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Abstract: In recent years, the building sector has been turning towards intervening in the existing
city building stock. In fact, it is generally accepted that the refurbishment of buildings and the
urban regeneration based on sustainability must form the axis of reformulation of the building
sector. Nowadays, achieving sustainable urban development inevitably involves improving existing
buildings, thereby preventing the need for city growth, and for the emptying of established
neighbourhoods. Furthermore, considering the whole life cycle, it is well known the great amount of
greenhouse emissions derived from the construction sector, so in order to reach a decarbonized society
it is important to provide eco-efficient construction materials and solutions, adding the principles of
circular economy and resource efficiency. The articles of this special issue show different aspects to be
considered in order to reach a decarbonized and circular building stock.

Keywords: circular economy; decarbonization of construction sector; refurbishment of buildings;
neighbourhood regeneration; eco-efficient construction solutions; construction and waste
management; indoor environmental quality; resource efficiency

1. Special Issue “Decarbonization and Circular Economy in the Sustainable Development and
Renovation of Buildings and Neighbourhoods”

In recent years, the building sector has been turning towards intervening in the existing city
building stock. In fact, it is generally accepted that the refurbishment of buildings and urban
regeneration based on sustainability must form the axis of reformulation of the building sector.
At present, achieving sustainable urban development inevitably involves improving existing buildings,
thereby preventing the need for city growth, and for the emptying of established neighbourhoods.
Furthermore, considering the whole life cycle, the great amount of greenhouse emissions derived from
the construction sector is well known; thus, in order to reach a decarbonized society, it is important to
provide eco-efficient construction materials and solutions, adding the principles of circular economy
and resource efficiency.

Therefore, the theme of this Special Issue is “Decarbonization and Circular Economy in the
Sustainable Development and Renovation of Buildings and Neighbourhoods” in response to the
objectives not only raised at Horizon 2020 but by all the people who seek a more sustainable world.
This Special Issue of Sustainability focuses on, but is not limited to:

• Obtaining an overview of the environmental problems that arise from construction activity,
focusing on refurbishment as an alternative to the current crisis in the construction sector, as well
as on actions designed to minimize environmental effects on the environment;

Sustainability 2020, 12, 7914; doi:10.3390/su12197914 www.mdpi.com/journal/sustainability1
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• Searching for new alternatives to conventional construction solutions that minimize the
environmental impact of the construction activity, improve indoor environmental quality of
buildings, build or refurbish, always from a rentable and optimal cost in time, and implement a
circular economy and an efficient resource and waste management;

• Minimizing the consumption of material resources, energy consumption and CO2 emissions in
construction and looking for the proper management of construction and demolition waste and
the opportunities for their recycling and reuse;

• Sustainable planning and urban development, for an ordered and sustainable growth.

2. Background and Contents

The European Union (EU) is committed to establish a sustainable, competitive, secure and
decarbonised energy system [1]. Furthermore, the European Green Deal [2] boosts the efficient use of
resources in order to get a clean and circular economy.

Buildings have a capital importance in both communications as the building sector in the European
Union represents around 36% of greenhouse emissions, 40% of the final energy consumption, 50% of
extracted materials, 30–50% material resource use, 21% of total water abstracted and is responsible
for over 35% of the EU’s total waste generation with very significant life cycle impacts, particularly
associated with extraction and processing stages [1–6].

Decarbonization means a decrease in the specific amount of carbon (or CO2) emitted per unit of
primary energy consumed. In the building sector, decarbonization can be achieved through the energy
efficiency measures focused on reducing the energy demand, reducing the energy consumption and
increasing the use of low-carbon technologies, such as renewable energy sources. Decarbonization
in the building sector involves the materiality of the built environment throughout their whole life
cycle, users’ energy habits and the performance and efficiency of the building and neighbourhood
systems [4].

A circular economy is one “that is restorative and regenerative by design and aims to keep
products, components and materials at their highest utility and value at all times” [7]. In a circular
economy, waste and resource use are minimised, and when a product reaches the end of its life it is
used again to create further value [8]. In the building sector, the circular economy is applied by closing
water, energy and material loops, so design for disassembly has a central role and promotes buildings,
construction materials and products to be intentionally designed for material recovery, value retention
and meaningful next use [9,10].

In this context, the new Circular Economy Action Plan [5] promotes circularity principles
throughout the lifecycle of buildings in order to increase the material efficiency and reduce the climate
impacts. These goals are aligned to the ‘Renovation Wave’ initiative [11] as around 60% of the current
EU’s buildings were built under limited or non-existent energy efficiency requirements [12,13] so
they require a partial or total refurbishment in order to fulfil the EU’s Energy Efficiency objectives for
2050 [12,14]. Furthermore, the current inefficient building stock is at the base of the energy poverty
that around 50 million Europeans suffer [2], affecting their comfort, sanitation and living conditions.

Energy renovation strategies of social housing are addressed in the article written by Belinda
López-Mesa, Marta Monzón-Chavarrías and Almudena Espinosa-Fernández [15]. The two studied
strategies are compared based on the regulation compliance, the energy use, the emissions reduction,
the thermal comfort and the cost-effectiveness of the measures. The results show that renovating the
whole building with efficient solutions, including external insulation for existing brick-facing walls,
and drawing up coordination plans in order to guarantee a coordinated new image of the residential
estates is the best strategy, achieving a 69%–79% reduction of CO2 emissions and a 75%–97% reduction
of heating use, as well as being the only one capable of transforming these buildings into nearly zero
energy buildings (nZEBs).

One example on reducing energy consumption by implementing low-carbon technologies is
exposed by Eloy Velasco-Gómez, Ana Tejero-González, Javier Jorge-Rico and F. Javier Rey-Martínez [16].
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Evaporative cooling systems are energy-efficient, cost-effective and environmentally friendly solutions
for cooling the indoor environment by evaporating water in dry air. It is a technology that replicates
a natural process with a low energy consumption, so it can substitute, improve the performance of,
or complement conventional mechanical compression cooling systems. The system depends on the
wet surface in contact with the air, so the authors have designed a cooling pad that enables maximum
wetted surface with minimum pressure drop so it improves the currently high efficiency of the system.

However, decarbonising the building stock must look beyond the energy consumption during the
use phase of the buildings. The energy used in the manufacture of construction product and during the
construction process of the building also has an important role. Manufacturing construction products
represents 5–10% of total energy consumption in the EU [17] and the greenhouse emissions related
to material extraction and manufacturing of construction products are estimated at 5–12% of total
national greenhouse gas (GHG) emissions in the EU [5]. Furthermore, the material requirement of
buildings currently represents one of the greatest resource use challenges in terms of mass of resources
used. Concrete, aggregate materials (sand, gravel and crushed stone) and bricks make up to 90% (by
weight) of all materials used [6].

In this context, looking for alternatives that minimize the extraction of raw materials, incorporate
recycled materials and reduce the energy consumption related to the manufacture of construction
products is another way to move towards decarbonization and a circular building sector. This approach
is addressed by the article written by Cătălina Mihaela Grădinaru, Radu Muntean, Adrian Alexandru
S, erbănoiu, Vasilică Ciocan and Andrei Burlacu [18]. Focused on the manufacture of concrete,
they present how to rationalise its use of natural mineral aggregates and reduce its energy consumption
by replacing mineral resources with vegetal waste for non-structural concretes. The exposed ecological
concretes substitute 50% of their mineral aggregate volume, thus reducing the extraction of raw
materials, and have mechanical properties used for concrete screeds or for modular elements for
buildings closures.

The article written by Carolina Piña Ramírez, Alejandra Vidales Barriguete, Julián García Muñoz,
Mercedes del Río Merino and Patricia del Solar Serrano [19] is also focused in the replacement of raw
materials for sustainable alternatives. In this case, recycled materials are used as reinforcement of
cement mortars used for external continuous coating as a mean to seek new uses for construction and
demolition waste from buildings. The explored options were characterized obtaining similar values to
those cement mortars reinforced with commercial fibres, so it is a viable way to reduce raw material
extraction and energy consumption from manufacture, and reuse construction and demolition waste.

Pilar Mercader-Moyano and Jesús Roldán-Porras [20] go beyond manufacture of materials and
explore the greenhouse gas emissions related to the phases related to transportation of materials to the
worksite and the construction process, applied to foundations and structures. The variables related to
those phases are not contemplated in the sustainability assessment in the Spanish legislation and the
results they present show the importance of these variables to be considered when choosing the lower
contaminant option.

Apart from the contribution of certain phases of the life cycle, it is important to consider the
environmental impact of the whole life cycle of a building. This is the focus of the article written by
Patricia González-Vallejo, Radu Muntean, Jaime Solís-Guzmán and Madelyn Marrero [21]. The authors
compare the environmental impact of housing projects in Spain and Romania using the OERCO2 tool
considering the difference in the constructive solutions for structures in both countries. A total of
24 projects were assessed, differentiated by the material of their structure and according to the type
of their foundation. They found that buildings with metallic structures were more economical but
more contaminant than reinforced concrete, and they ranked the impact of the materials being metal,
concrete, cement and ceramic products those with greater environmental impact.

One of the circular economy principles regarding materials is related to their durability.
This concept is also related to the economic investment for the replacement of the material or construction
product. These aspects should be carefully taken into account especially when working on social
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housing, as their inhabitants are economically, and frequently energy, vulnerable. The article written by
Antonio Dominguez-Delgado, Helena Domínguez-Torres and Carlos-Antonio Domínguez-Torres [22]
studies not only the energy impact but also the economic one of cool roof constructive solutions through
their life cycle in order to evaluate their performance over time as roofs are elements continuously
exposed to outdoor climate conditions affecting to the durability of the solution.

Ernesto Antonini, Andrea Boeri, Massimo Lauria and Francesca Giglio also studied durability
as an indicator for circular technologies, added to the reversibility of such technologies as design for
disassembly is one of the principles of the circular design approach [23]. As the authors indicate “no
clear definitions are yet available to link these concepts to indicators suitable for measuring Circular
Economy and, specifically, Circular Building Technologies”, so they discuss whether reversibility and
durability may represent suitable indicators in order to promote the circular assessment of construction
technologies, providing useful assessment tools to designers to assist their choices early.

A circular building sector must optimise the use of resources and result in zero waste to
landfill. The measures are based on incorporating recycled content and reducing resource waste
in the manufacturing process of construction products; minimise the use of new materials, select
environmental-friendly construction products, and establish an adequate construction and demolition
waste (CDW) management in order to recover quality materials, as CDW is the largest waste stream in
EU [17,24–26]. In this context, design for disassembly, one pillar of the circular economy, includes the
reduction of CDW as it promotes that buildings and products are designed intentionally for material
recovery, value retention and meaningful next use [10].

In this sense, Eduardo Vázquez-López, Federico Garzia, Roberta Pernetti, Jaime Solís-Guzmán and
Madelyn Marrero [27] analyse the costs that imply the selective dismantling and waste management
which also have a repercussion on the environmental performance of a demolition project. They develop
a method to calculate the end-of-life cost through the quantification of demolished materials considering
demolition, load, transport and waste management costs. They found that demolition cost was the
weight factor and it was mostly due to foundation and structure demolition. Compared to the life
cycle cost, the end-of-life cost represents approximately 5% of the total.

CDW also has to be considered when executing refurbishments in order to update existing
building to current legislative requirements. This is the focus of the article written by Begoña Blandón,
Luís Palmero and Giacomo di Ruocco [28]. The authors studied the CDW management impact
on interventions destinated to repopulate the abandoned rural areas as these areas do not count
with the facilities for waste management of the cities, and repopulating the rural areas is another
way to move towards decarbonization and circular economy as it reuses and revalue existing built
environments. The authors analysed interventions carried out in recent years, reviewed the existing
European management protocols specifying their application to Mediterranean popular housing and
presented a representative case in order to be conscious about the existing reality regarding the destiny
of the CDW in the rural environment.

However, users are also participants on the sustainability of the building stock and the built
environment, and they have an important role so tools are needed to transmit, in an understandable
manner, how their decisions related to buildings can be sustainable. The article written by Milagrosa
Borrallo-Jiménez, Maria Lopez de Asiain, Rafael Herrera-Limones and María Lumbreras Arcos [29]
defines a method for the development of tools able to transmit to society scientific knowledge related
to sustainability, evaluating the environmental impact of their actions in order to actively involve the
actors towards a more sustainable built environment. They present a specific tool experimentally
developed for the context of Seville prioritizing communicative actions in order to reach citizens and
professionals, but also researchers in the building sector.

The participatory dimension not only has an influence on the built properties of the persons;
it can go beyond and be applied to the urban regeneration actions and projects, as shown in the
article written by Maria Lopez De Asiaín and Vicente Díaz-García [30]. The authors reviewed the
participatory dimension of different urban regeneration actions carried out in Spain and the impact of
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this dimension on the results obtained by environmental, economic and social urban improvements
in order to improve the resilience of the cities. They analysed several cases in order to assess their
effectiveness and relevance of the actions on the urban development and resilience. From their study,
success and fail reasons can be obtained, identifying weaknesses for future participatory actions.

The final reflection of this editorial is that although several cases shown before are thorough and
applied to refurbishment, which is important as is a mean to reuse and revalue the existing buildings,
the principles of decarbonization and circular economy must be incorporated at the very early stages
of building and urban design. In this context, environmental assessment schemes are playing an
important role moving the building sector towards its sustainability. The article written by María
M. Serrano-Baena, Paula Triviño-Tarradas, Carlos Ruiz-Díaz and Rafael E. Hidalgo Fernández [31]
analyses the implications of the BREEAM scheme on the design of hotels for the Spanish context.
They present seven case studies and the measures implemented in order to achieve the scheme targets
and conclude that although considering the requirements for getting a good environmental assessment
may limit the hotel design, it is easier implemented at the early design stage so these limitations can
be reduced.
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Abstract: Two renovation strategies were considered and compared in this paper for the energy
renovation of social housing in condo buildings built in 1945–1969, situated in residential estates
that have been declared urban areas of interest. One of the strategies, named here the image
conservation approach, consists of renovating the building with very efficient solutions, except for
the brick-facing walls, which will only have insulation in the existing cavities. The other strategy,
the image coordination approach, consists of renovating the whole building with efficient solutions,
including external insulation for existing brick-facing walls, and drawing up coordination plans for
each of the residential estates in order to guarantee a coordinated new image of the residential estates.
By means of three case studies in the city of Zaragoza and four scenarios of improvement, the two
strategies are compared regarding the regulation compliance, the energy use, the emissions reduction,
the thermal comfort, and the cost-effectiveness of the measures. The results show that the image
coordination approach is the best strategy in regard to the studied aspects, achieving a 69%–79%
reduction of CO2 emissions and a 75%–97% reduction of heating use, as well as being the only one
capable of transforming these buildings into nearly zero energy buildings (nZEBs).

Keywords: social housing; major renovation; nZEB renovation; cultural value; condominium

1. Introduction

The European Union (EU) has set targets for reducing its greenhouse gas emissions progressively
up to 2050 by means of the 2020 climate and energy package, the 2030 climate and energy framework,
and the 2050 long-term strategy [1]. Sustainable construction is expected to play a big part in meeting
the European Union’s climate and energy goals since the built environment is estimated to account
for approximately 40% of energy consumption and 36% of CO2 emissions in the EU [2]. Sustainable,
climate-proofed buildings are needed on a massive scale to meet the objectives for 2020 and 2030,
and to achieve a climate-neutral Europe by 2050 [2]. Now, the EU is urging countries to bring the
building renovation wave into postpandemic recovery plans.

The majority of the building floor area in Spain is composed of residential buildings (82.67%
in 2013) [3]. Since the existing residential buildings at present will represent the major part of the
housing stocks of Spanish cities in 2050 [4,5], energy retrofit has become one of the most important
strategies for the decarbonization of the residential sector. The European Directive 2010/31/EU on
Energy Efficiency in Buildings introduced the need to transform buildings into nearly zero energy
(nZEB) by 2050, and the European Directive 2018/844/EU amended the existing Directive 2010/31/EU in
order to accelerate the decarbonization of the parks in the EU.

