
SPF 0.028 B-S1,d0 30-60 ** Spray polyurethane foam. Amorphous and projected; UNE-EN 14315-1 [77].
mor 055 Al 1000-1300 ** I‘;ggrlCSIH W1 of 1.5 cm thickness. Mor CSIII WO of 1.5 cm thickness; UNE-EN
Finishes -1 (78]
G 0.25 A-25-1,d0 750-900 **  Adhered with gypsum base over its entire surface [73].

* See Figure 2 for the definition of acronyms;** A = Thermal conductivity. Spanish building technical code (CTE) [79];
**#* Technical sheet of local material supplier; **** Structured Bank of Constructive Elements Data (BEDEC) [60].
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The materials used have a limited or insignificant contribution to the spread of fire according to
their classification in UNE-EN 13501-1. As these materials are of petrous origin, they are considered
inert and incombustible, and are classified as Al according to the Euroclasses for building elements [80].
The polymers (XPS, EPS, and SPF) are an exception, being combustible due to their organic nature, and
have been classified as “category E” in the most unfavorable cases (direct exposure). However, for the
final application of this work, they have been classified as B-51, d0 because of the finish used (plaster
and mortar) [81-83].

4. Life Cycle Inventory

4.1. Product Stage (A1-A3)

The inventory of the study was carried out after the samples had been defined, their equivalence
of functionality corroborated (taking into account their most important physical characteristics), and
the objectives and scope of the LCA established.

For the evaluation of the product stage (A1-A3), the quantities (by weight) of material required
(WMpy) to configure each element of the external wall were determined per the selected functional unit,
the square meter. In each element studied, waste coefficients were applied. Only those components
that exceeded 1% by the weight of each wall were considered. As the materials studied are either inert
or the insulation of natural wools or petroleum derivatives, the percentage excluded does not represent
a potential risk (substances neither dangerous nor highly contaminating). Table 3 shows the quantities
for the boundaries established (A1-A3, A4, and A5) and the datasets selected from Ecoinvent.
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Table 3. Life cycle inventory for 1 m? of each external wall (EW).

8 of 24

External Walls
Stage Element Material/Process Ecoinvent Process/Material
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Ceramic clay pieces (kg) 91.6  130.6 - - 916 1094 - 1145 1175 916 1094 - 119.9 - - - 91.6 1145 130.6 - Brick production, RER
EL Mortar pieces (kg) - - 1495 126.1 - - 126.1 - - - - 126.1 2172 1495 2172 - - - 149.5 Concrete block production, RER
Mortar (kg) 423 1255 498 446 423 1157 446 1046 1120 423 1157 446 1009 771 498 771 423 1046 1255 498 Cement mortar production, CH
Ceramic clay pieces (kg) 51.6 374 305 709 516 709 495 - 50.8 508 495 - 458 495 363 - 643 709 - 30.5 Light clay brick production, DE
Mortar (kg) - 433 413 528 - 528 586 - 370 370 586 - - 58.6 - 402 528 - 41.3 Cement mortar production, CH
IL Laminated plasterboard (kg) 9.5 - - - 9.5 - - 133 - - - 9.5 9.5 9.5 9.5 - - 9.5 - Gypsum plasterboard production, RoW
Gypsum (kg) 135 - - - 135 - - 0.8 - - - 0.8 9.7 72 0.8 - - 0.8 - Stucco production, CH
A1-A3 Steel (kg) - - - - - - - 23 - - - 23 - - - 2.3 - - 23 - Steel production, converter, unalloyed, RER
Zinc (m?) - - - - - - - 1.1 - - - 1.1 - - - 1.1 - - 1.1 - Zinc coating, coils, RER
RW (kg) - - - - - - - - 105 1.31 158 210 - - - - - - - - Rock wool production, CH
GW (kg) - - - - 084 105 168 1.26 - - - - - - - - - - - - Glass wool mat production, CH
TI EPS (kg) 063 079 126 095 - - - - - - - - - - - - - - - - Polystyrene foam slab production, RER
XPS (kg) - - - - - - - - - - - - - - - - 0.67 0.67 1.00 1.18 Polystyrene production, extruded, CO, blown
SPF (kg) - - - - - - - - - - - - 0.72 1.08  0.90 1.26 - - - - Polyurethane production, rigid foam, RER
Ad EW Lorry operation (tkm) 28.0 32.1 269 30.0 28.1 339 27.6 25.6 31.2 242 313 209 33.1 39.9 29.8 33.2 26.1 34.0 279 27.0 Transport, freight, lorry 16-32 metric ton, EURO4
A5 EW Machine use (unit) (10E-7) 1.90 3.07 248 2.68 1.90 3.18 255 215 2.89 2.03 3.04 1.68 2.61 3.67 2.30 2.80 217 3.12 2.45 247 Building machine production
Energy (kWh) (10E-1) 1.22 3.67 2.05 218 122 3.67 229 2.30 3.26 177 3.78 1.05 241 3.05 1.30 179 1.84 3.44 2.75 2.05 Market for electricity, low voltage, ES
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4.2. Transport from Factory to Site (A4)

