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Abstract: In a planet with limited resources, climate change is a severe problem, intensified by
industrial development. This is particularly important in the construction sector. According to the
International Energy Agency (2021), the construction sector is responsible for 40% of the global energy
consumption and 36% of CO, emissions. In this way, sustainable architectural solutions should be
a priority in our fight against climate change, for it is necessary to propose solutions that help to
reuse existing resources, thus reducing consumption. In this sense, the rehabilitation of buildings
with solutions that favor the circular economy will become a key element in the construction sector.
This work provides the design of a facade for building rehabilitation based on the circular economy
paradigm, which is implanted in a model building as a case study. The HULC tool quantifies the
improvement in energy efficiency that this rehabilitation entails when compared to a conventional
facade. With the designed facade, a reduction in energy losses through the envelope is achieved,
as well as an improvement in living conditions and environmental impact. Next, an analysis of the
building’s energy consumption and CO, emissions is carried out with the Open BIM Quantities
tool. This tool is used by construction researchers and professionals. Finally, the results show the
improvements in the rehabilitation of the facade.

Keywords: circular economy; energy rehabilitation; energy efficiency; sustainability; eco-efficiency;
facade; passive systems; recycling

1. Introduction

Climate change is an unquestionable reality. One of the reasons for it is the greenhouse
effect generated by CO, emissions. This causes an increase in the temperature of the
planet as well as inequalities and imbalances that lead to higher energy consumption. The
construction sector is a key player in this consumption problem.

To achieve sustainable development in buildings, we must talk about eco-efficient
construction [1] and include the rehabilitation of current buildings that allows to stop
consuming the ground, as well as the transformation of buildings that are obsolete. With
this, we try to satisfy human needs, caring for and respecting the environment, reducing
energy consumption, and, therefore, favoring the economy, especially in these moments in
history where our world economy is being drastically damaged as a consequence. of the
pandemic caused by COVID-19, as you can see in Figure 1.

Figure 1 shows the evolution of GDP in different countries. It reflects the great impact
that the pandemic derived from COVID-19 has had on the global economy. It is essential
to promote sustainable practices to reactivate the world economy. There are projects that
propose sustainable constructions at low economic cost [4]. An example is the circular
economy. This is an economic model in which products participate in a closed life cycle
that reduces energy and economic costs in the manufacturing stage.
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Figure 1. Annual evolution of the GDP (Gross Domestic Product) of influential countries in Europe and Latin America.
Data obtained from Eurostat [2] and Cepalstat [3].

The construction sector is decisive in terms of energy consumption and CO, emissions.
According to data from the International Energy Agency [5] and the European Environment
Agency [6], the construction sector is responsible for 40% of world energy consumption,
36% of CO, emissions, and generates 9000 million tons of construction waste. This is why
measures are currently being developed that intend to replace the linear economy with the
circular economy.

In 2010, The European Commission issued a document titled: “Europe 2020. A
strategy for smart, sustainable and inclusive growth” [7]. This document establishes the
main strategies to achieve the objectives of Horizon 2020. Subsequently, in the years
2015 [8], 2016 [9], 2017 [10], and 2019 [11], a series of communications were published by
the European Commission in which measures were proposed to favor the implementation
of the circular economy and Eco-design criteria.

The formation of strategies to achieve the objectives set for 2050 for a climate neutral
Europe has become very important. As mentioned previously, the construction sector is
one of the main contributors to climate change. For this reason, it is essential to promote
sustainable practices from the construction sector. Zero energy buildings (NZEB) or
innovative construction solutions [12,13] are fundamental elements in the fight against
climate change. However, the improvements in new constructions are not enough because
according to the European Commission, 70% of buildings in Europe are energy inefficient.
For this reason, all European countries should get involved in the so-called “wave of
renovation of public and private buildings”, to improve the European built park [14]. The
facade is the part of the building where the most energy is lost [15], because of this, it
is essential to develop facades for the rehabilitation of buildings. In recent years, plenty
of studies have been developed to analyze the energy improvements involved in the
implementation of ventilated facades as rehabilitation [15-17].

The location of buildings is a fundamental parameter that has great influence on their
energy development [18-20]. In new construction, it is necessary to take into account the
location of the building in order to develop energy-efficient buildings that adapt to the
surrounding climate. In the case of built buildings, it is necessary to develop rehabilitation
proposals so that the buildings have an energy performance according to the place where
they are. In this work, a facade for rehabilitation is developed so it is necessary to establish
the location of the building that we will analyze. The scope of application will be the
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areas that have warm or temperate climates. These areas have greater impact in terms of
energy consumption. The use of electricity and energy to provide thermal comfort in hot
climate areas represents more than 30% of all electricity and energy consumption in the
residential sector. [21] In addition, these areas of the planet are the most populated of the
planet. Specifically, the Mediterranean climate is a type of temperate climate. In recent
years, studies have been carried out on the energy behavior of buildings in these areas of
the planet [22-24]. The need to propose eco-efficient construction solutions that reduce the
energy impact of buildings already built-in areas with a Mediterranean climate is evident.
For this reason, we will choose Spain (located in southern Europe) as the location for the
development of the work.

The Government of Spain has published a series of documents in order to raise
awareness among the most relevant professional sectors in the country. The main purpose
of these documents is to promote sustainable constructions, to include eco-design in the
product manufacturing process, to reduce construction demolition waste, and to promote
the transition towards a circular economy and to be low in carbon in order to reduce
environmental impacts [25,26].