The energy retrofit of multifamily residential buildings built in 1945–1969 is of great importance in
Spain because it is one of the countries in Europe with the highest share of multifamily dwellings (70.78%
in 2010) and due to the fact that this is the interval of years with the highest share of dwellings (18.62%

Sustainability 2020, 12, 5579; doi:10.3390/su12145579 www.mdpi.com/journal/sustainability7
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in 2014) in Spain among the thermally significant periods identified by the European Commission [3].
This stock of buildings was built after the wars and before the first thermal standard was introduced in
Spain in 1979, and therefore it is highly energy inefficient. In this period, the share of social housing
in Spain (understood as that which has been built with the support of the State) was significantly
higher than the mean value for the country (26.6% for the years 1952–2016 [6]). Specifically, the share of
social housing was 30%–50% between 1945–1958, 70%–90% between 1959–1965, and 30%–40% between
1966–1969 [6], i.e., 50% as mean value for the period 1945–1969.

The public administrations in Spain started to promote an energy retrofit of social housing
estates built in the mentioned period about fifteen years ago. This is the case, for example, of the
city of Zaragoza, where 19 multifamily social housing estates (including 7981 dwellings [7]) started
being studied in 2004 (together with another two residential estates of single-family houses) [8] and
demonstrative building renovation projects were developed in four of these estates in 2008–2011 [9].
These estates were designed in the period of 1942–1964 and built in the period of 1945–1965, except for
one of them (Balsas de Ebro Viejo), whose construction took place between 1964 and 1975. They had
been declared urban areas of interest (UAI, Conjuntos Urbanos de Interés in Spanish) in the General
Plan of Urban Planning of Zaragoza (PGOUZ) of 2001 and 2007 due to their character of unity,
bringing together representative environmental values of types of residential building and urban
areas characteristic of its time (Figure 1). These estates are characterized by buildings of poor quality
in the regimes of condominiums with walk-up free-market private apartments, public places with
poor quality environments, and selective population loss. It must be noted that social rental housing
parks are virtually nonexistent in Spain (1.5%) [6] and social private housing parks are freed from
10 to 30 years after their construction, depending on the autonomous community. For this reason,
the interventions on the common areas of the property in multifamily houses must be agreed by the
community of neighbors of each condominium. The pilot interventions included the improvement of
the envelope and systems, the installation of elevators, and, in given cases, the improvement of the
surrounding areas.

These pilot building renovation projects in the residential estates had important qualitative effects
for Zaragoza in terms of capacity building and visualization of the model. This positively contributed
to reach a deep renovation rate in the whole city of about 0.1% (300 dwellings per year [10] out of a total
of 277,411 main regular dwellings [11]) during the subsequent years, which the Zaragoza Municipal
Housing Company (ZMHC) aims to increase up to 1% by 2030.

At this moment, the ZMHC, with whom one of the authors has a close contact by means of a
collaboration agreement that has been running for eight years [12], is facing an important challenge
regarding its renovation strategies in the UAI, which has to do with the loss of character of unity of
these residential estates as a consequence of the major renovations. No specific restrictions had been
defined in the PGOUZ for the building renovations in UAI, and since the dwellings’ usable floor areas
are notably small (more of the 70% of dwellings have usable floor areas ranging between 34 m2 to
56 m2), the façades have been externally insulated in the interventions conducted so far, changing the
external appearance of the buildings (Figure 2). This can bring loss of the character of unity (Figure 2a)
when different interventions propose different visual solutions. In other occasions, the visual solution
has been carefully designed to remain very close to the original image (Figure 2b), and it is even difficult
to appreciate which buildings are externally renovated and which are original from a certain distance
(Figure 2(b2)). The character of unity loss is more likely to affect those renovated buildings whose
façades are composed of load-bearing walls of facing bricks. Sixteen out of the nineteen residential
estates have buildings with facing brick façades. The share of facing brick façades is about 74% for the
whole of the UAI [13].
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Figure 1. Example of social housing estate declared as urban area of interest (UAI) in Zaragoza:
San Jorge.

Figure 2. (a) Example of unity character loss after renovation with external insulation in Girón residential
estate: (a0) original building image, (a1) example 1 of renovated building, (a2) example 2 of renovated
building; (b) example of unity character continuation after renovation with external insulation in
Alférez Rojas residential estate: (b0) original building image, (b1) example of renovated building,
(b2) renovated building in context.
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The tensions and conflicts between the sustainability goals and the preservation of the modern
built heritage have broadly been addressed in the literature [14–21]. Some authors took a stand
against the demolition of old housing buildings, arguing that important synergies can be found
between sustainability and conservation, e.g., [4,5,18,21]. Other authors focused on the design
challenge of finding an architectural balance between existing and newly added qualities when
designing the renovation of housing blocks with specific architectural heritage values, e.g., [14,15,19,20].
Oorschot et al. [20] considered the careful analysis of the architectural and cultural value of the original
building by recording which characteristics must be preserved and which could be modified to be of
great importance. In Amsterdam, buildings with historic and visual values were observed to offer
fewer possibilities for interventions on the outside, especially the façades and the roofs, whereas
inside insulation creates more inconvenience, especially if tenants stay in their homes during the
intervention [14]. Dowson et al. [16] estimated that in UK there are restrictions on external wall
insulation for a further 1.2 million dwellings in conservation areas and 300,000 listed dwellings [22]
because of the change of appearance. Ben and Steemers [17] argued that some measures are generally
not considered appropriate for listed buildings in UK, such as external wall insulation and double
(or triple) glazing, and proposed several viable improvement strategies, including cavity wall insulation,
roof insulation, secondary glazing, and draughtproofing, for the Brunswick Centre in London.

In the case of the UAI of Zaragoza, the main cons of inside insulation strategies discussed by the
technicians of the municipality and the researchers were the following:

• It reduces the already small usable floor areas. This disadvantage is very difficult to avoid by
merging different dwellings in one, as in the case of Amsterdam [14] because of the condominium
regime of the buildings, or by expanding the area of the dwellings because the floor additions
would affect the image as much as, or even more than, the insulation.

• It obliges occupants to temporarily leave their homes during the intervention. This is an
inconvenience that could be partially mitigated by carefully planning the stages with more impact
on the occupants’ daily life and reducing their duration as much as possible.

For these reasons, the internal insulation strategies were discarded in Zaragoza and this position
was accepted in this paper as a starting point. The disadvantage of external insulation is, as already
mentioned, the potential loss of the residential estates’ character of unity, and two possible options
were considered in this study and have been discussed with the ZMHC to overcome the problem:

• One of the options is to use image conservation-oriented energy retrofit strategies that do
not compromise the façades image, as in the case of the Brunswick Centre in London [17],
but without using inside insulation so that the usable floor area remains equal after the intervention.
This implies energy improvement of roofs, windows, plastered walls, and existing wall cavities.
Plastered walls are externally insulated, and brick-facing walls are improved by pumping
insulation into the existing wall cavities, which are 3 cm thick [13].

• The other option is to assume the preponderance of environmental matters and mitigate their
negative impact on cultural aspects as much as possible by drawing up coordination plans for
each of these areas in order that the individual interventions in each of the buildings follow some
common rules that ensure a final image of unity. This implies that the whole envelope is deeply
renovated. All façades, including brick-facing walls, are externally insulated.

This paper focused on comparing different energy retrofit strategies for the case of the UAI in
Zaragoza that do not reduce the usable floor area, with the aim to know if the image conservation
approach and the image coordination one can ensure comparable levels of performance regarding
the regulation compliance, the energy use, the emissions reduction, the thermal comfort, and the
cost-effectiveness of the measures, in order to support with data the decisions of the local administration.
The scientific contribution of this paper is in the field of design research [23,24], and focuses on the
improvement of the observed phenomenon in architectural design of dealing with the tensions between
the sustainability goals and the preservation of the modern built heritage.
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2. Materials and Methods

In order to compare the different energy retrofit strategies, three case studies were used of
real social housing buildings located in three of the 19 multifamily UAI of Zaragoza. The research
methodology is composed of the next steps, which we develop in the following sections:

1. Selection of cases studies
2. Scenarios definition
3. Definition of comparison criteria and simulation methods
4. Results analysis and discussion
5. Conclusions.

2.1. Selection of Cases Studies

In previous research works, we had cataloged the 19 multifamily residential estates of Zaragoza
declared as UAI [25], identified the construction characteristics of the buildings [13,26], done an
energy and acoustic characterization of their envelopes [27,28], and simulated the buildings energy
use through a simplified methodology [7,26,27]. Important conclusions from these previous studies
have been useful to define the criteria to select our case studies.

On the one hand, we tried to select cases studies representative of the most common energy
efficiency performances found among the buildings of the 19 residential estates. The energy performance
rating for the indicator of nonrenewable primary energy was found to be an E for 88.5% of the buildings,
F for 5.2%, and G for 3.1%, with the remaining 3.2% being renovated buildings in 2016 [29]. Regarding
the energy performance rating for the indicator CO2 emissions, the share was 80.9% of E and 15.9%
of D [29]. As can be seen, by far the majority of buildings had a rating of E for nonrenewable
primary energy and a rating of E for CO2 emissions. Our three case studies had an E estimation for
nonrenewable primary energy rating and an E estimation for CO2 emissions rating, except for one
of them (the Alférez Rojas case), which had an F estimation for nonrenewable primary energy rating
(Table 1).

Table 1. Construction characteristics of the case studies (the façade coding is the same as in [13]).

Case Study
Social Housing Block in
Residential Estate Girón

Social Housing Block in
Residential Estate Alférez Rojas

Social Housing Block in Residential Estate Balsas
de Ebro Viejo

Year of Construction 1957 1960 1969

Nonrenewable Primary
Energy Rating [29]

E F E

CO2 Emissions Rating [29] E E E

Ground Floor Façade
Façade type F1: 36 cm facing solid brick + 1 cm mortar cement

coating + 3 cm nonventilated air space + 4 cm hollow
brick + 1.5 cm plastering

Main solution (façade type F9): 12 cm facing solid
brick + 1 cm mortar cement coating + 3 cm air space

+ 4 cm hollow brick + 1.5 cm plastering
Solution below windows (façade type F10): 1.5 cm

mortar cement exterior coating + 9 cm hollow brick +
1 cm mortar cement coating + 3 cm nonventilated air

space + 4 cm hollow brick + 1.5 cm plastering

1st to 3rd Floor Façade
Façade type F2: 24 cm facing solid brick + 1 cm mortar cement

coating + 3 cm nonventilated air space + 4 cm
hollow brick + 1.5 cm plastering

4th Floor Façade
Façade type F3: 1.5 cm mortar cement exterior coating + 24 cm

hollow brick + 1 cm mortar cement coating + 3 cm
nonventilated air space + 4 cm hollow brick + 1.5 cm plastering

Roof Pitched roof with ventilated chamber

Ground Concrete slab-on-ground Suspended concrete floor Slab in contact with uninhabitable room

Windows Wood frame with single glass 3 mm. Dark shutter

On the other hand, we selected cases studies with different construction solutions observed in
the 19 residential estates in order to check whether these different solutions can make an important
difference or not regarding the energy performance of the renovated building:

• Most of the buildings presented façades with thick brick-bearing walls without thermal insulation,
and only some of the buildings, built at the end of the studied period, presented structures of
pillars with the corresponding thinning of the façade without thermal insulation [13]. Two of our
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case studies (the Alférez Rojas and Girón cases) presented thick brick-bearing walls, and one of
them presented thinner walls (the Balsas de Ebro Viejo case), as can be seen in Table 1.

• With regard to the grounds, most of the buildings (65% of them) presented concrete slab-on-grounds,
some of them (26%) had suspended reinforced concrete one-way floors, and the remaining part
(9%) had reinforced concrete one-way slabs in contact with uninhabitable rooms, such as storage
rooms [13]. Each of our case studies presented one of these three solutions (Table 1).

The general image and urban layout of each of these case studies can be observed in Figure 3.
The specific U-value of the different construction solutions for the envelope can be found in Appendix A.
Since the thermal mass is important in the energy retrofit of buildings from this period [30], the internal
areal heat capacity and periodic thermal transmittance for the different façades and grounds are
provided in Appendix A to evaluate their thermal inertia, as suggested by [31,32]. The calculations
were made according to EN ISO 13786:2017 [33].

 
Figure 3. General image and urban layout of the three case studies (plans legend: highlighted black are
the buildings selected as case studies, highlighted dark grey are the buildings of the same residential
estate, highlighted light grey are other buildings in the surroundings).

2.2. Scenarios Definition

Five scenarios were considered for each of the three case studies (Figure 4):

• Scenario 0: original state. The envelope is the original one, described in Table 1 and thermally
characterized in Appendix A. With regard to the heating and domestic hot water (DHW) systems,
all of them are individual, and so are the cooling systems when they exist. For the sake of
comparison, we considered, for the heating and DHW systems, an individual regular gas boiler
in each of the dwellings, since it is the most extensive system in Spain [34]. For the cooling
system, an electrical single zone system with a seasonal energy efficiency of 2.52 was considered,
as recommended by the user guide for the official tool for energy rating in Spain when the system
is not known or nonexistent [35].
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• Scenario 1: the envelope is improved, avoiding the external insulation of the façades made out of
facing bricks. Efficient solutions are considered for the rest of elements of the envelope, even when
installing very thick insulations is technically difficult, such as in the case of the external insulation
of plastered façades and grounds, in order to compensate the thin insulation of brick facing walls.
This scenario follows the image conservation approach. Specifically, the energy improvement of
the envelope is made by means of:

◦ Insulation of roofs by means of 25 cm thick mineral wool blankets installed in the air chamber.
According to the literature, efficient solutions for roofs have a U-value between 0.09 and
0.2 W/m2·K [36,37]. As can be observed in Appendix A, the U-value of our renovated roofs is
0.12 W/m2·K.

◦ Secondary glazing. Since in Spain the original windows are aligned with the inside surface
of the façade, the additional glazing is external. For the calculations, the inside glazing was
considered not to contribute to insulation, since many of them present serious problems
of permeability. According to the literature, very efficient solutions for windows have a
U-value between 0.80 and 1.26 W/m2·K [36,37]. Our windows have a U-value of 1.04 W/m2·K
(Appendix A). The permeability of the new window is 3 m3/h·m2 at 100 Pa (class 4, according
to EN 12207:2016).

◦ Grounds are improved for the case of suspended floors with 20 cm thick external Polyurethane
(PUR) insulation, and for the case of slabs in contact with uninhabitable rooms with 20 cm
thick external PUR insulation. According to the literature, efficient solutions for grounds have
a U-value between 0.2 and 0.25 W/m2·K [37,38]. In our case studies, the U-value of these
two types of renovated grounds are considerably lower, specifically 0.16 and 0.15 W/m2·K,
respectively (Appendix A). For the case of the slab-on-ground, perimeter insulation is installed
because insulating the whole slab would imply important interferences with occupants.

◦ External insulation of 16 cm thick for plastered walls. According to the literature, efficient
solutions for façades have a U-value between 0.15 and 0.3 W/m2·K [36–38]. As can be observed
in Appendix A, the U-value of our renovated plastered façades is quite low, specifically
0.15 W/m2·K.

◦ Cavity wall insulation of 3 cm thick for the brick facing walls. These walls have a U-value that
ranges from 0.60 to 0.73 W/m2·K (Appendix A).

• Scenario 2: the envelope is improved, insulating externally the whole façade. Efficient solutions are
used for the elements of the envelope that they are technically easy to install (roofs and windows),
whereas for more problematic elements of the envelope (grounds and external insulation of walls)
more technically feasible solutions are considered. This scenario is thought to follow the image
coordination approach. Specifically, the improvement is made by means of:

◦ Same solutions for roofs and windows as in scenario 1.
◦ Grounds are improved for the case of suspended floors with 10 cm thick external PUR

insulation, and for the case of slabs in contact with uninhabitable rooms with 10 cm thick
external PUR insulation. The U-value of these two types of renovated grounds is 0.28 W/m2·K
(Appendix A). For the slab-on-ground, perimeter insulation is used.