The evaluation of A4 considers the WMgy (in tons) and the average distances from factory to site
(in km). The distances were established by using the factory location of each material as the starting
point and a central location in the city of Barcelona as an end point, for which a map application with
geo-referencing and a route optimizer (Google maps) was used. For each type of material, the average
of three factories, located in a radius of approximately 100 km, is considered. The average distances
(AD) used were as follows: 70 km for CCP; 60 km for MP, 25 km for mor; 125 km for LPB; 100 for RW,
GW, and XPS; 50 km for EPS; and 60 km for SPF.

A lorry with the following characteristics was considered for transporting the external walls
components: load capacity (LCp) of 16 tons, cabin dimensions of 2.1 m wide by 2.2 m high, and
a distance between axles of 3.5 m. These specifications satisfied the requirements of weight and
maximum size for short-haul transport within a city [84]. Equation (1) was used for the environmental
evaluation related to the movement impacts of the lorry (MIy, in ton-kilogram, tkm):

Ml = AD X WMFU (1)

4.3. Construction Process (A5)

Stage A5 contemplates the use of machines to transport the material to each floor of the building
and the elaboration of the binders used in the manufacturing of the walls. First, Equation (2) was used
to estimate the time of use required (TU¢ [h]) for a two-ton crane (load capacity (LCc) with an average
velocity (VAc) of 16.5 m/min, a potency (Pc) of 7.5 kW, and a useful life (UL¢) of 10,000 h [55]) to
complete a full cycle to the center of the building (HR is 18 m). Similarly, two more parameters were
determined by means of Equations (3) and (4) for evaluating the crane’s impact: the portion of use
(crane: PUc [h/h]) and the operating energy required (EO¢ [kWh]):

WMy
( ICc )XHR

TUc = Ve )
TUc

PUc = — 3

C= Uk ®)

EOC = TUc x Pc (4)

Finally, with regard to the manufacture of the mortar mixes used in joining the ceramic pieces
and the finishes, as well as for the plaster mixes used in the adhesion of the laminated plasterboard
of each wall separately, the operating energy (EOy; [kWh]) of a continuous mixer was considered
(average flow capacity (FC) of 13 1/min and a nominal potency (Py1) of 2.2 kW). The volumes of binder
(Vp = sum of plaster and mortar in each wall) were quantified and, considering the FC, the time of use
required (TUys) was obtained. The EOy required for the job was obtained by using the Py;. By means
of Equations (5) and (6):

_ Vs
TUym = £¢ ®)