Focusing on the Spanish buildings built and their state of conservation, according to data
from the National Statistics Institute [27], in Spain in 2011, there were 9,814,785 buildings and
25,208,623 homes, 3,445,365 of them empty. Of the 25 million homes, 18 million are primary.
According to its age, the park built in Spain consists of almost 3 million buildings with
more than 50 years, which represents 30% of the total built.

As shown in Figure 2, is the Spanish residential park, the type of multi-family residen-
tial building that predominates for the most part. This typology is the one with the highest
percentage that requires a priority intervention in relation to its state of conservation. This
makes this building typology the most deteriorated within the Spanish built park.

DISTRIBUTION OF HOUSING ACCORDING TO AGE AND TYPE

FAMILY HOUSES HOUSING WITH PRIORITY INTERVENTION
CLUSTER*  TYPE AGE
1//// o G k. ATES DE 1940 %//
BeC+D" UNIF. 1941-2007
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Pl PLURIF. 1981-2007

PLURIF. 2008-2011

Figure 2. Distribution of the existing residential park according to age and type. Comparison
of the family housing stock and the priority intervention stock. Extracted from “Analysis of the
characteristics of residential building in Spain in 2011. Volume II. State and regional summary files”,
Ministry of Public Works, 2014 [28].

Around 51% of the current built residential park was built before 1979, the year in
which the Basic Building Standard on thermal conditions in buildings was published. Prior
to that moment, there were no regulations that limited energy demand and consumption.
A total of 92% of the built residential stock in Spain was built before the Technical Building
Code (published in 2006), which introduced stricter restrictions. For these reasons, a large
part of the buildings in Spain are energy inefficient. On the other hand, energy consumption
in the residential sector in Spain accounts for 17% of total national energy and 25% in
the European Union [29]. This is why new policies are beginning to place great value on
energy renovation. In addition, the rehabilitation of houses in Spain has a lag of up to
20 years with respect to Europe, which makes it even more urgent to increase the number
of rehabilitated properties. If these projects include constructive solutions with materials
with low environmental impact, the state of the planet will be considerably improved [30].
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Energy rehabilitation reduces energy consumption in buildings and represents finan-
cial savings. However, the priority must be to achieve healthy spaces, improve living
conditions and greater thermal comfort, in addition to ventilation, a fundamental aspect to
reduce COVID-19 infections. A study shows that air recirculation can lead to favorable heat
gains during 10% of the winter, which is why ventilated facades are among the existing
measures to reduce energy demand in buildings [31].

All over the world, projects are currently being carried out focused on the develop-
ment of building rehabilitation processes. The objective of these projects is to reduce the
environmental impact and pollution generated by the new plant works. Articles such as
Eco-Efficient Analysis of a Refurbishment Proposal for a Social Housing [32] are published
in which is carried out the environmental analysis of social housing and the improvements
achieved with its rehabilitation, Figure 3.

Project design

Al -A3
Extraction and fabrication

BS

Renewal

C1-C4

Demolition

Figure 3. Life cycle of construction materials by stages in ISO 14040. Own elaboration with data
extracted from “Study of footprints in the life cycle of the residential building”, Rivero-Camacho C.,
2020 [21].

Therefore, it can be said that a large part of the current built park requires improve-
ments that would be achieved through rehabilitation. This will boost the economy, help
combat climate change, and decrease energy poverty and gentrification.

In addition to this, it is essential to promote projects based on the circular economy,
applied to architecture and construction in order to reduce CO, emissions and energy
consumption in the production and manufacturing processes (A1-A3) of materials of
construction. The extraction and manufacturing stage of the products (A1-A3) is one of
those that causes a higher energy cost for the environment. This is due to the amount of
machinery that is used in this process and all the processes that are necessary to generate
the construction materials. That is why this research focuses on it, where a detailed study
of the materials that composed the facades is carried out. In order to be able to reflect the
most relevant values and extract the general data energy cost of the facades. This stage
directly affects the rehabilitation stage (B5), the other important part of this project. By
making an improvement on an existing building, it is avoided to consume resources again
and, therefore, to reduce said emissions.

2. Materials and Methods

After analyzing the European building situation, we found that it is necessary to
promote new projects that involve eco-efficient and sustainable construction solutions. In
this project, is designed a rehabilitation proposal developed for buildings whose energy
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performance is not efficient. This proposal focuses on the design of a facade based on the
circular economy using materials with a low environmental impact.

Methodology

To achieve the main objective of the project, it is necessary to carry out the work in
detail, establishing a series of stages with different parts in Figure 4.

(0)1) S(GHNAYN METHODOLOGY

STAGE 1 Choosing a model building. Analysis of the residential park built.
L4 L .

Definition of the technical characteristics.

Definitiontof a conventional Analysis of eco-efficiency indicators with the

STAGE 2 e Open Bim Quantities tool
Introduction of the facade in the model building
and energy analysis with the HULC tool
L4 A A
Definition of the technical characteristics.
- Analysis of eco-efficiency indicators with the
STAGE 3 Defm1t1onfof Leprapezed Open Bim Quantities tool
acade.
Introduction of the facade in the model building
and energy analysis with the HULC tool
L4 A L
STAGE 4 Obtaining and analyzing results. (el (1 2 i el

characteristics of the facades.

Figure 4. Outline of the project development stages related to the proposed objectives and the
methodology followed to carry out the project.