◦ External insulation of 10 cm thick for façades. The U-values of our renovated façades in this
scenario range from 0.21 to 0.23 W/m2·K (Appendix A).

• Scenario 3: the envelope improvement is the same as in scenario 1, and additionally:

◦ The heating and DHW system is substituted by gas condensing boilers.
◦ Solar panels are installed in order to guarantee that at least 60% of the energy for DHW is

solar, as prescribed in the Spanish Technical Code for this location if the system is changed.
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• Scenario 4: the envelope improvement is the same as in scenario 2, and as in scenario 3 the heating
system is substituted by gas condensing boilers and 60% of the energy for DHW is solar.

The values for the parameters of the envelope and the heating, cooling, and DHW systems that
define their contribution to the buildings energy efficiency can be found in Appendix A.

Figure 4. Studied scenarios for each of the three case studies.

2.3. Definition of Comparison Criteria and Simulation Methods

The five scenarios of the three case studies were compared in terms of: energy regulation
compliance; energy use, CO2 emissions, and thermal comfort performance; and cost-effectiveness of
the measures.

2.3.1. Methodology to Check the Energy Regulation Compliance

In December 2019, a royal decree modifying the Basic Document on Energy Saving (DB-HE) of
the Buildings Technical Code was approved in Spain. This recently updated regulation sets, on the
one hand, more restrictive requirements for major renovations—which are compulsory when more
than 25% of the envelope is improved, as is our case— and, on the other hand, defines for the first
time specific requirements for the transformation of existing buildings into nZEBs—which are not
mandatory, but must be met if an nZEB renovation is aimed for.

In this paper, we checked the compliance or not of the five scenarios with the two set of requirements:
the compulsory major renovation requirements and the optional nZEB renovation requirements.

For both levels of renovation (major renovation and nZEB), the main parameters that are
regulated are:

• The envelope global heat transfer coefficient K-value (W/m2·K) must be less than a limit value
Klimit. The K-value depends on the U-values of the envelope elements and thermal bridges and it
is the heat transfer coefficient of ISO 14683:2017, divided by the exchange area [39]. The maximum
allowable Klimit depends on the climate zone and the compactness of the building and is the
same for major renovation and nZEB renovation.

• The value of the solar control of windows will be lower than 2 kW·h/m2·month for the month
of July for households, for both major renovation and nZEB renovation. The solar control is the
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ratio between the solar gains in July of all windows of the envelope with their solar protections
activated and the useful floor area of the building.

• Nonrenewable primary energy (kW·h/m2·year) and total primary energy (kW·h/m2·year) use are
limited by a fixed value depending on the climate zone. The values for nZEB renovation are more
restrictive than for major renovation. Specifically, for our climate zone D, the limit values for
nonrenewable primary energy are 70 kW·h/m2·year for major renovation and 38 kW·h/m2·year for
nZEB renovation, and the limit values for total primary energy are 105 kW·h/m2·year for major
renovation and 76 kW·h/m2·year for nZEB renovation.

Additionally, the regulation sets other requirements, such as:

• A maximum U-value is set for each element of the envelope that is added, replaced, or modified
(Table 2). Our four scenarios of improvement fulfill these values except for the brick facing walls
in scenarios 1 and 3.

Table 2. Maximum U-value according to the Spanish Buildings Technical Code for climate zone D.

Part of the Envelope U-value lim (W/m2·K)

Façade—Exterior Wall 0.41

Roof 0.35

Ground 0.65

Windows 1.80

• In our climate zone, at least 60% of the energy demand for DHW has to be obtained from renewable
sources, with local origin or nearby the building. This is applicable to those renovations that
change the building installations. We made scenarios 3 and 4 fulfil this requirement.

• The accepted permeability of the windows depends on the climate zone. In our location, class 3 or
higher, as defined in EN 12207:2017, is demanded. We chose class 4 with lower permeability and
therefore better energy performance.

We made our four scenarios of improvement fulfil the additional requirements (except for the
U-value of the brick-facing walls in scenarios 1 and 3), and afterwards we checked whether the main
requirements were met or not for major renovation and nZEB renovation. To check the compliance
of these main requirements, the official tool for energy certification of buildings in Spain was used,
named HULC version 2.0.1960.1156 [39].

2.3.2. Methodology to Estimate Energy Use, CO2 Emissions, and Thermal Comfort

To estimate energy use and CO2 emissions, we used the HULC version 2.0.1960.1156 software [37],
and to characterize the thermal comfort the Design Builder version 6 software [40]. This implies a total
of 30 simulations.

The same building models were introduced in the two software tools regarding the shapes and
orientations of the buildings, their construction solutions (Table 1 and Appendix A), and thermal
bridges (Appendix B). The linear thermal transmittances of thermal bridges were calculated using the
catalogue of thermal bridges of the HULC version 2.0.1960.1156 software [39], and the same values were
used in the Design Builder model. The use and climate conditions established by default in the HULC
software were used in the Design Builder software and can be found in Appendix C. The renewal
air flow was estimated according to the calculation method proposed in the Spanish Technical Code.
The result, 33 L/s, was the same for the five scenarios (scenarios 0–4), since it depends on the household
layout, which was kept the same in the improved scenarios. It includes the infiltrations plus the
ventilation through the use of the windows. Additionally, we considered the following values for the
infiltration air flow rate per internal volume through the envelope (n50), both in HULC and Design
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Builder: 5.72 h−1 for scenario 0 (original building), as reported by Fernández-Agüera et al. [41] for
multifamily social housing in Mediterranean Europe, and 4.91 h−1 for the improved scenarios (1 to 4),
since according to Almeida et al. [42], the average window contribution for the room permeability is
15% and we changed windows with air permeability of 50 m3/h·m2 to 3 m3/h·m2 (a reduction of 94%).
Night ventilation of four renovations per hour during summer was considered in the two software
tools, since all the studied buildings allow for crossed ventilation.

With regard to the solar control of windows, we defined two parameters:

• The total transmittance of solar energy of windows when all the solar devices are activated:
according to the support document of the Spanish Technical Code for calculation of envelope
parameters [43], it is of 0.15 for scenario 0 (characterized by a dark exterior shutter with single
glass) and 0.05 for the improved scenarios 1 to 4 (characterized by a light shutter and a window
with triple glass).

• The activation of the solar protection: the activation values by default in HULC, for 30% for the
summer period, were considered in both software tools. The way this parameter is introduced in
Design Builder can be seen in Appendix C.

To estimate the thermal comfort, we used the adaptative comfort approach according to the
ASHRAE55-2017 standard included in the Design Builder software for naturally ventilated buildings.
This method has been proven to be useful for mixed-mode buildings such as ours (i.e., a combination of
operable windows and mechanical conditioning) [44]. An annual simulation was run at intervals of one
hour. Once the simulation was done, the data (air temperature, mean radiant temperature, operative
temperature, exterior air temperature, renovations per hour by means of mechanical ventilation,
natural ventilation, and infiltrations) in csv format were exported to the software CONFADAPT-ASH55
version 1.0 [45], which allowed us to obtain the hours inside and outside the 80% and 90% acceptability
limits, indicating the percentage of occupants expected to be comfortable at the indicated indoor.
We used the 90% acceptability limit to do the estimations with a higher standard of thermal of comfort.

2.3.3. Methodology to Estimate the Cost-Effectiveness of the Scenarios

We first estimated the total investment renovation costs of the measures for each of the four
improvement scenarios of the three case studies by means of the CYPE software and database [46],
and afterwards we divided it by the total surface to obtain the renovation investment per m2 for each
case. To estimate the cost-effectiveness of each scenario of improvement, the costs-to-effectiveness
ratio [47] that we established divided the total investment costs by the saved kW·h of nonrenewable
primary energy for the five scenarios of the three case studies.

3. Discussion and Results

3.1. Energy Regulation Compliance

Only one of the scenarios complied with the nZEB renovation requirements, scenario 4, and two of
the scenarios, scenarios 2 and 4, complied with the major renovation requirements (Table 3). For the case
study of Balsas de Ebro Viejo, it was necessary to increase the percentage of solar energy for domestic
hot water (DHW) up to 65% in order to make it comply with the nZEB renovation requirements
(we name this scenario 4* in Tables 3 and 4 and Tables A1–A3). This building presented a worse energy
performance in all the scenarios (with 27%–59% more nonrenewable primary energy and total primary
energy use), which could be explained by the fact that it is the only one with thinner façades and a
corresponding lower thermal mass, as shown by the values of the periodic thermal transmittance in
Appendix A.

This implies that if social housing in Zaragoza is renovated following the image conservation
approach (scenarios 1 and 3), the energy regulation for major renovation, which is compulsory,
could not be fulfilled, unless additional measures were taken on the top of those that we have studied
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here. Only the image coordination approach provides solutions that would comply with current
regulations (scenarios 2 and 4) and could even transform existing social housing buildings into nZEBs
when improving both the envelope and the systems (scenario 4). This was the case for the two case
studies with massive load-bearing façades (Girón and Alférez Rojas). For the case of the building with
thinner façades and a structure of pillars (Balsas de Ebro Viejo), the only scenario fulfilling the major
renovation requirements was scenario 4. In order for the image conservation approach (scenarios
1 and 3) to fulfil the major renovation requirements, it would be necessary to reduce the K-value
(Table 3). This would require, for example, adding internal insulation, but as already discussed this is
not considered a feasible solution due to the small size of households.

Table 3. Results of compliance with the Spanish Buildings Technical Code.

K-Value
(W/m2·K)

Qsol, jul
(kW·h/m2·month)

Nonrenewable
Primary Energy
(kW·h/m2·year)

Total Primary Energy
(kW·h/m2·year)

Compliance with
Requirements

S
ce
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o
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lc

u
la

te
d

L
im

it

C
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lc
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la

te
d

L
im

it
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M
R
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it

n
Z

E
B
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it

ca
lc

u
la

te
d

M
R

L
im

it

n
Z

E
B

L
im

it

M
R

n
Z

E
B

Girón case study

0 1.59 0.65 1.59 2 103.5 70 38 105.5 105 76 NO NO
1 0.94 0.65 0.35 2 80.0 70 38 82.0 105 76 NO NO
2 0.53 0.65 0.35 2 64.1 70 38 66.1 105 76 YES NO
3 0.94 0.65 0.35 2 46.9 70 38 69.3 105 76 NO NO
4 0.53 0.65 0.35 2 33.7 70 38 56.0 105 76 YES YES

Alférez Rojas case study

0 1.93 0.65 1.93 2 113.0 70 38 115.8 105 76 NO NO
1 1.01 0.65 0.48 2 83.9 70 38 86.9 105 76 NO NO
2 0.33 0.65 0.48 2 51.6 70 38 54.8 105 76 YES NO
3 1.01 0.65 0.48 2 54.2 70 38 73.9 105 76 NO NO
4 0.33 0.65 0.48 2 27.6 70 38 47.5 105 76 YES YES

Balsas de Ebro Viejocase study

0 1.83 0.66 1.79 2 165.0 70 38 168.3 105 76 NO NO
1 0.96 0.66 0.66 2 101.5 70 38 105.3 105 76 NO NO
2 0.36 0.66 0.66 2 72.3 70 38 76.2 105 76 NO NO
3 0.96 0.66 0.66 2 61.2 70 38 87.9 105 76 NO NO
4 0.36 0.66 0.66 2 38.9 70 38 65.8 105 76 YES NO

4 * 0.36 0.66 0.66 2 37.2 70 38 65.8 105 76 YES YES

Note: MR: major renovation; nZEB: nearly zero energy buildings; highlighted grey are the unfulfilled limits;
* Additional 5% of DHW (in total 65%).

Table 4. CO2 emissions of the three case studies for the five studied scenarios.

Case Study Girón Alférez Rojas Balsas de Ebro Viejo

Scenario
CO2 Emissions

(kg CO2/m
2·year)

CO2 Emissions
(kg CO2/m

2·year)
CO2 Emissions

(kg CO2/m
2·year)

0 21.6 23.46 34.4

1 16.6 17.25 20.82

2 13.23 10.35 14.52

3 9.59 10.95 12.28

4 6.78 5.26 7.49

4* - - 7.14

Note: *Additional 5% of DHW (in total 65%).
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3.2. Energy Use, CO2 Emissions, and Thermal Comfort

When looking at the CO2 emissions of the three case studies for the five scenarios considered
(Table 4), we observed that:

• The energy retrofit of the envelope following the image conservation approach (scenario 1) could
be responsible for the reduction of 23%–39% of CO2 emissions, depending on the case study,
whereas the improvement of the envelope following the image coordination approach (scenario 2)
could entail a reduction of 39%–58% of CO2 emissions, according to simulations.

• If, additionally, the systems are improved, the total reduction of CO2 emissions following the
image conservation approach (scenario 3) could be up to 53%–64%, whereas following the image
conservation approach (scenario 4) it could be up to 69%–79%, according to simulations.

Therefore, the image coordination approach could bring about an additional 13%–24% reduction
of CO2 emissions, as compared to the image conservation approach, which is quite a significant figure
considering the objectives of the EU to reduce emissions by 80%–95% for 2050.

When the CO2 emissions are broken down into heating, cooling, and DHW emissions for the
three case studies and five scenarios (Figures 5–7), we observed that:

• The envelope energy retrofit would significantly contribute to the reduction of emissions caused
by the use of heating systems: a 45%–64% reduction in heating CO2 emissions with the image
conservation approach, and 75%–96% with the image coordination approach. On the other hand,
it would increase the emissions caused by the use of cooling systems: a 9%–27% increase in cooling
CO2 emissions with the image conservation approach and 13%–39% with the image coordination
approach. However, these increases are not so significant because CO2 emissions due to cooling
only represent a 6%–8% of total emissions in the original buildings (scenario 0) for this city and
these case studies. The reason for this low need of cooling systems may be due to the combination
of high internal thermal inertia, night ventilation, and solar protection, which together would
significantly reduce the cooling demand in the five scenarios [48].

• The proposed systems improvement would reduce 5%–20% of CO2 emissions of heating systems
and 69% of DWH systems.

Therefore, the most significant CO2 emissions reductions would be caused by the deep energy
retrofit of the envelope in the image coordination approach and the improvement of the DHW
production systems.

When analyzing the energy use (broken down into heating, cooling, and DHW, as well as into
renewable and nonrenewable) and thermal comfort for the three case studies and five scenarios
(Figures 8–10), we observed that:

• The reason why the emissions get so significantly reduced by the deep renovation of the envelope
is the significant saving in heating energy use: a 45%–64% saving with the image conservation
approach (scenario 1) and 75%–97% for the image coordination one (scenario 2), according to
simulations. This reduction in heating energy use could be achieved without compromising the
comfort. In fact, it would actually increase the percentage of hours of 90% acceptability, with an
additional 48%–54% of hours for the image conservation approach (scenario 1) and 45%–55% for
the image coordination approach (scenario 2). The comfort achieved would be quite similar for
both approaches.

• The reason why the emissions get so significantly reduced by the improvement of the DHW
production systems is mainly the installation of renewable sources. As can be seen in Figures 8–10,
the energy use for DHW would only be reduced by 21% in all the cases, and the rest of the
emissions reduction (48%) would be achieved by the use of sun as energy source.
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Figure 5. CO2 emissions for the case study of Girón (S#: scenario #).
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Figure 6. CO2 emissions for the case study of Alférez Rojas (S#: scenario #).
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Figure 7. CO2 emissions for the case study of Balsas de Ebro Viejo (S#: scenario #).

 
Figure 8. Primary energy use (left) and percentage of hours within the 90% of acceptability comfort
range (right) in Girón case study (S#: scenario #; NRN: nonrenewable; RN: renewable).
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Figure 9. Primary energy use (left) and percentage of hours within the 90% of acceptability comfort
range (right) in Alférez Rojas case study (S#: scenario #; NRN: nonrenewable; RN: renewable).