5. Results of the Environmental Impact

5.1. Stages of Product (A1-A3) and of the Construction Process (A4-A5) in the Impact Categories

The environmental impact assessment establishes a link between the elementary inputs to the
system of the products and processes analyzed, and their potential environmental impacts [85].
Figure 3 shows the percentage of environmental damage generated by the average of the 20 external
walls (including all of their elements) in each stage analyzed. For all of the categories, the greatest
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environmental impact arises in the product stage (A1-A3), with an average of 90.9%, confirmed by
previous research [12,47]. The subsequent stage is the transport from the factory to the construction site
(A4), with 8.9% of the average impact. Lastly, the construction process stage (A5) generates less than
1% of the environmental load. The values obtained for transport and construction, despite depending
on the inventory data of this study and the regional characteristics established, are consistent with the
results of other investigations [30,38,49].
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Figure 3. Percentages of the environmental damage of the average of the external walls in stages
A1-AS5 for all of the impact categories.

The impact categories with the greatest repercussion in the product stage (A1-A3) are EP
(93.2%) and CC (92.3%). This is because most of the GHGs (mainly CO, and N,O) are part of
the chemical reactions that occur during the manufacturing of conventional products that are used in
the construction of walls, such as mortar and clay pieces. The high temperatures used in the firing of
the ceramic pieces, over 1300 °C [86], and the cement clinker, over 1400 °C, as well as the high content
of carbonates found in their most important raw materials (limestone and clay) are responsible for the
release of CO, into the atmosphere [87]. Similarly, the production of nitrogenous gases is inevitable
due to the high temperatures reached in cooking the pieces [88]. In the stages of the construction
process, the ADP presents the highest values for A4, with 11.4%, and the AP for A5, with 0.32%.
This is because the transport sector is closely linked with the use of fossil fuels (sources of potentially
acidifying substances, such as NOx and SO, emissions) [89].

With regard to the POCP and the ODP, the 20 walls only reached values of the order of 10E-3
(kg ethylene eq.) and 10E-6 (kg CFC-11 eq.), respectively, at their most polluting stage (A1-A3).
The first of the categories is due to the problem of air quality, which is caused by a combination of
high-density car traffic in urban areas, strong incidences of solar radiation, and the high frequency
of meteorological situations that inhibit air circulation (factors that impact on the formation of ozone
and toxic gases in the troposphere) [62]. On the other hand, with respect to ODP, the agreements
established in the Montreal Protocol limit the substances in this category to critical or essential uses [64].
The contribution to both impact categories generated by the use of external walls was considered as
null, because the activities that produce them are not present in the analyzed stages.

5.2. The External Walls in the Environmental Impact Categories

The external walls with the best overall environmental performance were walls 1, 3, 5, 7, 10, 15,
17, and 20, which presented the most favorable values in a minimum of four impact categories (and of
these, the walls 1, 3, 5, 10, 15, and 20 in the five categories). Figure 4 shows the results of the five impact
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categories for the 20 external wall systems, including the three elements that compose them and the
stages analyzed. As a selection criterion, the wall with the best environmental performance was taken
as a reference. Consequently, only those that were 10% above this value were selected, assuming that
these walls could be considered equivalent to the reference wall for each category. Walls 7 and 17 did
not meet this criterion in some of the five impact categories (seven in HTP, 17 in ADP), but they are
still considered acceptable, as their values continue to be close to this one.
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Figure 4. Total value of each indicator (a) climate change (CC), (b) depletion of abiotic resources (ADP),
(c) acidification potential (AP), (d) eutrophication potential (EP), (e) human toxicity (HTP) in stages
A1-AS5 for each EW (EL + TI + IL).

The walls with the best overall environmental performance (1, 3, 5,7, 10, 15, 17, and 20) have the
use of large-format lightweight pieces in their conformation (such as LFPp or MB) in common, and in
some cases, the option of tongue and groove. The manufacture of lighter walls (mortar and clay) will
require less raw material, and therefore lead to a reduction in substance generation. In addition to the
optimization of the binders destined for their conformation, reductions could be made in the impacts
produced in the construction process (lighter walls generate up to 60% less pollution for CC, AP, and
EP, 70% for ADP, and 30% for HTP).