For the development of this project, it is essential to compare the designed facade pro-
posal with conventional facade models to verify that the designed facade really represents
an advance in terms of sustainability and eco-efficiency. In stage 1 of the process, a model
building is chosen on which the study of its energy performance with the different facades
is carried out.

As previously explained, the model building will be located in Spain since it corre-
sponds to a temperate climate (Mediterranean climate). The model building is located
in Seville because it complies with the climatic characteristics previously exposed. This
building is located in “Poligono San Pablo” and dates from 1962. The building has got
4 floors, with two houses per floor, for a total of 8 houses. It has a rectangular plan with
dimensions of 22.30 m wide, by 7.50 m deep. Each house has around 72 m? of living-dining
room, kitchen, laundry room, bathroom, toilet, four bedrooms, and distribution space, as
shown in the planimetry in Figure 5.

In stages 2 and 3, the morphology of the two facades analyzed and the products that
compose them are defined. First, a facade established as conventional is developed and
then the facade proposal for the rehabilitation to be able to compare the results obtained
and make sure that the proposal represents an energy improvement.

The energy consumption and CO, emissions generated in the manufacturing process
of the products of the two predefined facades are exposed. The percentage of recycled
product that they contain is also reflected. To obtain these data, manual calculations are
carried out with data extracted from proven sources. Furthermore, the mentioned values
are obtained through the Open BIM Quantities tool [34]. To obtain these last data, it is
necessary to carry out a 3D modeling in the CYPE Architecture tool [35], see Figure 6.
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Figure 5. Planimetry of the simulated building. From top to bottom: rear elevation (north), standard
plan, and front elevation (south). Own elaboration with data extracted from. “Typological analysis of
linear social housing blocks: Spain 1950-1983. The case of Western Andalusia” [33].

Figure 6. Three-dimensional modeling of the building chosen as a case study. Modeling made in the
CYPE Architecture tool.

The composition of the building’s constructive elements is defined using the CYPE
Price Generator database [36]. The energy consumption values and the CO, emissions of
the products are analyzed. A study is carried out to analyze the energy performance of
building with the different facades. This analysis is carried out through the monitoring of a
model building using the LIDER/CALENER Unified Tool (HULC) [37], which report with
the energy certification of the buildings. The location of the building is essential for the
development of energy analysis. A hypothetical situation is proposed in which the model
building has no buildings around it. This fact affects when calculating, since they act as
shadow elements. Once all these data have been entered, the model shown in Figure 7
is obtained.

In this program, the model is first introduced by adding a fictitious floor where the
different spaces and construction elements that make up the first floor are inserted, and so
on with the successive floors. Next, the constructive characteristics of all the elements that
make up the building are assigned, which allows making the checks for compliance with
the CTE-DB-HE [38].
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Figure 7. Building monitored in the HULC program. Own elaboration with images extracted from
“LIDER-CALENER Unified Tool”.

Finally, in stage 4, the results obtained after the development of the analyses is carried
out are graphically displayed in order to draw the pertinent conclusions. In this stage, a
comparison is made of the characteristics of the enclosure materials, as well as the energy
performance and the emissions and waste produced by the materials used.

3. Analysis of the Facades
3.1. Facade Eco-Efficiency Indicators

First of all, it is needed to study the environmental impact of the defined facades.
Thus, it is necessary to carry out an analysis of the materials that compose them from
the point of view of eco-efficiency and the sustainability of construction systems. This is
essential to promote an action plan against climate change and boost the revitalization of
the circular economy in the construction sector.

Three eco-efficiency indicators are defined: Energy consumption and CO, emissions
generated in the manufacturing stage of the products that make up the facades analyzed. Fi-
nally, the amount of recycled product is included in the materials that make up the facades.

Raising a general definition, we can establish that the energy consumption factor is the
amount of energy necessary to carry out a production process. In the field of construction
and architecture, energy consumption is the amount of energy used to manufacture a build-
ing element. This indicator is quantitatively expressed in MJ/m?. The most unfavorable
energy consumption values are those whose value is higher.

The CO, emissions are defined as the amount of carbon dioxide emissions emitted
during the manufacturing process of an item. In the field of construction and architecture,
we will consider CO, emissions as all those derived from the manufacturing process of
materials. CO, emissions are quantitatively expressed in kgCO,/m?. The most unfavorable
energy consumption values are those whose value is higher.

The amount of recycled material that contains the elements of the facades is defined
as a percentage that will reflect the amount of recycled product that is included in the
manufacturing stage of the products.

These indicators are the most used to make a diagnosis of materials in terms of
sustainability and environmental impact. This is so because these are the parameters that
reveal the most unfavorable and relevant values of the products [39].

Next, the technical characteristics of the conventional facade and the proposed reha-
bilitation facade are defined. In addition, the following section includes tables that reflect
the values of the four indicators mentioned associated with the products that make up the
facades analyzed.

3.2. Conventional Facade

The characteristics of the conventional facade, Figure 8, have been obtained from the
article Minimizing the environmental impact in the execution of facades through the use of
recycled materials [40], BCCA (Andalusian Construction Costs Base) [41] and Catalogue of
construction details of the CTE-2018 [42].
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| 1. Exterior coating of Quintana Gray granite slabs, dimensions of the
‘\ pieces of 40 x 40 x 2 cm, glued to main layer by cement mortar.
W 2. Main layer made of waterproof perforated ceramic brick, 24 x 11.5

x 5 cm, compressive strength 25 N/mm?. Horizontal and vertical joints
\ of 10 mm thick, received with industrial cement mortar M5 CEM II/A-
L 325N.