 
Figure 10. Primary energy use (left) and percentage of hours within the 90% of acceptability comfort
range (right) in Balsas de Ebro Viejo case study (S#: scenario #; NRN: nonrenewable; RN: renewable).

3.3. Cost-Effectiveness of the Scenarios

To complete the analysis, we performed a cost-effectiveness analysis of the scenarios for the three
case studies. As can be seen in Table 5, the most cost-effective scenario is number 2, corresponding
to the deep renovation of the envelope following the image coordination approach, with a cost of
0.69€–2.02€ per nonrenewable kW·h saved, depending on the case study. The next most cost-effective
scenario is the one improving the envelope following the image conservation approach (scenario 1),
followed by the scenarios that also improve systems (scenarios 4 and 3). Again, the image coordination
approach was proven to be more advantageous from the sustainability point of view than the image
conservation one.
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Table 5. Costs analysis (TC: total renovation investment costs; RC/S: renovation investment costs per
usable surface; C-E: cost-effectiveness: NRN: nonrenewable).

Girón Case Study Alférez Rojas Case Study Balsas de Ebro Viejo Case Study

S
ce

n
a

ri
o

TRC
(€)

RC/S
(€/m2)

C-E
(€/NRN

kW·h Saved)

TRC
(€)

RC/S
(€/m2)

C-E
(€/NRN

kW·h Saved)

TRC
(€)

RC/S
(€/m2)

C-E
(€/NRN

kW·h Saved)

1 139,402 70.07 2.97 89,850 57.16 1.96 51,221 55.08 0.87

2 158,975 79.90 2.02 96,411 61.33 0.99 59,350 63.82 0.69

3 289,299 145.41 5.26 210,805 134.10 3.84 141,590 152.25 2.15

4 308,872 155.25 3.80 217,367 138.27 2.25 148,700 159.89 1.71

4. Conclusions

How to conduct the energy renovation of social housing of the period 1945–1969 in Spain,
without compromising the character of unity of the residential estates to which they belong, is a
challenge that some city councils are facing.

In Spain, the energy retrofit of social housing with cultural value presents different challenges
from those identified in other countries, such as England or the Netherlands [14–22], since inside
insulation is not considered a feasible option because of the small size of the households and the
difficulty of merging dwellings in condo buildings.

Two possible approaches were considered in this paper to deal with the tensions between the
sustainability goals and the preservation of the modern built heritage. One of them, named here
the image conservation approach, consists of renovating the building with very efficient solutions,
except for the brick-facing walls, which will only have insulation in their existing 3 cm thick cavities.
The other strategy, the image coordination approach, consists of renovating the whole building with
efficient solutions, including external insulation for existing brick-facing walls, and drawing up
coordination plans for each of the residential estates in order to guarantee a coordinated new image of
the residential estates.

By means of three case studies in the city of Zaragoza and four scenarios of improvement, the two
strategies were compared regarding the regulation compliance, the energy use, the emissions reduction,
the thermal comfort, and the cost-effectiveness of the measures.

The results show that from the points of view of environment (energy use and emissions) and
cost-effectiveness, the image coordination approach is the best strategy because:

• It would bring about an additional 13%–24% reduction of CO2 emissions as compared to the
image conservation approach. In total, it could contribute to up to 69%–79% reduction of CO2

emissions in comparison with the original buildings, which is quite close to the objectives of the
EU for 2050 to reduce emissions in the building sector by 80%–95%.

• It implies an additional reduction of heating energy use of 29%–51% as compared to the image
conservation approach. The heating energy use can be reduced in total up to 75%–97% in
comparison with the original buildings with this approach, according to simulations.

• Even if it implies an additional increase of the cooling energy use of 4%–13% as compared to
the image conservation approach and a total increase of 13%–39% with regard to the original
buildings (scenario 0), this is not so significant when looking at the whole picture because cooling
only represents a 6%–8% of total emissions in scenario 0 thanks to the high thermal inertia,
night ventilation, and solar protection of these types of buildings, which are maintained or
improved in the subsequent scenarios.
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Regarding thermal comfort, both strategies provide high levels of comfort, reaching 96%–100% of
hours within the 90% acceptability.

The analysis also shows that the image coordination strategy is the only one that can ensure
the fulfilment of the compulsory major renovation requirements recently modified in Spain, and can
even transform existing social housing buildings into nZEBs by improving both the envelope and
the systems.

For these reasons, the image coordination approach is the only strategy recommended in this
paper, unless the boundary conditions were changed, for example by defining innovative solutions to
facilitate merging households in condo buildings and using inside insulation solutions.

The buildings from this period with thick brick-bearing walls show a better energy performance
before and after renovation than buildings with structures of pillars and the corresponding thinning
of the façade, due to the higher thermal inertia of their façades making it easier and cheaper (up to
14%–62%) to achieve the major renovation and nZEB standards.
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Abstract: Direct evaporative coolers are energy-efficient, economic solutions to supplying cooling
demand for space conditioning. Since their potential strongly depends on air hygrothermal conditions,
they are traditionally used in dry and hot climates, though they can be used in many applications
and climates. This work proposes a new direct evaporative cooling system with a fabric-based pad.
Its design enables maximum wetted surface with minimum pressure drop. Its performance has
been experimentally characterized in terms of saturation efficiency, air humidification, pressure drop,
and level of particles, based on a full factorial Design of Experiments. Factors studied are air dry
bulb temperature, specific humidity, and airflow. Saturation efficiencies obtained for a 25 cm pad
are above the values achieved by other alternative evaporative cooling (EC) pads proposed in the
literature, with lower pressure drops.

Keywords: direct evaporative cooling; new pad materials; wet fabric; saturation efficiency;
pressure drop

1. Introduction

Evaporative cooling is a phenomenon that occurs in nature when water comes into contact
with unsaturated air, hence its occurrence near water bodies like waterfalls or the sea, after a storm,
or due to sweat evaporation from skin. Its applicability for human comfort dates back to ancient
Egypt [1]. The consequent simplicity of evaporative cooling systems makes them cost-effective,
energy-efficient, and environmentally friendly solutions for a wide range applications and climates [2].
They permit achieving appropriate indoor conditions in otherwise non-conditioned indoor spaces
such as greenhouses, storehouses, factories, and farms, where ventilation during the cooling season is
insufficient, and mechanical cooling is unfeasible. However, their use for indoor comfort is also crucial.
On the path to Net Zero Energy Buildings, they can either substitute, improve the performance of,
or complement conventional mechanical compression cooling systems.

Direct Evaporative Coolers (DEC) enable air cooling as it passes through wetted pads or sprayed
water. As water evaporates in air, heat and mass transfer transforms the sensible heat of air into latent
heat in an adiabatic process, lowering the air Dry Bulb Temperature (DBT) of treated air towards its
Wet Bulb Temperature (WBT), while its specific humidity increases. Materials of commercialized pads
range from aspen wood or absorbent plastic foams to “rigid-media” pads made of corrugated materials
including cellulose, plastic, and fiberglass [3].

Cellulose commercialized pads are extensively studied in the literature, both experimentally and
theoretically, through mathematical models. Sheng & Nanna [4] characterize the saturation efficiency
and humidity increase in the treated air of a cellulose corrugated panel in terms of inlet air DBT,
air velocity and pad thickness. Besides saturation efficiency and humidification increase, Malli et al. [5],
Franco et al. [6] and Warke & Deshmukh [7] characterize the pressure drop generated.
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Barzegar et al. [8] compare the performance of cellulose pads from two different manufacturers,
though only in terms of air velocity. Al-Badri & Al-Waaly [9] compare the saturation efficiency
of three different cellulose pads in terms of inlet air DTB, air WBT and water temperature and
ratio. He et al. [10] compare the performance of a Munters CELdek®cellulose pad to a PVC fibre
pad, while Franco et al. [11] compares a cellulose pad to a plastic mesh-based pad. The latter also
approaches the study of heat and mass coefficients, and so do Al-Badri and AlWaaly [9]. To the
knowledge of the authors, only He et al. [10] provide detailed observations on water entrainment.

There exists wide research on the use of alternative materials for DEC media. Most works focus
on pads made of locally available vegetable fibres such as coconut [12–16], jute [12,17,18], luffa [17,19]
and palash [13,14], as well as wood fibres [17,20].

Some research also considers the use of porous stones [20,21] and ceramics [22] as DEC media.
More unusual EC medias are made of bulk charcoal [18,23], sliced wood [24], perforated bamboo [25],
composite material with rice byproducts [26] or shredded latex foam, palm fruit fibre, etc. [18].

However, existing literature barely approaches the use of textiles for evaporative cooling, despite
the advantage of their wicking ability, as studied by Xu et al. [27] for indirect evaporative cooling systems.
They analysed six different fabrics compared to Kraft paper, with favourable results, but nonetheless
observed that the use of fabrics may cause mechanical problems, as wet surfaces distort if adhered to a
support sheet.

Liao et al. [28] studied nonwoven fabric and coir as alternatives to EC pads, providing correlations
for saturation efficiency and pressure drop in terms of pad thickness. Alam et al. [12] also studied
coir, together with sackcloth, with the former performing better due to a maximum temperature
drop of 4 ◦C. Both studies highlight the energy efficiency and low cost of the solution proposed.
Liao and Chiu [29] experimentally studied a new pad made of coarse and fine fabric PVC sponge
mesh, obtaining efficiencies of up to 86.32% and 85.5% for 15 cm thickness pads, respectively.

Fabrics have occasionally been considered in combination with passive cooling solutions for
buildings. Ghosal et al. [30] studied the cooling effect of a wetted shade fabric installed in a green
house, achieving up to 6 ◦C temperature drop. Esparza et al. [31] designed a fabric-based evaporative
cooling system with a 3 mm thick wool and polyester membrane as an alternative to water roof
ponds. Their solution achieved the lowest temperatures under the three climate conditions studied:
hot sub-humid, warm sub-humid and hot humid.

Together with capillary diffusion and wicking ability, the main assets of the use of fabrics relies
on their low cost, it being possible to reuse discarded clothes. Microbial growth is the main concern
shared by all evaporative cooling equipment but specially noticed for pads based on organic materials,
both conventional and alternative. Proper maintenance based on bleedoff, makeup water quality
and complete emptying of the sump during non-operating periods would avoid this issue [32,33].
As usually found in commercial systems, fabric-based EC can also include ozonisers or UV lamps for
pathogen inactivation in working water. Moreover, simple pad configurations made with fabrics can
be easily disassembled and washed, facilitating the maintenance of the media.

Organic fibres may also be disregarded due to concerns about system durability. For instance,
Jute, Luffa, Comm and Palm show cooling efficiency degradation with time. Deterioration is mainly
due to bio-degradation, and among the previous materials, jute fibres show the worst performance [17].
Nonetheless, replacement of media in non-elaborated pads made of organic, widely available materials
would be cost-effective.

The aim of this work is to design, build and experimentally characterize a new Evaporative
Cooling Pad made of cotton fabric as an alternative to conventional pads, which is different from the
proposals already studied in the literature. Saturation efficiency, air humidification, pressure drop and
particles are presented and contrasted with results obtained in existing research.
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2. Materials and Methods

This section describes the design, construction and experimental characterization of the target
evaporative cooling system.

2.1. Design and Construction of the Fabric EC System

A fabric-based evaporative cooling (EC) pad has been designed and built with a 25 x 1600 cm2

piece of cotton fabric. It was obtained from a 200 x 200 cm2 cloth cut into eight pieces, then sewed.
The cloth has been arranged and stretched on a wire structure, creating a 25 cm thick hexagonal pad
with homogeneous air paths separated with the aid of spacers (Figure 1). The cross section is 0.18 m2.
This design aims at avoiding any mechanical issues related to problems observed in the literature [27].
Since the cloth does not excessively tighten, in case of slight deterioration of the cotton fibres the system
would not dismantle.

  
(a) (b) 

  
(c) (d) 

Figure 1. Construction of the fabric evaporative cooling (EC) pad: (a) scheme, (b) wire structure and
cotton cloth, (c) cloth arrangement within the structure, and (d) detail of the spacers.

The pad is installed within a methacrylate case 45 cm wide, 45 cm high and 25 cm deep. Since the
pad is hexagonal, non-useful areas are blocked with additional methacrylate plates to avoid air bypass.
Water is pumped from a lower deposit to an upper distributor. The water pump provides 9.5 l/min
and requires 9 W. The whole system is connected to air inlet and outlet plenums. These plenums are
pyramidal shaped and 60 cm long to favour uniform airflow through the pad. (Figure 2).

33



Sustainability 2020, 12, 7070

  
(a) (b) 

Figure 2. View of the fabric EC pad: (a) upper water distributor, lower deposit, and water pump; and
(b) connection to air inlet and outlet plenums.

2.2. Experimental Setup

The system is connected through flexible ducts to an Air Handling Unit (AHU) that provides
the desired conditions of air Dry Bulb Temperature (DBT), Relative Humidity (RH) and volume flow
(Figure 3). DBT and RH sensors at the outlet enable control of the AHU. The Airflow is measured with
an orifice plate, by differential pressure measurements in the nozzle and six diameters far upstream.
Pressure drop is also measured in the fabric EC system.

Figure 3. Scheme of the system connected to the Air Handling Unit (AHU) and position of
measuring sensors.

DBT and RH are measured in triplicate at the fabric EC system inlet and outlet with 4-wire Pt100
and capacity sensors. The system characterization is based on the average measurements of these
three-sensor measuring points. This triple measurement at each section also enables the checking
of any possible stratification. At the air inlet, DBT standard deviation ranges from 0.52 to 0.57 ◦C,
while RH standard deviation ranges from 0 to 2.4%. At the air outlet, DBT standard deviation ranges
from 0.12 to 0.54 ◦C, and RH standard deviation ranges from 2.5 to 5.3%. Comparing these values
to the uncertainty of the measurement given later (Section 3), it demonstrates that no representative
stratification occurs.
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Water temperature in both the lower tank and the upper distributor is measured in duplicate with
ceramic Pt100 sensors. Temperature Pt100 sensors’ accuracy is ± 0.1 ◦C, and they are calibrated with a
Fluke 9103 dry well, while RH capacity sensors’ accuracy is ± 2%, and they are calibrated with a Vaisala
Humidity Calibrator HMK15. Pressure drop was measured with a Honeywell 163PC01D75 (160 PC
series). The orifice plate was previously calibrated with a nozzle, using a Testo 435-4 for pressure drop
measuring. Temperature, RH and differential pressure sensors are connected to an Agilent 34972A
data acquisition system.

Additionally, airborne particles at the system outlet are characterized with a Lasair II Air particle
counter. Measurements have been performed in duplicate at the three airflow levels and for the media
wetted and dry (total of 12 tests).

2.3. Design of Experiments

To characterize the behaviour of the system, this work proposes a full factorial design of
experiments. Target factors are three-level air volume flow (V), six-level DBT (T) and three-level specific
humidity (w), the latter in kilograms of vapor to kilograms of dry air (kgv / kgda). Air DBT ranges from
25 to 50 ◦C to cover the most common summer conditions worldwide. Airflow and specific humidity
are limited by the experimental setup: the air volume flow rate studied ranges from the lowest limit
of the orifice plate accuracy and the maximum airflow provided by the AHU, while the minimum
and maximum specific humidity considered are the air specific humidity at the laboratory and the
maximum humidity achievable with the humidifier at 25 ◦C.

Tests are performed in Valladolid, Spain (approximately 700 m.a.s.l.). The experimental runs are
performed once, randomized. Tests that did not reach a steady state were disregarded and repeated.
Table 1 gathers the levels of the factors studied, tests performed, and their order.

Table 1. Factors, levels, and test code. Order of the test run is in parenthesis.