For the selection of the walls with the worst environmental performance, the wall with the most
unfavorable value was considered as the reference for each impact category, along with all those lower
than it by 10% (see Figure 4). The options 2, 16, 18, and 19 are the ones with the worst environmental
profile in the CC and in the ADP; they have the use of compact and small-format pieces for the
conformation of the walls in common. With respect to the AP, EP, and HTP, walls 8, 16, and 19
presented the most adverse values; in addition to having dense and small-format pieces in the exterior
layer, they use LPB as the interior layer. Therefore, the impact is attributed to both the heavy walls and
the use of the galvanized profile of the LPB. The most unfavorable combination for all of the categories
are walls 16 and 19, with an exterior small-format layer and an interior layer of LPB.
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Considering not only the environmental profile, but also their U-value, the walls that
could be recommended as suitable systems are numbers 7 and 10 (U = 0.61 W/m?K [Umin]),
wall 3 (U = 0.63 W/m?K), wall 17 (U = 0.64 W/m?K), and walls 1 and 5 (U = 0.65 W/m?2K), all of
which were below the average U (0.65 W/ m?K). The walls with the worst thermal and environmental
performance are 19 (U = 0.68 W/m?K) and 8 (U = 0.7 W/m?K). This suggests that the selection of
elements with better physical capacities can in turn generate a lower environmental burden; therefore,
this selection of elements and materials will be a determining factor in environmental optimization.
In addition, the use of external walls with better thermal capacities could lead to savings in the
operation stage of the building (B6); consequently, the environmental load will continue to be smaller.

When analyzing the five impact categories, two main groups emerged in terms of the trends
shown in the results obtained. On the one hand, CC and the ADP are proportionally related, since the
causes of GHGs mostly originate in the use of abiotic resources. In the case of AP, EP, and HTD, the first
two, despite being different phenomena, are generated by the same substances (even the Eco-indicator
99 includes them in the same impact category).

5.3. The Constructive Elements (EL, T1, and IL) in the Product Stages (A1-A3)

The impacts of the different construction components (EL, TI, and IL) that make up each external
wall of the study in stages A1-A3 (due to the significance of their maximum environmental impact) are
presented in Figure 5. In this study, for the CC and the ADP, the amount of material (in weight) defines
the general behavior of the external walls (and secondly the type of material). Therefore, the exterior
layer generates the most environmental impact on these categories, followed by the interior layer and
the thermal insulation. In the case of impact categories HTP, AP, and EP, behavior is influenced more
by the type of material than the quantity. On the horizontal axis of Figure 5, the type of material that
composes each element of the wall (see the nomenclature in Figure 2) can be seen, followed by the
external wall containing it (for example, Aa: perforated brick of 290 mm x 50 mm, incorporated in
walls 12 and 19). Figure 5d includes the AP and the EP, because the results for these categories show
the same trend (with different values).
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Figure 5. Detail of the elements of the EWs (and materials) in stages A1-A3 for the (a) CC, (b) ADP,
(c) HTP, and (d) AP and EP.

The results for the exterior layers are shown in the first segment of Figure 5a (CC) and Figure 5b
(ADP). The walls made with ceramic clay pieces generate 1.14 times more CC and 1.5 times more ADP
than those made with mortar pieces. This is despite cement, which is known for its high pollutant
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rates [90], being a fundamental component in the manufacture of mortar. However, the mortar pieces
only contain about 15% cement [55], and since the rest of its components are aggregates and water,
the ceramic options are more harmful for these impact categories. Previous research has found that
clay piece walls are more significant in terms of environmental impact than mortar piece walls [91].
In addition, the exterior layers made with small-format pieces (PB: 12, 19, 9, 6, 11, 13, 8, 18; SMB: 14,
16) are up to 60%, and 70% more polluting than those of large-format (LFPp: 1, 5, 10, 17; MB: 3, 15, 20,
4,7,12) for CC and ADD, respectively.