\
\ 3. Busbar layer composed of cement mortar M-2.5.

w 4. Insulation by rigid polyurethane foam, 50 mm thick, 45 kg/m3
| density. 21 x 11.5 x 7 cm.

5. Double hollow brick partition, compressive strength 5 N/mm?.

\ 6. Inner coating by means of a C6 thin-layer gypsum plaster on a
| previously lined surface.

Lacquered aluminum window frame, for forming an aluminum
window, hinged that can be opened to the inside.

Figure 8. Section of conventional facade. Material definition according to BCCA [41] and construction price generator—

CYPE Engineers [36].

Table 1 shows the values of energy consumption and CO, emissions generated in the
manufacturing stage of the products that compose the conventional facade. The data shown
in the first two columns of the table have been calculated manually. These calculations
are included in Appendix A, Table Al. On the other hand, the data reflected in the last
two columns of the table have been extracted from the CYPE Price Generator database [36].

Table 1. Environmental Impact generated by the construction elements that make up the
conventional facade.

Energy CO, Energy CO,
Product Consumption  Emissions Consumption  Emissions
M]J/m? KgCOy/m? M]J/m? KgCO,/m?
Natural Stone (EC 1)
Source 2/Source 3 12.80 20.00 88.68 2.04
2
Polyurethane Foam (TI) 315.00 46.49 340.65 16.53
Source 2/Source 3
: 3
Perforated Brick (ML ~) 441.00 41.16 406.52 18.75
Source 1/Source 3
: 4
Double Hollow Brick (IL. %) 168.48 12.55 212.22 11.30
Source 1/Source 3
Plaster Coating (IC °)
Source 2/Source 3 19.80 1.44 48.53 2.16
6
Cement Mortar (U?) 28.00 38.22 13.05 1.01
Source 1/Source 3
. . 7
Lacquered Aluminium (WF*) 235.44 34.60 359.36 9.51

Source 2/Source 3

1 EC: Exterior Coating; 2 TI: Thermal Insulation; 3> ML: Main Layer; 4 IL: Inner Layer; 5 1C: Inner Coating,
6 U: Unions; 7 WF: Window frame. Data extracted from the BEDEC database (Source 1) [43], Doctoral Thesis:
Mercader Moyano, Pilar (2010). Quantification of the resources consumed and CO, emissions produced in the
constructions of Andalusia and its implications in the Kyoto protocol—Doctoral thesis, U. Seville. (Source 2) [44]
and from the CYPE Price Generator database (Source 3) [36].

Most of the values obtained by manual calculation and those obtained from the chosen
database are similar and so we assume that they are reliable. The only disparities between
values appear in the energy consumption of natural stone. This element has a value
of 12.80 MJ/m? extracted from the manual calculation and 88.68 MJ/m? extracted from
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the database. Cement mortar CO, emissions presents a great disparity. By the manual
calculation we obtain 34.60 kgCO, /m? and from the database we obtain 9.51 kgCO, /m?.

First, the manually calculated values are analyzed. The perforated brick has the most
unfavorable values, its energy consumption is 441.00 MJ/m? and it emits 41.16 kgCO, /m?.
The polyurethane foam thermal insulation also presents high values, its energy consump-
tion is 315.00 MJ/ m? and emits 46.49 kgCO,/ mZ2. In this case, the lowest values are found
in the cement mortar used for the joints of the elements. Second, the data extracted from
the CYPE Price Generator database is analyzed [36]. The most unfavorable value is also
presented in perforated brick. Its energy consumption is 406.52 MJ/m? and it generates
18.75 kgCO,/ m2. Aluminum window frame presents high values, having an energy
consumption of 359.36 MJ/m? and generating 9.51 kgCO, /m?.

Table 2 shows the unified values of energy consumption and CO, emissions extracted
from Table 1. The highest values have been taken to propose the most unfavorable analysis.

Table 2. Unification of environmental impact values generated by the construction elements that
make up the conventional facade.

Energy Consumption CO; Emissions
Producto M]/m? KgCO,/m?
Natural Stone (EC)
Source 3/Source 2 88.68 20.00
Polyurethane Foam (TTI)
Source 3/Source 2 340.65 4649
Perforated Brick (ML) 441.00 4116
Source 1 ’ ’
Double Hollow Brick (IL)
Source 3/Source 1 212.22 12.55
Plaster Coating (IC)
Source 3 48.53 2.16
Cement Mortar (U) 28.00 38.22
Source 1 ’ ’
Lacquered Aluminium (WF) 359 36 34.60

Source 3/Source 2

Data extracted from the BEDEC database (Source 1) [43], Doctoral Thesis: Mercader Moyano, Pilar (2010).
Quantification of the resources consumed and CO; emissions produced in the constructions of Andalusia and its
implications in the Kyoto protocol—Doctoral thesis, U. Sevilla. (Source 2) [44] and from the CYPE Price Generator
database (Source 3) [36].

It should be noted that none of the materials that make up the facade have recycled
products. The products that make up the conventional facade, such as ceramic bricks, could
contain recycled material; however, traditional bricks that are made from non-recycled raw
material are still being chosen.

Energy Performance of the Conventional Facade

In order to analyze the energy performance of the building simulated with the con-
ventional facade, each component is introduced in the LIDER/CALENER Unified Tool
(HULC), Figure 9, which is the tool chosen for the development of this analysis.