Airflow [m3/h] Specific Humidity [kgv/kgda]

DBT [◦C]

T1
25 ◦C

T2
30 ◦C

T3
35 ◦C

T4
40 ◦C

T5
45 ◦C

T6
50 ◦C

V1
210

W1
0.0115

V1T1W1
(1)

V1T2W1
(8)

V1T3W1
(16)

V1T4W1
(10)

V1T5W1
(6)

V1T6W1
(13)

W2
0.0150

V1T1W2
(9)

V1T2W2
(3)

V1T3W2
(5)

V1T4W2
(12)

V1T5W2
(14)

V1T6W2
(17)

W3
0.0195

V1T1W3
(11)

V1T2W3
(7)

V1T3W3
(2)

V1T4W3
(4)

V1T5W3
(15)

V1T6W3
(18)

V2
300

W1
0.0115

V2T1W1
(43)

V2T2W1
(49)

V2T3W1
(37)

V2T4W1
(47)

V2T5W1
(52)

V2T6W1
(40)

W2
0.0150

V2T1W2
(42)

V2T2W2
(39)

V2T3W2
(46)

V2T4W2
(50)

V2T5W2
(45)

V2T6W2
(53)

W3
0.0195

V2T1W3
(54)

V2T2W3
(48)

V2T3W3
(51)

V2T4W3
(38)

V2T5W3
(44)

V2T6W3
(41)

V3
450

W1
0.0115

V3T1W1
(32)

V3T2W1
(22)

V3T3W1
(19)

V3T4W1
(27)

V3T5W1
(24)

V3T6W1
(30)

W2
0.0150

V3T1W2
(36)

V3T2W2
(34)

V3T3W2
(21)

V3T4W2
(31)

V3T5W2
(26)

V3T6W2
(28)

W3
0.0195

V3T1W3
(23)

V3T2W3
(33)

V3T3W3
(35)

V3T4W3
(20)

V3T5W3
(29)

V3T6W3
(25)

3. Results

Actual DBT and RH conditions of inlet air achieved in the AHU for the Design of Experiments
shown in Table 1 are gathered in Table 2.
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Table 2. Measured inlet conditions for each test.

Airflow [m3/h] Specific Humidity [kgv/kgda]

DBT [◦C]

T1
25 ◦C

T2
30 ◦C

T3
35 ◦C

T4
40 ◦C

T5
45 ◦C

T6
50 ◦C

V1
210

W1
0.0115

25.2 ◦C
55.0%

29.6 ◦C
45.3%

36.4 ◦C
30.6%

39.7 ◦C
30.3%

46.5 ◦C
17.7%

48.5 ◦C
15.4%

W2
0.0150

24.6 ◦C
84.8%

30.5 ◦C
55.9%

35.9 ◦C
43.0%

40.0 ◦C
32.3%

46.0 ◦C
21.9%

48.5 ◦C
17.1%

W3
0.0195

25.2 ◦C
100 %

29.2 ◦C
71.4%

36.3 ◦C
55.0%

39.6 ◦C
48.8%

46.6 ◦C
29.2%

50.2 ◦C
22.3%

V2
300

W1
0.0115

25.8 ◦C
55.8%

30.0 ◦C
44.8%

34.6 ◦C
33.7%

39.9 ◦C
27.4%

45.3 ◦C
22.0%

51.5 ◦C
14.6%

W2
0.0150

25.2 ◦C
71.7%

30.3 ◦C
60.2%

34.9 ◦C
45.5%

40.0 ◦C
39.5%

45.2 ◦C
29.8%

50.9 ◦C
20.2%

W3
0.0195

25.3 ◦C
81.4%

30.0 ◦C
72.5%

34.9 ◦C
63.1%

40.8 ◦C
48.6%

45.9 ◦C
36.1%

51.6 ◦C
28.5%

V3
450

W1
0.0115

25.2 ◦C
58.0%

30.4 ◦C
43.9%

35.9 ◦C
31.5%

41.5 ◦C
30.6%

45.9 ◦C
16.9%

52.0 ◦C
18.6%

W2
0.0150

25.0 ◦C
69.7%

30.0 ◦C
61.6%

35.7 ◦C
45.3%

41.5 ◦C
31.6%

46.8 ◦C
28.8%

48.0 ◦C
20.8%

W3
0.0195

25.2 ◦C
93.0%

30.0 ◦C
69.2%

35.0 ◦C
58.7%

41.4 ◦C
47.4%

43.2 ◦C
39.3%

51.1 ◦C
23.3%

Outlet conditions and water temperatures are given in Tables 3 and 4, respectively.

Table 3. Measured air outlet conditions for each test.

Airflow [m3/h] Specific Humidity [kgv/kgda]

DBT [◦C]

T1
25 ◦C

T2
30 ◦C

T3
35 ◦C

T4
40 ◦C

T5
45 ◦C

T6
50 ◦C

V1
210

W1
0.0115

20.1 ◦C
86.0%

20.5 ◦C
87.9%

23.7 ◦C
77.0%

25.2 ◦C
83.8%

27.0 ◦C
87.7%

29.3 ◦C
83.1%

W2
0.0150

20.1 ◦C
100%

23.4 ◦C
97.8%

26.0 ◦C
95.7%

26.0 ◦C
91.1%

28.2 ◦C
88.7%

29.8 ◦C
74.4%

W3
0.0195

22.7 ◦C
100%

23.6 ◦C
100%

26.6 ◦C
94.0%

27.7 ◦C
94.1%

30.2 ◦C
94.5%

32.0 ◦C
93.4%

V2
300

W1
0.0115

18.8 ◦C
91.9%

21.4 ◦C
87.3%

23.5 ◦C
85.8%

25.9 ◦C
80.1%

28.2 ◦C
76.6%

30.3 ◦C
74.0%

W2
0.0150

20.9 ◦C
100%

22.9 ◦C
100%

25.3 ◦C
92.8%

27.8 ◦C
88.2%

29.4 ◦C
81.8%

31.3 ◦C
74.0%

W3
0.0195

21.6 ◦C
100%

24.3 ◦C
100%

27.1 ◦C
100%

29.0 ◦C
100%

31.2 ◦C
90.8%

32.8 ◦C
84.7%

V3
450

W1
0.0115

19.6 ◦C
90.0%

22.2 ◦C
87.6%

25.9 ◦C
70.5 %

29.1 ◦C
72.8 %

29.5 ◦C
71.7 %

34.2 ◦C
69.5%

W2
0.0150

21.0 ◦C
100%

23.8 ◦C
95.8 %

26.3 ◦C
89.7 %

29.5 ◦C
74.4 %

32.8 ◦C
73.5 %

32.1 ◦C
74.4%

W3
0.0195

23.1 ◦C
99%

25.7 ◦C
100%

27.0 ◦C
98.1 %

30.7 ◦C
92.1 %

32.0 ◦C
89.0 %

37.4 ◦C
68.9%

Values provided in Tables 2–4 are the average values measured during the steady state periods
for each test. The uncertainty of these values can be determined as the sum of the sensor accuracy
(Section 2.2) and the standard deviation of the measured value along the period considered. The standard
deviation of the DBT and RH measurements during steady state conditions is below ± 0.2 ◦C and
± 3% at the system inlet, respectively. These are larger than the DBT and RH standard deviations
at the system outlet (± 0.1 ◦C and ± 1%, respectively), which is due to the effect of the AHU control.
Consequently, uncertainty would be ± 0.3 ◦C for the DBT and ± 5% for the RH.
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Next, the results of the obtained target parameters are described and discussed within
existing research.

Table 4. Measured water temperatures for each test.

Airflow [m3/h] Specific Humidity [kgv/kgda]

DBT [◦C]

T1
25 ◦C

T2
30 ◦C

T3
35 ◦C

T4
40 ◦C

T5
45 ◦C

T6
50 ◦C

V1
210

W1
0.0115 17.1 ◦C 17.7 ◦C 20.0 ◦C 20.9 ◦C 21.6 ◦C 22.1 ◦C

W2
0.0150 19.9 ◦C 21.3 ◦C 22.0 ◦C 22.6 ◦C 23.5 ◦C 23.7 ◦C

W3
0.0195 22.2 ◦C 22.7 ◦C 23.0 ◦C 24.4 ◦C 26.0 ◦C 26.7 ◦C

V2
300

W1
0.0115 16.7 ◦C 18.0 ◦C 19.2 ◦C 20.4 ◦C 21.8 ◦C 22.4 ◦C

W2
0.0150 20.0 ◦C 20.4 ◦C 21.6 ◦C 22.9 ◦C 22.7 ◦C 24.3 ◦C

W3
0.0195 21.1 ◦C 21.8 ◦C 23.8 ◦C 24.6 ◦C 24.5 ◦C 25.6 ◦C

V3
450

W1
0.0115 16.9 ◦C 19.3 ◦C 19.6 ◦C 20.7 ◦C 21.4 ◦C 23.5 ◦C

W2
0.0150 19.5 ◦C 20.7 ◦C 22.1 ◦C 22.3 ◦C 23.7 ◦C 23.7 ◦C

W3
0.0195 21.1 ◦C 22.7 ◦C 22.9 ◦C 25.9 ◦C 24.9 ◦C 25.4 ◦C

3.1. Saturation Efficiency

Saturation efficiency, ε, relates the temperature drop achieved in the air between the inlet (Tin)
and outlet (Tout) to the maximum temperature drop achievable, the latter being considered in terms of
the adiabatic saturation temperature of inlet air (Tas in), as expressed in Equation (1):

ε =
Tin − Tout

Tin − Tas in
(1)

Results obtained for the saturation efficiency are shown in Figure 4.
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Figure 4. Values of the saturation efficiency in terms of inlet air Dry Bulb Temperature (DBT) (Tin) and
specific humidity (W) for airflow levels: (a) V1, (b) V2, and (c) V3.

Saturation efficiency is almost constant with the inlet air DBT, though for extreme temperatures
(over 40 ◦C) it decreases. Inlet air humidity level has also a minor effect. Saturation efficiency can be
expected to be almost constant for the common range of inlet air hygrometric conditions. Nonetheless,
the effect of the airflow level is more noticeable, as larger airflows incur into lower saturation efficiencies.
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A more detailed analysis of this dependency is approached in the discussion section in comparison to
existing research.

3.2. Air Humidification

Air humidification is studied through the increment of the specific humidity, w, as demonstrated
in Equation (2):

Δw = wout −win (2)

Results shown in Figure 5 illustrate how the increment of the specific humidity strongly depends
on the inlet air DBT. Higher inlet specific humidity slightly conditions a lower increment. Both results
are due to the larger Wet Bulb Depression (WBD), this being the difference between the DBT and the
Wet Bulb Temperature (WBT). Since saturation efficiency is fairly maintained for a particular design
operating at a particular airflow, larger WBD also involves larger humidity increments.
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Figure 5. Air specific humidity increase in terms of inlet air DBT (Tin) and specific humidity (W) for
airflow levels: (a) V1, (b) V2, and (c) V3.

Some tests (V1T1W2, V1T1W3, V2T1W3, V2T2W3 and V3T1W3) showed air slight dehumidification.
This is because water temperatures (Table 2) did not reach the air saturation temperature of inlet air.
Consequently, under inlet air conditions corresponding to high relative humidity, when adiabatic
saturation and dew point (DPT) temperatures were similar, water temperature was slightly below air
DPT. Tests V1T3W3 and V1T4W4 show the same behaviour, though inlet air relative humidity is low.
In this case, water temperature remained far from the target adiabatic saturation temperature due to
the thermal inertia of the 50 l water tank, thus not being representative.

3.3. Pressure Drop

Pressure drop in the fabric EC pad has been calculated through the experimental procedure
shown in Figure 3, varying the potentiometer of the fan in four positions. Measurement of the pressure
drop in the calibrated orifice plate enables determination of the air volume flow through the system
(Table 5). Pressure drops obtained are low, as expected due to the design of the system and the low
Reynolds numbers achievable under the air velocities tested for the airpath between wetted surfaces.
Comparison to values obtained in the literature for conventional and other alternative pads is discussed
in the next section.

Table 5. Airflow and pressure drop registered in the system.

Pressure Drop in the Orifice Plate (Pa) Air volume Flow (m3/h) Pressure Drop in the Fabric EC System (Pa)

766 543 9
531 451 6
179 261 3
95 190 2
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3.4. Airborne Particles

DEC systems are known to perform some cleaning of treated air [2]. The study of particles
airborne through the system provide insight into this issue and also into the water entrainment that
can involve risk of dispersion of Legionella bacteria. To analyse the latter issue, special attention must
be paid to 5 μm aerosols. This sizing is determinant because they are breathable aerosols of enough
size to contain rod shaped 1 x 3 μm size bacteria [33]. Table 6 gathers the number of particles registered
for all tests performed at each airflow level, with the dry and then wetted media.

Table 6. Airborne particles counted at the fabric EC pad outlet.

Media Airflow (m3/h) Test No.
Particle Size

0.3 μm 0.5 μm 1 μm 5 μm 10 μm 25 μm Total

Dry

V1
1 300493 137149 58035 1704 290 18 497689
6 304787 128504 53955 1694 229 7 489176

V2
2 297348 129643 50795 1227 197 6 479216
4 294970 122589 45750 1054 140 3 464506

V3
3 298592 133134 52997 1010 103 9 485845
5 294268 121133 44317 783 88 7 460596

Wet

V1
7 330227 112532 42305 1111 124 6 486305
8 332127 111734 42688 1209 134 7 487899

V2
9 327564 101634 33258 658 70 4 463188
12 346768 106485 34215 598 72 2 488140

V3
10 333924 110254 40466 798 86 4 485532
11 334664 105435 35631 553 57 2 476342

The smallest registered particles of 0.3 μm account for 60 to 70% of the total number of particles
counted. As well as this, almost all particles registered (99.6 to 99.9%) are equal to or smaller than
1 μm and therefore cannot contain Legionella bacteria.

Concerning air cleaning, the number of particles decreases through the wetted media in about
15–17% for 0.5 μm, 22–30% for 1 μm, 25–45% for 5 μm, and above 60% for the largest particles. However,
the number of the smallest 0.3 μm particles increases in 9 to 14%. This demonstrates that wetted media
actually performs air cleaning of particles equal to or above 0.5 μm. Water entrainment may also be
restricted to small aerosols that cannot contain Legionella, though this needs further study using other
measuring methods that distinguish between particles and aerosols. Nonetheless, proper maintenance
of the system is strictly necessary to avoid proliferation of Legionella.

4. Discussion

Results for the air specific humidity increase correspond to those in existing research. Sheng
& Nnanna [4] registered increments of the air specific humidity from 3. 4 gv/kgda at 25.5 ◦C to 7.4 gv/kgda

at 45 ◦C, thus being of the same order of magnitude than the ones obtained in the present work.
Figure 6 shows the saturation efficiencies in terms of air velocity in comparison to previous

results in existing literature on alternative pads [21,28,29]. For clarity and correspondence to the air
hygrothermal conditions studied in the referred works, it only presents results obtained for the first
three levels of temperature (T1, T2 and T3) at the intermediate humidity level (W2). Corresponding
relative humidity is 70%, 50% and 40%, approximately. Only results for the largest thicknesses studied
in the referred works are considered (15 cm). No information was given in the referred works as to the
errors expected.
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Figure 6. Saturation efficiencies obtained in the present work compared to existing studies [21,28,29].

Comparison to results obtained by Jain and Hindoliya [14] is given in Figure 7. To compare results
obtained under the closest air conditions to the referred work, Figure 7 shows results from the present
work obtained only at temperature levels T4 and T5, at the lowest humidity level (W1). No information
was given in the referred work as to the errors expected. It can be observed that the proposed system
using woven fabric can achieve larger saturation efficiencies than using other alternative materials
made from vegetable fibres.
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Figure 7. Saturation efficiencies obtained in the present work compared to existing studies [14].

Regarding the results compared in Figures 6 and 7, the new fabric-based EC cooling pad can
achieve larger saturation efficiencies. This could be due to the larger thickness (25 cm) compared with
the commonly largest thickness studied (15 cm) but also because of the wicking and capillary diffusion
properties of the fabric used.