In the second segment of Figure 5a,b, it can be seen that thermal insulations made from
hydrocarbons (XPS, EPS, and SPF) are on average 2.3 (CC) and three (ADP) times more harmful
than natural wool (GW, RW). Therefore, from this perspective, it would be preferable when building
external walls to use a thermal insulation such as GW and RW.

The third segment of the same figures shows that the interior layers made with ceramic clay
pieces generate 1.14 times more CC than those made with LPB, although they represent only 15% by
weight of the ceramic pieces. The interior layers of LPB (8, 12, 16, and 19) generate 1.27 times more
ADP than the rest of the interior layers. In addition, the influence of G as finished (ILs 1, 5, 13, and 15)
can be observed.

In the first segment of Figure 5c,d, the results of the exterior layers are shown regarding HTP
and AP-EP. The exterior layers that use mortar pieces generate 1.4 times more HTP than those
using ceramic clay pieces. This may be due to the heavy metals and volatile elements present in
cement production [88], or the use of alternative fuels that incorporate hazardous waste [92] (such as
potential generators of polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofuranes (PCDF) [93]).
Previous research has found similar results for HIP and AP [94]. The exterior layers made with
ceramic clay and mortar pieces have a similar behavior for AP and EP. This can be attributed to the
sulfurous processes that take place in the production of both types of industries for ceramic and
mortar pieces (due to the fuels used and the raw material) [86]. For the three previous categories, the
options made up of small-format pieces are up to 51% more polluting than those of large-format pieces
(MB and LFPp).

In the case of thermal insulations (the second segment of Figure 5¢,d), the natural wools generate
3.4 times more HTP than those derived from petroleum. For the case of the AP, petroleum-based thermal
insulations are 1.15 times more polluting than those derived from natural wool. The contribution
that thermal insulations have in the EP was considered null for the quantities that are needed in the
configuration of these external walls.

The results for the interior layers are shown in the third segment; those made with LPB presented
2.5,5.3, and 3.7 times more HTP, AP, and EP, respectively, than those made with ceramic clay pieces.
These values are 80% (minimum value for the three impact categories) due to the galvanized film that
covers the steel profile (also found in previous studies [12]); so, the laminated plasterboard (G) itself
does not represent a substantial problem in the generation of these categories. The interior layers of
large-format pieces (LFP) are on average 21% less polluting than those of hollow bricks (HB) for the
three impact categories.

6. Prediction of the Environmental Behavior of E Components

To establish the predictive behavior of the environmental effect that may be generated by the
different possible combinations of the components studied here, a statistical analysis of the information
obtained from the LCA was carried out, and the regression equations were determined by means of
numerical analysis.

The relationships between the quantity of material used in making the external walls and the
generation of indicators for each impact category studied are shown in Figures 6 and 7; from these, the
impact increase rates (IIR, by establishing linear regression equations) were obtained for each type
of material used in each component of the external walls. The general behavior of all of the studied



Sustainability 2018, 10, 2748

14 of 24

variables is of a linear increase in the equivalent substance of each indicator with the increase of the

mass quantity of the material to be used (linear relationship).
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Once the linear regression models of each indicator have been established, the general equation
integrative (GEI, Equation (7)) can be proposed. This permits the estimation of the integrated behavior
of the different external walls that use the conventional spectrum of the proposed building materials.
In this equation, the independent variables are the quantity of materials (in kg) that are used to make
up the exterior layers (a), interior layers (b), and thermal insulations (c). The dependent variable is
the quantity of CO, eq. (Figures 6a and 7a), kg of antimony eq. (Figures 6b and 7b), kg of SO, eq.
(Figures 6¢ and 7c), kg of POy (Figure 6d) or kg of 1.4-DCB eq. (Figures 6e and 7d), which is generated
by each component of the external wall. Table 4 includes the coefficients of the linear regressions that
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provide a solution for the GEI and the R? coefficients obtained in order to make a prediction of the
environmental impact of the five impact categories analyzed.
GEIl = ax+by +cz+d ?)
where: a, b, and c are obtained from Table 4; d is determined with the equation:
d=d;+ da+ ds ®)

where: dq, dy, and dj are obtained from Table 4.