First of all, the layers of the conventional facade are introduced in the 3D model. The
components of this facade are detailed in Section 3.2. Conventional facade. The roof of the
building is passable. It is composed of a unidirectional slab with concrete inter-beam and
the outer layer is a concrete screed, and neither solution has insulation.

Once all the mandatory data have been inserted in the tool, the calculation is made to
comply with the regulations of the Technical Building Code for Energy Saving. It is verified
that the limit value for thermal transmittance or solar control is not met. This is due to
the numerous shortcomings that the facade presents, such as the absence of insulation or
the poor performance of the carpentry. A detailed study is carried out to know the energy
gains and losses of the building.
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Figure 9. Distribution of gains and losses for heating with the conventional facade (left) and cooling
(right). Extracted from the “LIDER-CALENER Unified Tool”.

The total heating losses is —88.50 kWh/m?.year. The facade has a loss of
—10.40 kWh/m?-year, this is equivalent to 12% of the total heating losses. Windows
are a critical point on the facades of buildings, it is verified that the losses in this element
are quite high. On the other hand, the gains in the facade are mainly attributed to the open-
ings, with a 13.80 kWh/m? year. With regard to cooling, the total losses are much lower,
—15.53 kWh/m?-year. Approximately 3% of the losses correspond to the exterior walls.

Therefore, it should be noted that both in cooling and heating the facades and openings
are two determining elements. The chosen solution and the construction process of the
same are of great importance to avoid, among others, thermal bridges.

3.3. Prototype Facade for Rehabilitation

The facade for building rehabilitation is made up of the conventional facade and new
exterior layers. The prototype is made up of materials that have an Environmental Product
Declaration (EPD) [45], Figure 10. For example, the window frame included has better
performance than conventional lacquered aluminum carpentry.

Appendix A includes the calculations performed to obtain the data from the first
two columns of the upper table. In the case of the components that make up the rehabil-
itated facade, they are specific materials whose energy consumption and CO; emission
values have been taken from the Environmental Product Declaration of the materials.
The most unfavorable value of energy consumption is presented by window frame, with
85.00 MJ/m?2, while in the case of CO, emissions, it has a value of 2.30 kgCOy/ m?2. On the
other hand, thermal insulation consumes 57.17 MJ/m? in its manufacturing process and
emits 4.01 kgCO,/m?. Finally, stone cladding has the lowest energy consumption and CO,
emissions values.
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. ~ - 1. Exterior coating Capri stone cladding, 1200 x 60 x 4 cm.
Supported by an auxiliary structure made of aluminum.
2. Thermal insulation by semi-rigid rock wool panel.

]
]

i = Thickness 37 mm. Fixed to the main layer with metal
B SCrews.
(e 3. Main layer made of waterproof perforated ceramic brick,

24 x 11.5 x 5 cm, compressive strength 25 N/mm?.
Horizontal and vertical joints of 10 mm thick, received with
industrial cement mortar M5 CEM II/A-L 32.5 N.

4. Busbar layer composed of cement mortar M-2.5.

5. Insulation by rigid polyurethane foam, 50 mm thick, 45
kg/m3 density. 21 x 11.5 x 7 cm.

6. Double hollow brick partition, compressive strength 5
N/mm?.

7. Inner coating by means of a Cé thin-layer gypsum plaster
on a previously lined surface.
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Windows frame of aluminum 75R by THECNAL.

Figure 10. Section of prototype ventilated facade for rehabilitation. Own elaboration.

Table 3 shows the environmental impact generated by the elements that make up the
facade for rehabilitation, while Table 4 shows the unified values of energy consumption
and CO; emissions extracted from Table 3. The highest values have been taken to propose
the most unfavorable analysis with the aim of drawing relevant conclusions.

Table 3. Environmental impact generated by the elements that make up the facade for rehabilitation.

Energy CO, Energy CO,
Product Consumption Emissions Consumption Emissions
M]J/m? KgCO,/m? M]J/m? KgCO,/m?
Stone cladding (EC B
Source 4/Source 4 5.40 0.60 5.40 0.60
Rock wool panel (TI 2)
Source 4/Source 4 57.17 4.01 57.17 4.01
. 3
Perforated Brick (ML °) 441.00 41.16 406.52 18.75
Source 1/Source 3
. 4
Double Hollow Brick (IL. %) 168.48 12.55 212.22 11.30
Source 1/Source 3
Plaster Coating (IC 5)
Source 2/Source 3 19.80 1.44 48.53 2.16
6
Cement Mortar (U?) 28.00 38.22 13.05 1.01
Source 1/Source 3
o« . 7
Aluminium C. 75R (WF ) 85.00 2.30 85.00 2.30

Source 4/Source 4

1 EC: Exterior Coating; 2 TI: Thermal Insulation; 3> ML: Main Layer; 4 IL: Inner Layer; 5 IC: Inner Coating,
6 U: Unions; 7 WF: Window frame. Data extracted from the BEDEC database (Source 1) [43], Doctoral Thesis:
Mercader Moyano, Pilar (2010). Quantification of the resources consumed and CO, emissions produced in the con-
structions of Andalusia and its implications in the Kyoto protocol—Doctoral thesis, U. Seville. (Source 2) [44] and
from the CYPE Price Generator database (Source 3) [36] and Environmental Product Declaration (Source 4) [45].
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Table 4. Unification of environmental impact values generated by the construction elements that
make up the facade for rehabilitation.