Taking a look at the results compared in Figure 8, larger thicknesses, in this case, does not incur
excessive pressure drops. Pressure drops obtained by the new fabric 25 cm thick EC pad is of the same
order of magnitude as that expected for conventional 15 cm cellulose pads [21] and other fabric-type
pads in the literature [28]. This fact would be due to clearer air paths through the proposed pad
compared with the compacity of the commercial CELdek®and configurations with coir and nonwoven
fabric 15 cm pads.
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Figure 8. Pressure drop for the new fabric EC pad compared to existing studies [21,28,29].

Indeed, pressure drop is much lower than that obtained for alternative pads made of different
stones [21] or fabric PVC sponge mesh [29]. Much larger pressure drops can be expected in pads made
of different available fibres, such as khus, palash, coconut or aspen involve [13], and thus are not
represented in Figure 8.

Concerning results for airborne particles, and to the knowledge of the authors, no previous
research has approached this issue. Water entrainment is analysed in terms of the air velocity of
cellulose and PVC pads by He et al. [10] by means of water-sensitive papers. They concluded that
cellulose pads and low air velocities avoided risk of water entrainment.

5. Conclusions

Existing literature on the use of wetted fabrics for Evaporative Cooling purposes is scarce, despite
demonstrated interest in these materials in terms of capillary diffusion and wicking ability. Related
previous research has focused on its combination with passive architecture, and fabric-based EC pads
are anecdotic among the large number of new pads built with alternative materials that can be found
in the literature.

The present work designed and built an alternative EC pad using cotton fabric. The detailed
description given of the system construction permits its reproduction.

The saturation efficiency registered is barely affected by air inlet hygrometric conditions, though
larger airflows involve lower efficiencies. The values obtained are above those for other alternative
pads studied in the literature. This could be due to both the pad design and the cotton fabric wicking
ability and capillary diffusion.

Air humidification increases notably with inlet air DBT, slightly affecting specific humidity. This is
due to larger Wet Bulb Depressions and stable saturation efficiencies in the same airflow.

The pressure drop generated for the 25 cm pad is of the same order of magnitude as results in
existing research found for 15 cm conventional cellulose pads and 15 cm fabric-based pads, and much
lower than other alternative pads made of vegetable fibres and different stones. Further research on
the aerodynamic resistance of the pads could illustrate the optimum configuration.

Particle counting demonstrates that the wetted media performs air cleaning for particles above
0.3 μm. As well as this, more than 99.6% of the airborne particles counted cannot contain the Legionella
bacteria, both for dry and wet media. However, proper maintenance of the system is strictly necessary
to avoid microbial growth, as well as any risk of Legionella dispersion. In this sense, fabrics used
as wetting media in simple configurations can be easily dismantled and washed for maintenance.
Replacement of the media would be cost-effective. Further research on the durability of organic-based
EC media would be necessary to enhance the use of these alternative systems.
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The better performance obtained for the cotton fabric in this particular design, compared with
other materials, can enhance the use, or reuse, of common fabrics for EC purposes.
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Abstract: In the last few years, the building industry experienced a significant development as a
response to the demographic growth of human society and to the increasing demand for housing.
Their construction involves the traditional use of concrete as a material that provides added strength
to the finished building. This is manufactured respecting standard recipes depending on the way of
its use. Anyway, all concrete recipes involve the use of mineral aggregates extracted from the riverbed,
as is happening in Romania, or rock blocks crushing, as reported in other countries. Under these
conditions, the rationalization of the use of natural mineral resources and the identification of new
possibilities to reduce their consumption through their replacement with vegetal waste has become an
important research issue. In this study, two types of vegetal waste—namely, shredded corn cobs and
sunflower stalks—were used to manufacture novel ecological concretes. The vegetal wastes, both in
untreated and treated forms (with 20% and 40% of sodium silicate solution), were used to replace 50%
of the river (mineral) aggregate volume. The obtained concretes were tested, and the values of some
important parameters in the concrete characterization (such as bulk density, water adsorption capacity,
compressive strength and splitting tensile strength) were compared with the concrete contains cement
CEM II/A-LL 42.5R. The obtained results show that these vegetal wastes have the potential to be
used in the manufacturing of new ecological concrete. In addition, this alternative material meets the
requirements for the sustainable and healthy development of the environment, offering low-polluting
solutions in the context of an increasing demand for constructions.

Keywords: vegetal waste; shredded corn cobs; sunflower stalks; green concrete

1. Introduction

Besides various benefits, the traditional materials used in the building industry are considered
costly and polluting through the process of obtaining them. Concrete, for example, is a widely used
material in the constructions industry, with increasing demand due to the global demographic growth.
This is because, a concrete building system is considered energy efficient due to its special ability to
combine a high thermal mass, very low air infiltration, and a high R-value (thermal resistance) in the
exterior walls [1]. In addition, concrete buildings have fewer joints than those made of wood or steel
frame, which means a tighter system in which the material itself absorbs and stores heat energy, with a
delayed impact of the exterior temperature on the inside environment [2].

Sustainability 2020, 12, 2651; doi:10.3390/su12072651 www.mdpi.com/journal/sustainability45
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The major component of the concrete is represented by the mineral aggregates, extracted mainly
from the riverbed (as in Romania) [3], or obtained from rock blocks crushing like in other countries [4].
These mineral aggregates are quite widespread natural resources, but this does not mean they are
always available for use, and there is no need to be cautious in their extraction.

For example, marine resources (sand and gravel deposited by rivers and glaciers during the
ice period) are an important source of mineral aggregates, and their use reduces the need for mine
extraction and avoids the use of agricultural areas, which are important benefits for environment [5].
In addition, the delivery distances of the dredged mineral aggregates are generally shorter due to the
fact they are landed in ports and their transport is made mainly by sea and not by road [6]. However,
the removal of marine sediments will change the height, direction, and distance between waves
and in tidal currents, with important consequences for marine wildlife, ecosystems, and navigation
activities [7].

In the regions that do not have sand and gravel, and where mineral aggregates are obtained
from crushed stone extracted from very large depths, which involves very high costs [5]. In this
case, the obtaining of mineral aggregates is a fairly polluting process for the environment, mainly
due to the greenhouse emissions. The environmental impacts associated with mineral aggregate
mining are represented by acidic mine drainage, conversion of land use accompanied by loss of habitat
for humans and animals, noise, dust, blasting effects, erosion, sedimentation, and relief changes.
These are related to the fact that mineral aggregates such as sand, gravel, and bedrock are extracted
from pits and quarries (open-pit mining and quarrying are commonly used and, in special cases,
underground mining). Their presence means the loss of agricultural land and the shift of land use
from terrestrial to lake habitats, by-products resulting from aggregate processing, and an impact on
physical infrastructure (i.e., buildings, roads, and dams) [4,8–10]. In some cases, land intended to be
developed for mineral aggregates extraction can have rare geomorphic characteristics or can be the
habitat for rare and endangered species. Mining in such areas can lead to serious and long-lasting
environmental consequences in the site vicinity or even very far away locations form it. Mineral
aggregate sites can disturb surrounding areas, mainly via truck traffic and air pollution, with a negative
impact for residents in the form of noise and visual disamenities. Mineral aggregate mining can lead
to the release of deleterious sediments, salt, and chemicals into the watercourses, soil, and air [6,9,11].
To estimate the real impact of this activity, it is necessary to consider that, in Europe, there are over
30,000 extraction sites, which produce around seven tons of aggregate per EU citizen [10]—the global
request for mineral aggregates is about 22 billion tons per year [12].

Therefore, even if the dredging of marine mineral aggregates is more advantageous than digging
or mining, it must adhere to the principles of sustainable management of long-term availability of
resources, minimizing the negative impact on the environment and the socio-economic impact of the
extraction process. This is because both methods deplete a category of natural resources, alter the
landscape, and affect the natural habitat of different plants and animals.

However, the environmental ethics principles in the building industry have to consider a
close relationship between nature and buildings, a harmony of human’ society development in the
context of all that nature means. This means that a sustainable building industry should take into
account environmental problems such as the natural resources consumption, pollutants, and excessive
energy usage, which means that the industry needs to work simultaneously in three interdependent
directions—social, environmental, and economic [13].

This is the main reason why, in recent years, various alternatives such as waste fly ash; blast furnace
slag; silica fume; plants ashes such as corn cob ash, wheat ash, and rice husk ash; recycled aggregates
from demolitions; expanded perlite; expanded clay or expanded polystyrene; PET (polyethylene
terephthalate) fibers; steel fibers; glass; plastics; lignocellulosic materials; or agricultural waste have
been used as alternatives to reduce the amount of mineral aggregates needed to manufacture the
concrete [14–24]. Among all these materials, the use of agricultural waste has become increasingly
popular due to the improved characteristics of the obtained concrete, which are mainly related to
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thermal and acoustic insulation, lower costs, and environmental protection by reducing the use of the
conventional raw materials [1,25–30].

Among many agricultural wastes studied for their suitability in building sector, corn cobs and
sunflower have the advantage of worldwide available [31,32]. In addition, these materials are easy to
process using local resources without generating extra costs because harvesting and storage is done
using common agricultural equipment. Moreover, it has been shown that the use of such agricultural
waste can result in high-quality aggregates for building materials using simple processing and low
sintering temperature, further contributing to the limitation of environment pollution [33]. For example,
the addition of corn cobs and sunflowers to concrete manufacturing improves thermal and acoustic
insulation [1,26–30], with good resistance to sodium sulphate [34]. The authors of reference [35] used
corn cob as pore-forming agent in lightweight clay bricks, obtaining apparent and bulk density, flexural
strength, decreased linear shrinkage, and increased water absorption and porosity. Shredded corn cobs
were used in the production of lightweight concrete as an alternative sustainable solution compared to
the light aggregates used today, such as those of expanded clay, cork, or expanded polystyrene. The
authors of reference [36] made a lightweight concrete from corn cobs in a 6/1/1 ratio (crushed corn
chips/Portland cement/water) and an expanded clay concrete in the same ratio (expanded clay/Portland
cement/water), obtaining lower mechanical characteristics than the classical concrete but also very low
densities, which makes it usable in non-structural applications. The authors of reference [28] conducted
a research on shredded corn cobs used as aggregates to produce lightweight concrete masonry blocks.
The density of the obtained products was 1680 kg/m3, a value that places the concrete obtained into
lightweight concrete category, according to the regulations in force. To reduce the water absorption and
to improve the adhesion between concrete and aggregates, the corn cobs were coated with a cement
paste. The tests performed showed a good resistance to repeated cycles of freeze-thaw. The authors
of reference [27] studied the properties of concrete with sunflower aggregates, compared to those of
concrete with hemp aggregates, in a binder/aggregate ratio of 2. The tests performed on concrete with
sunflower aggregates showed a thermal conductivity of 0.096 W/mK and an average compression
strength of 0.5 N/mm2 determined at 60 days. Also, [8] showed that aggregates from sunflower and
hemp stalks have a similar honeycomb structure and similar chemical composition. The authors
developed a concrete with sunflower aggregates and binder based on limestone and pumice, with
the ratio binder/aggregates equal to 18. The compressive strength at 28 days of this type of concrete
was 2.52 N/mm2. The same concrete recipe, but which included hemp aggregates, had a compressive
strength of 2.77 N/mm2. [37] developed a composite material of chitosan and particles of sunflower
stalks, with a thermal conductivity of 0.056 W/mK and a compressive strength of 2 N/mm2, in the case
of a recipe with 4.3% chitosan and sunflower particles bigger than 3 mm. All these research findings
suggest that the use of such agricultural wastes in concrete production can be a viable alternative to
help in reducing the environmental impact associated with the mineral aggregate extraction industry
in the context of the sustainable development of human society.

In this study, shredded corn cobs and sunflower stalks were used to manufacture novel ecological
concretes. These vegetal wastes were used to replace 50% of the river (mineral) aggregate volume.
The obtained concretes were tested, and the values of some important parameters in the concrete
characterization (such as bulk density, water adsorption capacity, compressive strength, and splitting
tensile strength) were compared with the concrete contains cement CEM II/A-LL 42.5R. The aim of this
research was to make a material with alternative applicability in building elements where ordinary
concrete would be less efficient. This ecological alternative complies with the criteria of sustainable
development, offering non-polluting variants in the context of a highly industrialized society.

2. Materials and Methods

This research implied the development of concrete recipes with corn cobs and sunflower stalks
as partial replacements for the mineral aggregates. As a starting point, we established a reference
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concrete (RC) recipe with conventional components of C30/37 strength class and 8 mm the maximum
size of the aggregates, calculated according to reference [38].

The reference concrete contains CEM II/A-LL 42.5R cement, sand (0–4 mm diameter), and river
gravel (sort 4–8 mm). A superplasticizer based on policarboxilateter (Sika Plast 140, produced by
Sika Romania) was used to reduce the water requirements while maintaining workability, and an
accelerator based on rhodanid (Sika BE 5, produced by Sika Romania) was used for hardening the
concrete and accelerating the cement hydration process. The water/cement ratio was 0.43.

The formulas for vegetal concrete implied the use of shredded corn cobs and sunflower stalks as
50% by volume replacement of the river (mineral) aggregates. The procedure for obtaining the vegetal
aggregates from corn cobs and sunflower stalks, respectively, was as follows:

From maize plants, only corn cobs (no husks or grains) (Figure 1a) were harvested, and only stalks
without leaves and hats were harvested from sunflower plants (Figure 1b).

 
(a) 

 
(b) 

Figure 1. Vegetal material after harvesting: (a) corn cobs; (b) sunflower stalks.

After harvesting, the sunflower stalks were left to dry in stacks in the environment (Figure 2).

 
Figure 2. Sunflower stalks drying.

Corn cobs were shredded in granules smaller than 6 mm using a mill for grinding animal feed
(Figure 3a). Sunflower stalks were shredded with the same mill, resulting in granules with a diameter
of less than 5–6 mm and fibers less than 25 mm long (Figure 3b).

 
(a) 

 
(b) 

Figure 3. The aspect of vegetal material after shredding: (a) corn cobs; (b) sunflower stalks.
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After shredding, the vegetal material was treated with sodium silicate solution by immersion
(Figure 4).

 
(a) 

 
(b) 

Figure 4. The aspect of vegetal material after shredding and treatment with sodium silicate solution, in
a wet state: (a) corn cobs; (b) sunflower stalks

After immersion in the sodium silicate solution, the vegetal material was left to dry at a temperature
of about 25–27 ◦C (Figure 5).

 
Figure 5. The drying of the vegetal material at a temperature of about 25–27 ◦C after the treatment
with a sodium silicate solution.

After drying to a constant mass, the plant material was used as a plant aggregate in the concrete
composition (Figure 6).

 
(a) 

 
(b) 

Figure 6. The aspect of vegetal material after shredding and treatment with sodium silicate solution, in
a dry state: (a) corn cobs; (b) sunflower stalks.
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The vegetal aggregates were used in three forms—untreated, treated with 20% sodium silicate
solution, and treated with 40% sodium silicate solution. Their visual aspect was the same no matter
the solution concentration (Figure 7c,f).

 
(a) (b)                 (c) 

 
(d) (e)                 (f) 

Figure 7. Corn cobs and sunflower stalks aspect—from stalk to treated granules: (a) corn cobs;
(b) untreated shredded corn cobs; (c) treated shredded corn cobs; (d) sunflower stalks; (e) untreated
shredded sunflower stalks; (f) treated shredded sunflower stalks.

Sodium metasilicate compound (Na2SiO3), also known as glass water or liquid glass, is available
in liquid and solid forms and is used as passive fire protection for concrete and to protect against
termites, rot, and degradation in refractories, textiles, woodworking, and automobiles.

To reduce the water absorption capacity of the vegetal aggregates, the shredded granules were
treated first with 20% sodium silicate solution. Then, they were dried, and their bulk density and water
absorption capacity were measured.