The GEI allows an environmental profile to be obtained simply and practically of any element to
be used, either in the design or recovery (or maintenance) of a building, by selecting one or more of
the materials included in this study.

Table 4. Regression coefficients for the prediction of the general equation integrative (GEI) of the EWs.

CC ADP HTP AP EP

a dy R? a dq R? a di R? a dq R? a d; R?
CCP 0225 1.544 0.99 0.0008 0.0320 099 0.030 0.380 0.99 0.0006 0.0022 099 0.0002 0.0015 0.99
MP 0.191 —0.080 099 0.0006 0.0000 0.99 0.042 0.042 0.99  0.0006 0.0000 099 0.0002 0.0000 1.00

b d, R? b d, R? b d, R? b d, R? b d, R?
HB 0.160 1.830 099  0.001 —0.011 098 0041 0431 097 0.0005 0.020 099 0.0002 —0.0020 0.96
LPB 0354 9210 1.00  0.003 0.074 1.00 0.055 8194 1.00 0.0011 02630 1.00 0.0005 0.0650  1.00
LFP+mor 0.155 1530 1.00 0.001 —0.009 1.00 0.042 -0361 1.00 0.0005 0.0016 1.00 0.0002 —0.0019 1.00
LFPp+G 0.118 3120 099  0.001 0.020 099 003 0791 099 0.0004 0.0230 099 0.0002 0.0041 0.99

c ds R? c ; c ; c ds R?

XPS 3.880  0.000 1.00 0.043 0.000 1.00 0548 0.000 1.00 0.0140  0.0000 1.00
SPF 4.356  0.000 1.00 0.043 0.000 1.00 0421 0.000 1.00 0.0190  0.0000 1.00
EPS 4470  0.000 0.99 0.048 0.000 099 0456  0.000 0.99 0.0180  0.0000 0.99
GW 1.390  0.000 1.00 0.013 0.000 1.00 1.087  0.000 1.00 0.0100  0.0000 1.00
RW 1.171  0.000 1.00 0.008 0.000 1.00 1.127  0.000 1.00 0.0099 0.0000 1.00

ds R?

o)

7. Sensitivity and Uncertainty Analysis

In LCA studies, merging sensitivity and uncertainty analysis are used to assess the robustness of
the results and their sensitivity to data, assumptions, and models [95]. The relevance of this analyses
has been pointed out by several researchers [50,95-101], which contribute to focused research efforts
and also provide support in the interpretation of LCA study results [102], particularly in studies when
the input data of the LCI has not been documented or are unreliable [100,103].

In this study, the information related to the input data comes from assured sources, which
are widely used in the daily practice of the construction industry. Also, the processes considered
correspond to what is stipulated by the Europe normative, which substantially reduces the uncertainty
because the information is sufficiently available, in addition to the use of the Ecoinvent database
already recognizing uncertainty in their probability distributions [95,100,102,103]. Due to the above,
and because the present study considers the cradle to handover approach, the stage that could present
a higher degree of uncertainty in data collection is the transport from the manufacturing plants to the
construction site (A4).

With the aim of determining the environmental and human health effects caused by the
extension of uncertainty propagation produced by the A4 stage, this study considers several
combinations between the locations of the manufacturing plants and different ecological performances
of the machines used for the transportation of materials at the construction sites (Table 5).
Previous studies [50] have presented similar approaches in conducting sensitivity analyses.

For the location of the manufacturing plants, the distances used in this work that are taken as a
reference are called "lorry"; from these, three alternatives are analyzed: lorry £50% of the distances,
and 200 km. On the other hand, the behavior of Euro 5 and Euro 6 engines [104] are compared with
Euro 4, which generates a total of 11 more scenarios than the base scenarios (scenarios B).
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Table 5. Scenarios according to the established parameters.

o Lorry Lorry Lorry Lorry
Motorization —(_ 5oq) (Original) (+50%) (200 km)
Euro 4 Scenarios A Scenarios B*  Scenarios C  Scenarios D
Euro 5 Scenarios E Scenarios F Scenarios G Scenarios H
Euro 6 Scenarios I Scenarios J Scenarios K Scenarios L

* Base scenarios.