Energy Consumption CO, Emissions
Product MJ/m? KgCO,/m?
Stone cladding (EC) 5.40 0.60
Source 4 ’ '
Rock wool panel (TI)
Source 4 57.17 4.01
Perforated Brick (ML) 441.00 4116
Source 1 ’ ’
Double Hollow Brick (IL)
Source 3/Source 1 212.22 12.55
Plaster Coating (IC)
Source 3 48.53 2.16
Cement Mortar (U) 28.00 38.22
Source 1 ’ ’
Aluminium C. 75 R (WF) 85.00 230
Source 4 ’ ’

Data extracted from the BEDEC database (Source 1) [43], Doctoral Thesis: Mercader Moyano, Pilar (2010).
Quantification of the resources consumed and CO, emissions produced in the constructions of Andalusia and its
implications in the Kyoto protocol—Doctoral thesis, U. Seville. (Source 2) [44] and from the CYPE Price Generator
database (Source 3) [36] and Environmental Product Declaration (Source 4) [45].

Finally, the percentage of recycled product contained in the elements that make up the
facade for rehabilitation is analyzed. The values corresponding to the conventional facade

are not included in the graph corresponding to Figure 11, since in all cases the percentage
is zero.

B Window frame (WF)
B Thermal insulation (TI)

Exterior coating (EC)

Figure 11. Percentage of recycled product from the materials that make up the rehabilitated facade.

Energy Performance of the Prototype Facade for Rehabilitation

In this section, the energy analysis of the building simulated in HULC is carried out.
The energy performance of the building with the facade for rehabilitation is analyzed. This
analysis allows us to observe the improvements that implies the implementation of the
new designed facade.

The constructive characteristics of the components of the facade are introduced on
LIDER-CALENER Unified Tool (HULC). On this occasion, the facade is improved as shown
in Section 3.3. Prototype facade for rehabilitation.

The roof of the building is improved by adding thermal insulation and a waterproofing
sheet. Thermal insulation is also placed on the existing pavement. The aluminum carpentry
is replaced by a PVC with three chambers and double glass. With these changes made,
numerous improvements are obtained, the building complies with current regulations, and
it also reduces energy losses from the building.

The results obtained from the analysis in LIDER-CALENER Unified Tool (HULC) are
shown graphically in Figure 12.
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Figure 12. Distribution of gains and losses for heating with the rehabilitation facade (left) and cooling
(right). Extracted from the “LIDER-CALENER Unified Tool”.

The data obtained referring to energy gains and losses shows that total heating losses
decrease to —66.73 kWh/m?-year with the improvements made in the building. Of this
total, around 10% (—6.56 kWh/m?-year) corresponds to the facade. At the same time that
the total gains become 31.65 kWh/m?-year, 20% of these gains correspond to the windows,
with a value of 6.39 kWh/m?-year. With regard to refrigeration, the total losses fall to a
value of —12.81 kWh/m?-year, and only around 3% corresponds to the facade.

4. Results and Discussion

This section examines the characteristics of the materials that make up the two facades
to be studied. The energy consumption and CO; emissions of each of their components are
determined, as well as the total per square meter of facade. In addition to the percentage
of recycled product that exists on each facade. After this, the losses produced by heating
and cooling in each member of the envelope are compared, from floors, roofs, to thermal
bridges. This supposes a complete analysis of the energetic behavior of the building

4.1. Analysis of the Eco-Efficient Characteristics of the Facade Materials

A comparison is made between the facades from the point of view of sustainability and
eco-efficiency in order to ensure that the rehabilitation proposal involves environmental
improvements compared to the conventional facade, you can see in Figure 13.
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Figure 13. Energy incorporated per square meter of the materials that make up the facades (left) and
CO, emissions per square meter of the materials that make up the facades (right).

Regarding energy consumption, we observe that there are great differences between
some elements, specifically, between thermal insulation and window frame. In the case
of thermal insulation, the energy consumption of the insulation used in the rehabilitation
facade is 283.48 MJ/m? lower than that used in the conventional facade. This is a great
energy improvement. Similarly, the window frame used in the rehabilitation proposal has
a lower energy consumption than that used in the conventional one, the difference being
274.36 MJ/m?.

Analyzing CO, emission values, the window frame of the rehabilitated facade emits
31.70 kgCO, /m? less than that the one used in the conventional facade. In the case of
thermal insulation, the difference is even greater, as said difference is 42.48 kgCO,/ m?2.
Similarly, analyzing the exterior cladding, it is found that the difference is also notable, as
said difference is 19.40 kgCO, /m?.

Once the above has been exposed, two bar graphs are made and analyzed in which
the total values of the indices analyzed on the two facades are represented. These indices
are: The total energy consumption of each facade per square meter, the total CO, emissions
of each facade per square meter, and the average percentage of recycled product contained
in the materials that make up the facades analyzed, you can see in Figure 14.
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Figure 14. Total values of energy consumption and CO, emissions per square meter (left) and
percentage values of recycled product of the materials that make up the facades (right).

In the case of energy consumption values and CO, emissions, the designed facade
presents the most favorable values. The proposed facade consumes 641.12 MJ/m? less than
the conventional facade. The conventional facade requires a total of 1518.44 MJ/m? to be
made and the facade for rehabilitation consumes a total of 877.32 MJ/m? in its fabrication
process. It is assumed that the prototype facade requires approximately 35% less energy
than the conventional facade analyzed for its manufacture.