Because the objective was to reduce the water absorption capacity for the plant aggregates as
much as possible, other vegetal aggregates were immersed in a 40% concentrated solution of sodium
silicate, dried, and then their bulk density and water absorption capacity measured, as in the first case.

An additional amount of water, varying according to the specific absorption capacity of the plant
aggregates, was added to the concrete recipes with vegetal aggregates at a rate calculated to provide a
water/cement ratio of 0.43. We developed the following concrete recipes:

• RC—reference concrete;
• CUCC—concrete with untreated granules of corn cob;
• CTCC20—concrete with treated granules of corn cob with 20% sodium silicate solution;
• CTCC40—concrete with treated granules of corn cob with 40% sodium silicate solution;
• CUSF—concrete with untreated sunflower granules;
• CTSF20—concrete with treated sunflower granules with 20% sodium silicate solution;
• CTSF40—concrete with treated sunflower granules with 40% sodium silicate solution.

For testing their compressive strength, 150 × 150 × 150 mm cubic molds were used, while for
testing their flexural and splitting tensile strength, 100 × 100 × 500 mm prism molds were used.
There were three replicates for each test. All the tests were performed at the age of 28 days, according
to the current technical norms [39–42].
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3. Results and Discussions

3.1. Evaluation of Vegetal Aggregate Bulk Density and Water Absorption Capacity

Table 1 shows the determined values for bulk density and water absorption capacity for the
vegetal aggregates.

Table 1. The bulk density and water absorption capacity of the vegetal aggregates.

Vegetal
Aggregates

Treatment Applied
Bulk Density

[kg/m3]
Water Absorption

Capacity [%]

Corn cobs
no treatment 281.25 294

20% sodium silicate solution 242.19 181
40% sodium silicate solution 398.43 127

Sunflower stalks
no treatment 207.03 402

20% sodium silicate solution 164.06 292
40% sodium silicate solution 328.12 100

In the case of corn cob granules, the treatment with 20% sodium silicate solution resulted in a
decrease of water absorption by 38.44%; in the case of corn cob granules treated with 40% sodium silicate
solution, it was 127%, which means a 56.80% reduction compared to the untreated granules. In the case
of sunflower stalk granules, the treatment with 20% sodium silicate solution resulted in a reduction of
water absorption of 52.24%; in the case of sunflower stalk granules treated with 40% sodium silicate
solution, it was 100%, meaning a 75.12% reduction comparative to the untreated granules.

3.2. Evaluation of the Vegetal Concrete Density

The density evolution curves for the obtained concrete are showed in Figure 8. The highest slope
of the curve was registered by CUCC. This concrete variant involved the greatest quantity of added
water besides the quantity calculated for cement hydration and, implicitly, the greatest quantity of
water lost during concrete curing. This loss of water led to the lowest mechanical strengths resulting
from the weaker connection at the interfacial transition zone between the vegetal aggregates and the
cement paste.

Figure 8. The evolution of concrete density, from casting to the age of 28 days (kg/m3).

The increase in the density of the concrete with treated corn cobs in both versions was about
the same intensity as to the sunflower concrete: CTCC20 and CTSF20 had an increase in density of
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approximately 10%, and CTCC40 and CTSF40 had an increase of approximately 20% (values reported
to CUCC and CUSF, respectively).

3.3. Evaluation of the Compressive Strength of Concretes with Vegetal Aggregates

The results obtained after testing the compressive strength for the concrete described above are
presented in Figure 9.

Figure 9. Compressive strength for the developed concrete recipes (N/mm2).

A replacement of 50% of mineral with vegetal aggregates led to a significant decrease compared
to the reference concrete. On the other hand, treating the vegetal aggregates with a 40% sodium silicate
solution led to an important improvement in terms of compressive strength compared to the concrete
with untreated vegetal aggregates.

The concrete with untreated corn cobs was shown to have a very low compressive strength,
recording a value of only 0.27 N/mm2 compared to the one of reference concrete of 42.18 N/mm2.
This particularly low value is due to the presence of a significant quantity of water) the inadequate
moisture of the specimens was visible to the naked eye). The water absorbed by the vegetal part of
the concrete was highest compared to the other concrete recipes, and, as shown in Figure 9, it was
the recipe with the highest decrease in density. This drop means that it had the largest quantity of
evaporated water (leaving the concrete structure), which left behind an increased volume of air and
very poor interface links between aggregates and the cement paste.

The corn cobs treatment with 40% sodium silicate solution increased the compressive strength
of concrete 30 times comparative to the concrete with untreated plant aggregates, and about 5 times
comparative with the first treatment variant, resulting in a value of 10.21 N/mm2. This significant
improvement was due to the dramatic decrease in corn cobs absorption capacity (from 294% in the
untreated variant up to 127% in the variant treated with 40% solution).

Regarding the concrete with sunflower plant aggregates, it recorded a compressive strength much
higher than that with corn cobs, especially in the untreated aggregate variants (5.52 N/mm2) and that
treated with 20% sodium silicate solution (5.35 N/mm2), despite having an absorption capacity higher
than that of corn cobs. This leads to the conclusion that a high compressive strength of CUSF compared
to CUCC (by approximately 15 times) contributed to the strength of the plant aggregates themselves.
In the composition of the sunflower stem, the bark has a more rigid, woody, and fibrous structure
with mechanical characteristics superior to corn cobs. Contrary to expectations, treatment in the first
variation of sunflower aggregates led to a small decrease in compression strength, a result that can be
explained by the additional amount of water.

Treatment of sunflower aggregates with 40% sodium silicate solution resulted in a 146.5% increase
in compressive strength of concrete with these aggregates compared to the concrete with untreated
sunflower aggregates, and it was 33.3% higher than of the concretes with corn cob aggregates treated
with the same concentration of sodium silicate solution. In conclusion, sunflower concrete registered
improved performance in compressive strength compared to corn cob concrete.
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By analyzing the concrete compressive strength in comparison with the capacity of water
absorption for the aggregates involved (Figure 10), the reduction of the last parameter determined the
increase of the compressive strength, both for the corn cob concrete and for the sunflower concrete.

Figure 10. Concrete compressive strength after 28 days of curing (N/mm2), comparatively presented
with water absorption capacity of the vegetal aggregates (%).

In its natural form, the sunflower stalk is made up of a fibrous, rigid coat (the bark) and a marrow
with very porous structure and a much smaller density than the bark. During the shredding process,
the marrow underwent some compaction of its volume, and the ratio between it and the fibrous part
of the stem was altered in the opposite direction to that of the normal, natural state of the sunflower
stalk. This led to a predominant share of the fibrous part in the composition of the shredded sunflower
granules, which gives superior mechanical strength to these plant aggregates.

In the corn cob structure, there is no great difference between its component layers, and the
mechanical strengths of the cobs are noticeably lower than those of the sunflower stalks. Thus,
in the variants involving untreated vegetal granules, although the water absorption of the sunflower
aggregates was higher (402%), the concrete with these aggregates was characterized by much higher
compressive strength values than those recorded for the corn cob concretes due to the more rigid
structure of the sunflower stalk. This characteristic of sunflower aggregates compensated for and
exceeded its increased rate of water absorption due to the more porous structure of the marrow of the
sunflower stalk.

3.4. Evaluation of the Flexural Tensile Strength of Concretes with Vegetal Aggregates

The concrete specimens with untreated corn cob aggregates suffered damage during the curing
process due to the concrete shrinkage as a consequence of the water loss from its structure and the
decrease in the volume of the plant aggregates, thus developing aggregate–cement interface forces that
were opposite and parallel to the prism length and high enough to cause a continuous crack across the
entire cross section of the prisms.

Treating the corn cobs with 20% sodium silicate solution prevented the occurrence of that shrinkage
concrete crack but showed a very low bending strength (0.68 N/mm2) compared to that determined
for RC (3.44 N/mm2). A higher concentration for the sodium silicate solution applied to the corn cob
aggregates led to a significant increase for tensile strength of the afferent concrete, CTCC40, by 188.2%
(1.96 N/mm2) (Figure 11).
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Figure 11. Concrete flexural tensile strength (N/mm2).

The sunflower concrete in its variant with untreated aggregate showed a flexural tensile strength
slightly superior to the one of the concrete with corn cobs treated with the more concentrated sodium
silicate solution (2.0 N/mm2), due to the fiber form of the sunflower aggregates, which somehow
reinforced the structure of the concrete. Treating sunflower aggregates with 20% glass water resulted in
an unexpected drop in the flexural tensile strength by 32.5% (1.35 N/mm2), which was probably due to
the wood fibers stiffening, which led to decreased flexibility and the development of a casual character.
Applying 40% glass water solution to the sunflower aggregates further increased the bending strength
up to 2.43 N/mm2 (Figure 11). This increase is determined by higher wood fiber stiffening (increasing
the concentration of the glass water solution leads to a weight gain for the aggregates that can better
oppose the bending forces).

In conclusion, in terms of flexural tensile strength, sunflower concrete had the best values in all
variants of aggregate treatment, with the highest strength obtained by CTSF40 of 2.43 N/mm2 being
below the value recorded by RC (3.44 N/mm2).

3.5. Evaluation of the Splitting Tensile Strength of Concretes with Vegetal Aggregates

Concrete recipes with plant aggregates recorded values well below those of the RC in the case of
splitting strength. The most resistant variant (with sunflower treated with 40% sodium silicate solution)
recorded values that were approximately 58% lower than the reference (1.27 N/mm2) (Figure 12).

Figure 12. Concrete splitting tensile strength (N/mm2).

CUCC showed a very low splitting strength, which was almost impossible to test (0.03 N/mm2)
(Figure 12). The explanation is similar with that regarding the compressive strength: the specimens
showed inadequate moisture, which was visible to the naked eye. The water absorbed by the vegetal
part of the concrete was higher for this concrete recipe than for the other vegetal aggregate concrete
recipes. Thus, the amount of water absorbed led to the greatest decrease in density during the curing
period of 28 days, causing a considerable evaporation of water from the concrete structure, which

54



Sustainability 2020, 12, 2651

left behind an increased volume of air and a very weak interface between the aggregates and the
cement paste.

The treatment of corn cobs led to an increased splitting tensile strength of the concrete compared
to the one with untreated aggregates, but it was not more than 30% of the value obtained by RC
(0.64 N/mm2 for CTCC20 and 0.90 N/mm2 for CTCC40) (Figure 12).

Sunflower concretes recorded superior splitting tensile strengths to corn cob concretes, in addition
to compressive and flexural tensile strength tests. In the case of concrete with untreated sunflower
granules, a strength of 0.71 N/mm2 was obtained, which was higher than the concrete with corn cobs
treated with the 20% sodium silicate solution. The first treatment of sunflower granules led to a slight
increase in concrete splitting tensile strength, while the second treatment variant resulted in a much
higher value of about 79% compared with that of concrete with untreated aggregates.

4. Application Areas of the Novel Concrete with Plant Aggregates

According to our presented test results, plant aggregates may be successfully used for concrete,
leading to a reduction of mineral aggregates using of around 900 kg per m3 of concrete when compared
to conventional concrete. If we consider a replacement of 50% by volume ratio of mineral aggregates
in the developed concrete recipes, this means a 50% reduction of the mineral aggregates used for
concrete production. Indeed, the plant aggregates can be used only in specific concrete types due to
their mechanical strength limitations; in general, concrete with plant aggregates cannot be used in
structural purposes. The concrete with corn cob or sunflower aggregates can be used for lightweight
concrete screeds, lightweight substrates/subfloors, or acoustic mats. This is in line with the results
presented in a previous made with two concrete recipes with the best mechanical strengths, CTCC40
and CTSF40, developed by the authors of reference [25]. The aforementioned study presented some
acoustic characteristics, such as the noise reduction coefficient (NRC) and real sound absorption
coefficient, of the CTCC40 and CTSF40, which were noted in that paper as mc-corn and mc-sun,
respectively. The authors obtained significantly better results for the plant concrete comparing to
conventional concrete. CTCC40 had a NRC of 0.193 in the case of the 40 mm thickness sample,
comparing to 0.157 registered by conventional concrete used as a reference. Its real sound absorption
coefficient measured on a frequency of 2000 Hz was 0.427, compared to 0.279 for the reference. These
values were obtained on an 80 mm thick sample. The CTSF40 (mc-sun) registered a NRC of 0.177 and
a real sound absorption coefficient of 0.418 in the same conditions of analysis.

It is well known that lightweight concretes of any kind provide better thermal insulation than
normal weight concrete. By using lightweight concrete with corn cob or sunflower aggregates as
screeds in a building, a reduction of the thermal bridging at the slabs level can be obtained. This means
a reduction of heat transfer and a cold sensation at floor level.

Vegetal concrete can be used in modular elements for buildings closures, such as bricks or
panelized walls manufactured off site and then assembled with minimal site disturbance and no
waste. As blocks, the lightweight vegetal concrete can be used to develop sound-insulating blocks
or lightweight blocks for partition walls. Also, it can be used to make panels for partition walls or
sound-absorbent panels due to the material porosity ensured by the chopped corn cobs or sunflower
stalks. The production of building elements in the form of cast blocks made of lightweight concrete
with vegetal aggregates has lower energy consumption compared to the production of bricks (ceramic
blocks), which require thermal treatments/burning in furnaces.

The use of lightweight concrete with vegetal aggregates can increase work productivity by
replacing partition walls made of bricks with walls cast in formworks or prefabricated walls while
keeping the main features of sound and thermal insulation as well as mechanical characteristics at a
satisfactory level.

If the vegetal lightweight concrete is used in mortar for masonry and/or plastering, it will help to
correct small-scale thermal bridging. It can ensure a continuity of the thermal insulation when it is
used concomitant as screed and plaster in a building.
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Lightweight concrete with corn cob or sunflower aggregates can also be used on flat roofs to level
and regularize the support under waterproofing membranes and provide thermal insulation against
heat and cold.

By using lightweight concrete, obtained by replacing the usual aggregates with vegetal ones (like
corn cob or sunflower aggregates), the realization of non-structural elements of a building (concrete
screeds, closing walls or partitions, finishes, etc.) leads to the reduction of the total weight of the
building, resulting in favorable effects on its behavior during earthquake.

It is also possible to increase the efficiency of the machines and equipment used in the production,
transport, and casting of concrete (concrete plants, concrete mixers, cranes, pumps, etc.) and a decrease
in their energy consumption due to the smaller weight per unit volume of the concrete used in
non-structural purposes.

The use of concretes with vegetal aggregates can help to increase the sustainability of buildings
and reduce their total carbon footprint by replacing some raw materials that are increasingly difficult
to obtain with natural, renewable materials that obtained with much smaller energy consumption.

Taking all of this into account, it can be concluded that CTCC40 and CTSF40 can widely be used
in construction industry.

5. Conclusions

The present study aimed to present the benefits of mineral aggregates replacement in concrete
by plant aggregates in the context of sustainable development and environmental protection.
The developed vegetal concrete represents a variant of innovative and sustainable building material
that could result in mineral aggregate savings and a positive effect on global health and environment.

In our research, we used corn cobs and sunflower stalks as plant aggregates, which were previously
treated with sodium silicate solution. Some physical properties of vegetal concrete, especially thermal
and acoustic properties, were reported to be greatly altered by the presence and the amount of absorbed
water. The increased porosity and internal structure of the porous plant aggregates are responsible for
the high absorption of water and their retention capacity. Due to high moisture absorption capacity,
the durability of vegetal concrete represents a challenge. Using the shredded corn cobs and sunflower
stalks as partial replacement for aggregates in concrete production requires some treatments to be
applied in order to reduce their water absorption capacity and increase the interface compatibility with
the concrete cement paste. To accomplish this objective, we adopted a treatment of vegetal granules
with sodium silicate solution. As a result of the performed treatment with sodium silicate solution, we
obtained a significant reduction in water absorption capacity.