According to sensitivity analysis, results vary in relation to the function of the indicator. The same
occurs with the uncertainty percent that is presented in each of the cases according to the different
scenarios considered, in which: (i) CC shows values between 7.37% (case 8) and 10.65% (case 7);
(i) ADP shows values from 10.25% (case 8) to 17.70% (case 7); (iii) AP shows values from 3.64%
(case 12) to 11.94% (case 6); (iv) EP shows values from 2.96% (case 12) to 8.75% (case 2); and finally;,
(v) HTP shows values from 5.69% (case 12) to 15.37% (case 2).

The analysis highlights the relevance of the consideration of the A4 stage in the LCA, because the
results obtained by the external walls in the different scenarios (Figure 8) show significant variations,
which can mean increases of up to 42.18% and reductions of up to 8.06% in the environmental impacts
produced during stages involved in the cradle to handover approach (A1-A5). The ADP and AP
categories are those that present the most significant changes.
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Figure 8. Results from the sensitivity analysis.
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In terms of the ADP category, in which the largest increases occurred, the changes produced in
scenario H in relation to scenario B show different variations in the interpretation of the original results;
e.g., external wall 7 (which presented the best environmental performance in scenario B), would be
10.15% more polluting than external wall 12 (which presented the best environmental performance in
scenario H). Also, consider external wall 8, which went from producing 14.11% less environmental
impact than the case with the worst environmental performance in scenario B to producing only 1.57%
less environmental impact than the case with the worst environmental performance in scenario H.
In the case of both scenarios, the external wall with the worst environmental performance is external
wall 19. On the other hand, in scenario H, the external wall 3 would not be considered between the
external walls with the best environmental performance, because the impacts produced would be
higher than 15% of those produced by the external wall 12.

Regarding the AP, the category in which the most significant reductions occurred, the position of
each external wall in relation to the others was not affected. However, in this category, together with
EP, the change from the Euro 4 engine to the Euro 6 engine exhibited more significant reductions in the
environmental performance of the external walls.

Figure 8 also shows that variations in the locations of the manufacturing plants have a more
significant impact than changes in the motorization of the machines used for transportation, except for
the AP and EP categories, in which, the change from the Euro 4 engine to the Euro 6 engine generates
reductions between 0.19-1.33% despite increasing the distances in the locations of the manufacturing
plants by 50%. EP is the category with the most significant reductions; nevertheless, when the external
walls consider scenario H, the increments varied between 2.90-9.80% in the EP, and 4.31-15.81% in the
AP. Future studies could analyze the distance in which the change from the Euro 4 engine to the Euro
6 engine stops producing reductions in the environmental behavior of the external walls.

Among the results obtained by sensitivity analysis, it underlines that there is an increase in
environmental performance only in the CC and ADP categories when changing from the Euro 4 engine
to the Euro 5 engine. This increase varies between 0.04-0.13%; CC is the category in which the most
substantial increases occur. Notwithstanding the above, general results support that renewing the
vehicle fleet is an effective strategy to reduce its pollution effects [50,105,106], because all of the cases
present reductions when the change is from the Euro 4 engine to the Euro 6 engine.

8. Conclusions

This study has made a comparison of the life cycle in stages A1-A5 of external walls conventionally
used in Spanish residential buildings. The use of LCA established significant derivations among the
considered perspectives, showing itself to be an efficient instrument for promoting sustainability in
the construction industry.