With regard to CO, emissions, the difference in the values of the facades is less than
in the case of energy consumption. The total difference is 94.18 kgCO,/m?, with lower
emissions from the facade for rehabilitation.

Analyzing the average percentage of recycled material contained in the products
that make up the facades, once again the rehabilitation proposal presents more favorable
values. This is due to the fact that it has an average percentage of recycled product of 58%
compared to 0% that the conventional facade presents.

4.2. Comparative Analysis of the Energy Performance of Facades

After studying the energy performance of the building model with a conventional
solution and with the facade for rehabilitation, a comparison is performed to verify that
the proposed facade has a favorable effect on the comfort conditions of the building.

The comparison analyzes the heating and cooling losses since they are more relevant
than the gains and have a greater global impact in the energy study, Figure 15.
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Figure 15. Comparison of losses due to heating (left) and cooling (right) of the conventional and the
rehabilitated solution. Extracted from the “LIDER-CALENER Unified Tool”.

Total heating losses go from —88.50 kWh/m?-year to —60.73 kWh/m?-year, annual
losses during cold months are reduced by 32%. This means a great saving of energy
used to heat the home, since the demand for it is also reduced. This also implies a
reduction in the economic cost, derived from the improvements made to the building.
Regarding cooling losses, the variation is less than those of heating. The total annual
values go from —15.53 kWh/m?-year to —12.81 kWh/m?-year - year. The total reduction
is approximately 18%.

5. Conclusions

To summarize, it can be said that the construction sector is a great incentive to the
process of climate change. This is due to the large volume of industry that the sector
requires to carry out its activities. In addition, the production and manufacturing processes,
necessary for the generation of construction materials, involve high energy costs. So,
it is necessary to include concepts of eco-efficiency and sustainability in the world of
architecture and construction that reduce energy costs. Similarly, it is essential to promote
projects in which aspects aimed at improving the sector are investigated and promoted
from the point of view of sustainability. Of course, proposing a circular production model
in the construction sector would mean considerable improvements for the current state of
the planet.

It is verified that the facade for rehabilitation reduces energy consumption and CO,
emissions with respect to the conventional facade. The reduction in energy consumption
between the conventional facade and the rehabilitated one represents more than 57% and
CO; emissions fall by 51%. This is due to the fact that materials whose environmental
impact is low are used for the configuration of the facade for rehabilitation.

The implementation of techniques to carry out the analysis of the different construction
solutions chosen, allows knowing and evaluating the situation in which the model building
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is at an energy level. It also makes it possible to quantify energy gains and losses through
the conventional fagade and the fagade for rehabilitation.

In addition, rehabilitation has made it possible to assess the potential for improvement
in indoor environmental quality and reducing energy demand for housing. This makes
an improvement in habitability and a reduction in environmental impact. All of this is
possible thanks to the facade that is developed in the project.

The rehabilitation of the model building reduces the energy losses of the building,
heating losses are reduced by 32%, and cooling losses by 18%. This is a very positive fact
due to it producing a lower demand for energy from air conditioning systems. In addition,
it beneficially affects energy consumption and its economic cost. It is concluded that the
facade is a major contributor to energy gains and losses in cooling and heating.

Finally, the sustainable architecture concepts developed in this project are not limited
to the implementation of eco-efficient facades for rehabilitation. These ideas can be applied
to the design and manufacture of other construction elements such as roofs.

It is also important to mention that other types of materials and techniques can be
used to manufacture construction elements in order to provide additional benefits in terms
of energy consumption. In this way, the guidelines proposed in this project can give
rise to new branches of architecture that are more environmentally friendly. They can
also facilitate its integration into the circular economy paradigm, potentially reducing the
environmental and economic impact of architecture.
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Appendix A. Calculation of Energy Consumption and CO; Emissions of Materials
Appendix A.1. Calculation Methodology

In this appendix, the necessary calculations are carried out in detail to obtain the
values of energy consumption and CO; emissions of the materials that make up each of
the facades for each square meter.

To carry out the calculations, three fundamental values will be necessary: The energy
consumption per kilogram of each material (M]/kg), the kilograms of CO, generated in the
manufacturing process for each kilogram (kgCO,/kg), and the density or specific weight
of materials (kg/m?3).
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First of all, it is necessary to know the kilograms of material that are in each square
meter of facade. To do this, the density of the material is multiplied by the height, width,
and thickness of the material. In this case, the height and width are one meter, which is
why the density value is multiplied by the thickness of the material.

Weight = Density (kg/ m3) - Height (1 m) - Width (1 m) - Thickness (meters)

To calculate the energy consumption per square meter of facade, it is necessary to
multiply the Weight (kg) by the energy consumption (MJ/kg).

Energy consumption per m? = Weight (kg) - Consumption per kilogram (M] /kg)

To calculate CO, emissions per square meter of enclosure, it is necessary to multiply
the Weight (kg) by the kilograms of CO, that are emitted for each kilogram of material in
the manufacturing process.

CO, emissions per m? = Weight (kg) - CO, emissions per kilogram (kgCO, /kg)

Appendix A.2. Obtaining Fundamental Values for the Calculation

It is necessary to know the values of energy consumption and CO, emissions for each
kilogram of material to calculate the value of energy consumption and CO, emissions per
meter square. It is also necessary to know the density of each material. These values have
been obtained from the following sources:

e  Source 1_Database: Banco Estructurado de Elementos Constructivos (BEDEC). Database
prepared by the Technical Institute of Construction of Catalonia (iTeC) [43].

e  Source 2_Doctoral Thesis: Mercader Moyano, Pilar (2010). Quantification of the resources
consumed and CO; emissions produced in the constructions of Andalusia and its implications
in the Kyoto protocol—Doctoral thesis, University of Sevilla [44].

e  Source 3_Certification: Environmental Product Declarations (EPD) extracted from
AENOR. The products that made up the rehabilitation facade has this certification [45].