The stages with the greatest environmental impact in all of the categories were A1-A3, which
were more aggravating in EP (93.2%) and CC (92.3%). In stages A4—-A5, the ADP and AP presented the
highest values (11.4% and 0.32%, respectively for A4 and A5). Although transport (A4) depends on
specific conditions, it makes a considerable contribution to the impacts in the life cycle. This can be
verified in the studies that analyze it. Stage A4 can contribute to the reduction of the total environmental
load by selecting materials available close to the construction site.

The external walls with the best general environmental profiles were 1, 3, 5, 7, 10, 15, 17, and 20.
Although all of the systems are relatively equivalent, the external walls that could be recommended
as ideal are 7, 10, 3, 17, 1, and 5 (in decreasing order with respect to U-value) because they generate
the lowest environmental load and have the best U-values. On the contrary, the most damaging
combination of elements is that which includes an exterior small-format layer and an interior layer of
LPB. The walls with this combination are 16, 19, and 8 (in increasing order of U-value).

This study leads to the conclusion that a selection of elements with better physical capacities can
in turn generate a lower environmental load. Therefore, the selection of elements and materials will be
a determining factor in environmental optimization.
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In the design of the external walls (choice of materials), simple strategies have been established
in order to reduce their environmental repercussions. These include the use of large-format pieces
(mortar or clay), which reduce the quantity of materials that are needed for making the wall pieces and
the binders used in their assembly (mor), and the controlled increase in the thickness of the thermal
insulation. Although individually, the thermal insulation does have an important impact compared
with the rest of the components, with regard to the external wall, this is moderate.

When making a comparison between the materials that make up each layer of the external wall,
it was found that: (i) the exterior layers made with ceramic clay pieces are more harmful than those
made of mortar pieces in CC (1.14) and ADP (1.5). On the contrary, the walls made with mortar pieces
generate more HTP than those made with ceramic clay pieces (1.4); (ii) the interior layers made with
LPB are more harmful than those made with ceramic clay pieces (HTP: 2.5, AP: 5.3, EP: 3.7), this value
is 80% due to the galvanized steel profile; and (iii) the thermal insulations made from hydrocarbons
are more harmful than those from natural wool in all of the categories (CC: 2.3, ADP: 3, AP: 1.15),
except in HTP (3.4).

The prediction of the environmental behavior (simulation equation) allows the possible impacts
that the external walls may generate in the product stage to be studied with facility. This provides a
useful tool for those in charge of planning in the search for more environmentally-friendly options,
without detriment to the performance of the components.

The sensitivity and uncertainty analysis indicate that stage A4 performs a significant role in
reducing emissions within the cradle to handover life cycle. Also, further research studies could be
done with a more robust sensitivity and uncertainty analysis to support the conclusions or implications
of the present study.

Finally, as well as evaluating the data of the characterization of the model used, an analysis would
be needed of the impact of each of the categories involved (but from a comparative perspective) to
thereby establish the impact at different levels (national, European, or global). To achieve this, it would
be necessary to carry out a normalization of the impact categories with updated impact data. Similarly,
a weighting of each of the impact categories would be of interest for establishing the importance that
the construction of different external walls has for them.
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Abbreviations

Al1-A3  Product stage

A4 Transport from factory to site
A4-A5  Construction process stage
A5 Construction process/installation stage
ADP Depletion of abiotic resources
CcC Climate change

ccrp Ceramic clay pieces

EL Exterior layer

EP Eutrophication potential

EPS Expanded polystyrene

EW External walls

G Laminated plasterboard

GW Glass wool
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HBd Double hollow brick

HBs Single hollow brick

HR Height of reference

HTP Human toxicity

IL Interior layer

LCA Life cycle assessment

LCI Life cycle inventory

LFP Hollow large format

LFPp Perforated large format partition wall

LPB Laminated plasterboard

MB Hollow mortar block

mor Mortar

MP Mortar pieces

ODP Stratospheric ozone depletion

PB Perforated brick

POCP Photochemical oxidation

RW Rock wool

SMB Solid mortar brick

SPF Spray Polyurethane Foam

TI Thermal insulation

XPS Extruded polystyrene
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