Table Al. Energy consumption and CO, emissions per kilogram and density of the construction
materials that make up the facades analyzed.

Energy CO, Specific
Product Source Consumption Emissions Density
M]/kg KgCO,/kg Kg/m3
Natural Stone (EC) 2 [44] 0.32 0.50 2000.00
Stone Cladding (EC) 3 [45] 0.18 0.02 1500.00
Perforated Brick (ML) 1[43] 4.50 0.42 1400.00
Double Hollow Brick (IL) 1[43] 4.16 0.31 810.00
Plaster Coating (IC) 2 [44] 3.30 0.24 600.00
Cement Mortar (U) 1[43] 7.00 1.82 1400.00
Polyurethane Foam (TT) 2 [44] 140.00 20.66 45.00
Rock wool panel (TI) 3 [45] 51.50 3.61 30.00
Lacquered Aluminium (WF) 2 [44] 218.00 32.05 2700.00
Aluminium C. 75 R (WF) 3 [45] 85.00 2.3 2500.00

Appendix A.3. Calculation of Energy Constumption and CO, Emissions
Natural Stone (EC—Exterior Coating)

Weight = 2.000 kg/m3 Im-1m-0.02m=40kg

Energy consumption per m? = 40 kg - 0.32 MJ/kg = 12.80 M]/m?

CO, emissions per m? = 40 kg - 0.50 KgCO, /kg = 20 kgCO, /m?
Stone Cladding (EC—Exterior Coating)

Weight = 1500 kg/m® - 1m - 1 m - 0.02 m = 30 kg

Energy consumption per m? = 30 kg - 0.18 MJ/kg = 5.40 MJ/m?

CO; emissions per m? = 30 kg - 0.02 KgCO, /kg = 0.60 kgCO, /m?
Perforated Brick (ML—Main Layer)
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Weight = 1400 kg/m? - 1m - 1 m - 0.07 m = 98 kg

Energy consumption per m? = 98 kg - 4.50 MJ /kg = 441 MJ /m?

CO, emissions per m? = 98 kg - 0.42 KgCO, /kg = 41.16 kgCO, /m?
Double Hollow Brick (IL—Inner Layer)

Weight = 810 kg/m® - 1m - 1 m - 0.05 m = 40.50 kg

Energy consumption per m? = 40.50 kg - 4.16 MJ/kg = 168.48 MJ/m?

CO, emissions per m? = 40.50 kg - 0.31 KgCO, /kg = 12.55 kgCO, /m?
Plaster Coating (IC—Inner Coating)

Weight = 600kg/m3 ‘Im-1m-00lm=6kg

Energy consumption per m? = 6 kg - 3.30 MJ/kg = 19.80 MJ/m?

CO, emissions per m? = 6 kg - 0.24 KgCO, /kg = 1.44 kgCO,/m?
Cement Mortar (U—Unions)

Weight = 1400 kg/m® - 1m - 1 m - 0.015 m = 21 kg

Energy consumption per m? = 21 kg - 7 MJ /kg = 28 M]/m?

CO; emissions per m? = 21 kg - 1.82 KgCO, /kg = 38.22 kgCO,/m?
Polyurethane Foam (TI—Thermal Insulation)

Weight =45kg/m> - 1m - 1m - 0.05m =2.25kg

Energy consumption per m? = 2.25 kg - 140 MJ /kg = 315 M]/m?

CO, emissions per m? = 2.25 kg - 20.66 KgCO, /kg = 46.49 kgCO, /m?

Rock wool panel (TI—Thermal Insulation)

Weight =30 kg/m3 - 1m-1m-0.037m=1.11 kg

Energy consumption per m? = 1.11 kg - 51.50 MJ /kg = 57.17 MJ/m?

CO, emissions per m? = 1.11 kg - 3.61 KgCO,/kg = 4.01 kgCO, /m?
In the case of window frame an approximation is made, since in a square meter of envelope
there is approximately 20% aluminum, so this percentage is applied to energy consumption
and CO, emissions.

Lacquered Aluminium (WF—Window Frame)
Weight = 2700 kg/m3 - 1m - 1 m - 0.002 m = 5.40 kg
Energy consumption per m? = 5.40 kg - 218 MJ /kg = 1177.20 MJ /m?
20% (1177.20 MJ /m?) = 235.44 MJ /m?>
CO, emissions per m? 2 = 5.40 kg - 32.05 KgCO, /kg = 173.07 kgCO, /m?
20% (1730.70 MJ /m?) = 34.60 kgCO, /m?
Aluminium CIRCAL 75 R (WF—Window Frame)
Weight = 2500 kg/m> - 1m - 1 m - 0.002 m =5 kg
Energy consumption per m? =5 kg - 85 MJ/kg = 425/m? 20% (425 MJ/m?) = 85 MJ /m?
CO, emissions per m?> = 5 kg - 230 KgCO,/kg = 11.50 kgCO,/m? 20%
(11.50 MJ /m?) = kgCO, /m?
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