The case study results showed an increase in concrete density when treated vegetal aggregates
were used of approximately 10% in the case of using a solution of sodium silicate of 20% concentration
and of approximately 20% in the case of 40% sodium silicate solution compared to the concrete with
untreated vegetal aggregates. The treatment of vegetal aggregates with 40% solution of sodium silicate
solution led to a significant improvement in the compressive strength of the concrete compared to the
that with untreated plant aggregates. Sunflower concrete’s mechanical strengths is superior to corn
cob concrete.

By analyzing the compressive strength in comparison to the water absorption capacity of the
aggregates involved, it was observed that reducing the water absorption capacity of the vegetal
aggregates resulted in an increase of the compressive strength for both the corn cob concrete and the
sunflower concrete.

From a mechanical properties point of view, the investigated concrete in our study can be used for
concrete screeds or for modular elements for buildings closures, such as bricks or prefabricated walls
that are manufactured off site and then assembled with minimal site disturbance and no waste. The
obtained results also showed that vegetal aggregates may be successfully used in the manufacturing
of concrete, leading to a reduction of mineral aggregate use of around 900 kg per m3 of concrete, as
comparing to the conventional concrete. The use of such plant aggregates is an essential component of
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sustainable development by reducing the usage of mineral aggregates. This is an ecological alternative
that meets the sustainable requirements for a healthy environment, offering low-pollutant alternatives
in the context of an increasing demand for construction materials.
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Abstract: Nowadays, nobody can deny that climate change is a reality and that the life cycle of
buildings contributes greatly to that reality. Therefore, proposals such as the circular economy must
be integrated into the construction sector. This article shows part of the results of a research project
whose objective is to introduce circular economy criteria in building materials, seeking new uses for
construction and demolition waste from buildings. In particular, this article analyses the possibility of
replacing fibres currently used to reinforce cement mortars with recycled fibres. After consulting the
bibliography, we can conclude that some studies analyse the behaviour of cement mortars reinforced
with different types of fibres, but none has been found that analyses the behaviour of these mortars for
the application of continuous coatings. For this purpose, a two-stage experimental plan is designed to
test cement mortar samples with different types of fibres, recycled fibres and commercial fibres, taking
into consideration the characteristics that these mortars have to comply to be applied as continuous
coatings. Moreover, a detailed study about the porosity of these mortars and its influence on how the
mortars behave with regard to compression, water vapour permeability and impermeability has been
conducted. From the results obtained, it can be concluded that the mortars containing recycled fibres
have very similar resistance, absorption and permeability values to those containing commercial
fibres, so that they might be suitable for application as external coatings.

Keywords: mineral wool; cement mortar; recycling; circular economy; construction and demolition waste

1. Introduction

It is true that the climate has always been changing, but the problem is that currently the pace is
faster than humans have ever seen. If this pace is maintained over time, if we do not stop it, climate
change threatens to make parts of the planet uninhabitable for life as we know it.

It has been scientifically proven that the industry, and in particular the construction industry,
is partially responsible for this problem since it is one of the sectors that consumes more resources
and generates more emissions and waste [1]. Therefore, working to reduce the impact it generates is
essential [2].

According to the UK Green Building Council (UKGBC), the construction sector uses more than
400 million tons of material each year. In particular, the products that are used during the construction
process can damage the environment due to intensive extraction of raw materials, transporting to
manufacturing plant and site, energy consumption in manufacture and in use, waste generation and
so on [3].

Sustainability 2020, 12, 2835; doi:10.3390/su12072835 www.mdpi.com/journal/sustainability61



Sustainability 2020, 12, 2835

In Spain, in 2007, there was an expenditure of 20.1 tons of resources and materials per person and
per year, compared to the 16.5 tons of the EU average, although it is true that during 2007 there was a
high level of building [4]. In addition, the manufacture of construction materials consumes a large
amount of energy, especially in the case of materials such as glass or plastics [5].

On the other hand, the production of waste from construction and demolition waste (CDW),
occurs in each and every phase of the building life cycle [6]. These CDW cause damage, not only in
their immediate surroundings [7], but also because of the contamination of the soil where they are
deposited, the contamination of the runoffwater or nearby rivers, atmospheric pollution due to volatile
elements and odours, degradation of the surroundings and consumption of transport energy and
maintenance of landfills [8].

Therefore, moving from a linear economy to a circular economy is one of the strategies that will
reduce both the consumption of resources and the waste generated [9]. In addition, this strategy must
be viewed from a global vision of the entire life cycle of buildings [10].

In 2015, the European Commission adopted an ambitious Circular Economy Action Plan, which includes
measures that will help stimulate Europe’s transition towards a circular economy, boost global
competitiveness, foster sustainable economic growth and generate new jobs.

The EU Action Plan for the Circular Economy establishes a concrete and ambitious program of action,
with measures covering the whole cycle: from production and consumption to waste management and
the market for secondary raw materials and a revised legislative proposal on waste [11].

Therefore, in the last decade there have been many studies whose objectives have been to
incorporate circular economy criteria in the manufacture of construction materials, specifically on
cement mortars, for example the studies by Aciu et al. [12], which conclude that it is possible to
manufacture mortars with PVC waste, or the studies by Piña et al., [13], that confirm the feasibility
of replacing, in mortars, glass or polypropylene reinforcing fibres by fibres from mineral wool
residues, or the studies by Morales Conde et al. [14], that analyse the Physical and mechanical
properties of wood-gypsum composites from demolition material in rehabilitation works or the works
done by Gadea et al. [15], about lightweight mortar made with recycled polyurethane foam or the
research projects done by Muñoz-Ruiperez et al. [16], about mortars made with expanded clay and
recycled aggregates.

On the other hand, coatings are finishes of building façades that perform a dual function: providing
a specific appearance (colour and texture) and improving some of the façade’s characteristics.

These coatings are usually cement-based mortar (plaster and render) or mixed cement and
limestone and are used to be mixed on site with approximate dosages, which means that throughout
the work, the composition of the coating might not be homogeneous as it depends on the experience
and skill of the workers. Therefore, ready-to-use coatings have been on the market for a number of
years, and only the water recommended by the manufacturer has to be added on site, eliminating the
drawbacks of on-site preparation and hence the lack of homogeneity of traditional coatings. This type
of mortar is known as single layer coating [17]. These mortars are normally quite fluid, as they are
usually projected, and a significant yield is sought when they are administered.

The composition of coating mortars depends on the rendering properties required but, in general,
they are based on cement (white or grey), rarely lime, and contain carbonate/silica aggregates [18].
They can also incorporate lightweight aggregates such as perlite, vermiculite, etc., and other additives
such as pigments, water retainers, water repellents, aerators, accelerators, retardants, synthetic resins,
fibres, etc. These aggregates are more typical in single layer coatings, as they improve ease of
application, adhesion, mechanical strength or surface hardness, water impermeability, or water vapour
permeability. The typical composition of cement mortars used in coatings is around 1:3:0.6 (cement:
sand: water), [19–21], with the percentages of additions varying widely.

Despite the advantages of using single layer coatings, it is still very common to apply cement
mortar coatings on walls in the traditional way, since the mortars used provide significant durability
and high adhesion, which has made them historically suitable for outdoor use.
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Coating mortars are defined in Standards UNE-EN 998-1:2003, [22], executed according to
UNE-EN 13914-1:2019 [23] and UNE-EN 13914-2:2019 [24] and are categorised according to two basic
characteristics: Compressive strength (CS), calculated according to UNE-EN 1015-11:2000/A1:2007 [25]
and Water Absorption (W) calculated according to UNE-EN 1015-18:2003 [26].

The properties of mortars depend not only on their composition but also on certain external
conditions such as the preparation of the substrate, the application of the product and the protection of
the coating.

Cement-based coatings require compressive strength and water absorption that are achieved with
relatively low cement dosages. In fact, it can be affirmed [27] that the proportion of cement added to
the mortar is directly related to their impermeability and rigidity. Mortars with larger proportions of
cement are more rigid, which means a greater probability of cracks appearing, which are their main
setback. Mortars used in these study trials seek a balance between rigidity and impermeability without
sacrificing good results in both aspects, which are fundamental in a good coating mortar.

Cracking can occur for different reasons, which have been studied in detail by several authors [28].
The primary causes range from microcracks caused by shrinkage during the setting or drying of the
binder to the low plastic deformability of the mortar [29] and are usually combined with others of a
secondary nature, such as sensitivity to thermal or mechanical actions [30].

A key consequence of the cracking of coating mortars is the increase in their permeability to
water [31]. The appearance of cracks in the mortar causes major permeability problems both in the
short and long term. One of the immediate problems is the appearance of dampness inside enclosures;
one of the long-term problems is the logical increase (by attrition) in the size of the cracks and the
consequent degradation of the mortar.

Different strategies are used to prevent this cracking. These include the use of additions to improve
mortar plasticity [32], the incorporation of different types of fibres in their preparation [33], or the
insertion of meshes or reinforcements between coating layers. These techniques can be used together
to reduce the possibility of cracks but do not always eliminate them completely.

However, there is agreement in the academic community that the appearance of a crack implies a
change in the permeability of the material. This leads to a reduction in its durability, since once the
crack has occurred the properties of the material change drastically, and it cannot be assumed that the
estimated durability for an uncracked surface can be maintained [28].

2. Purpose

This article shows part of the results of a research project that analyses the viability of replacing,
in mortars for coatings, glass and polypropylene fibres (fibres commonly used today) by fibres from
the recycling of mineral wool insulation panels [13] and analyses their cracking and water behaviour.

3. Experimental Plan

A two-phase experimental plan was designed to analyse the behaviour of these mortars with
respect to the requirements of current regulations: resistance to compression and water absorption.
The relationship between shrinkage cracks and mortar porosity with the different types of fibres used
was also included in the experimental plan.

3.1. Materials

Cem II/B-L 32.5 N cement and natural river sand sieved through a 4 mm mesh screen from a
gravel pit or quarry were used.

The water used comes from the Canal de Isabel II of the Community of Madrid. Its technical
characteristics are established in standard UNE EN 13279-2 [34].

Three types of mineral wool waste were also used (Figure 1). These were collected manually from
the Centre for the Integral Treatment of Construction and Demolition Waste on the N-1 motorway to
Irún, Km 40, in the town of El Molar, Community of Madrid and managed by Gestión y Desarrollo
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del Medio Ambiente de Madrid (GEDESMA S.A.) They were stored outdoors and mixed with other
waste materials. After selecting this waste, it was separated into piles of hand rock wool (RLR) and
fibreglass (RFV). A sample of unselected mixed mineral wool waste, as it was found in the landfill,
was also collected (RMIX). The three types of mineral fibre residues were subjected to grinding in a
550 W machine at a nominal voltage of 50 Hz, for 3 intervals of 3 min each, to obtain a format that was
suitable to be included in the mortars with a length of 500–1000 μm.

   

Figure 1. Mineral fibre waste: rock wool (left); fibreglass (centre); mixed (right).

The commercial polypropylene fibres used were 6-metre long SikaCim® Fibres-6 for concrete and
mortars from Sika, S.A.U. and 12 mm long AR Tecnicret® fibreglass (Figure 2).

  

Figure 2. Commercial fibreglass fibres (left); polypropylene (right).

3.2. Composition of the Mixtures

Six different cement mortar mixtures were prepared in the laboratory: a reference mortar without
fibres (MREF), three mortars with mineral wool waste from insulation: mortar with rock wool waste
(MRLR), mortar with fibreglass waste (MRFV) and mortar with a combination of mineral wool waste
(MMIX), and two mortars with commercial fibres to compare their behaviour with the recycled samples:
mortar with fibreglass (MFV), mortar with polypropylene fibre (MPP).

The dosage maintained in all mixtures is 1:3:0.6 (cement: sand: water), (Table 1); this dosage was
established based on the bibliography consulted [19–21] and the results can be compared with other
previous works [13].
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Table 1. Sample dosage.

Name Cement (g) Sand (g) Water (g) Fibres (g)

MREF 1000 3000 600 —-

MRLR 1000 3000 600 1.70

MRFV 1000 3000 600 1.70

MRMIX 1000 3000 600 1.70

MPP 1000 3000 600 1.70

MFV 1000 3000 600 1.70

3.3. Tests

The experimental plan was conducted in two phases:
Phase 1
In the first phase, 4 × 4 × 16 cm specimens are made of the reference mortar and the mortars

reinforced with commercial fibres and fibres from the recycling of RCD (Figure 3).

 

Figure 3. Cement mortar mixtures specimens prepared in the laboratory.

The physical, mechanical and behavioural tests against water were carried out on these specimens,
as listed below:

Bulk density of fresh mortar (UNE-EN 1015-6) [35]: it has been calculated as the mass of each of
the mixtures divided by the volume occupied by the mortar introduced and compacted in a container.
The mass considered has been that necessary to fill the 1-L container. The filling of the container has been
carried out in two stages. In the first one, half of the container is filled and tapped 10 times for compaction;
in the second stage, the container is filled to its limit and compacted again by striking it 10 times.

Compressive strength: (UNE-EN 1015-11) [25]: The Ibertest Autotest 200 cement strength testing
machine was used in 4 × 4 × 16 cm3 specimens. With constant speed, a load was gradually applied at
a rate between 50 and 500 N/s until failure occurs and the value obtained was recorded.

Consistence (UNE-EN 1015-3) [36]: The flow table method was used, according to the procedure
described in part 3 of the standard. The fresh mortar is poured in two layers on a frustoconical mould
placed on the shaking table; each layer is compacted with ten tapping strokes. After 15 s, the mould is
removed, and 15 vertical shakes are carried out with a constant frequency of approximately 1 s. using
the calliper, the diameter of the mortar is measured in two perpendicular directions and the average
value is calculated.

Water absorption by capillarity (UNE-EN 1015-18): [26] It was calculated by obtaining the amount
of water absorbed by the 160 × 40 × 40 mm prismatic samples cured after 28 days and dried in an oven.
The test specimens are impregnated with paraffin and then broken into two halves. On the break side
they are submerged in water with a depth of between 5 and 10 mm.
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Total absorption: The specimens are dried in a stove for 24 h, cooled in a desiccator to ambient
laboratory temperature, and subsequently immersed in water, weight increases by water absorption
after 24 and 48 h were recorded.

Water vapour permeability (UNE-EN 1015-19): [37]: The amount of water that has passed per unit
area of the specimen in a unit of time when there is a pressure difference of one unit between its walls.

For this purpose, circular specimens are made with fresh mortar. After curing, these specimens
are placed on perimeter sealed containers. These vessels contain a saline solution of potassium nitrate
that maintains the relative humidity at 93.2%. The difference in relative humidity between the two
faces of the test piece causes the water to gradually evaporate.

Phase 2
In the second phase, a detailed study of the shrinkage cracking and porosity was conducted on

the previous mortars, as described below:
Contraction test (UNE 80112) [38]: (shrinkage): Changes in length of each sample were measured

compared to the original length. The specimens used, measuring 25x25x285 mm3, had stainless steel
cylinders at their ends, to be placed in a vertical position, on the length comparator, at the time of
measurement. This measurement has been carried out at mould release, at 7 days and at 14 days.

Air content (UNE-EN 1015-7) [39]: Obtained by means of the pressure method in which pressurized
air was applied to the chamber containing the mortar and, when it decreased, the air content present in
the sample was indicated on the measuring device. This test was carried out by filling, in four layers,
the container with fresh mortar. Each layer was compacted with 10 short strokes of the piston. Once
the container—to which a manometer had been connected—was levelled, air was injected into the air
chamber until it reached a stable pressure, which was determined in a first calibration test. The valves
were closed and, once equilibrium was reached, the air content value was read from the manometer.

Porosimetry by injection of Hg: The AutoPore IV 9500 porosimeter was used to characterize
the porosity of the material by applying several pressure levels to the sample submerged in mercury,
with the pressure required to produce the penetration of the mercury being inversely proportional to
the size of the pores. The specimens made for this test were cylindrical, with a diameter of 10 mm and
a height of 10 mm. The test was carried out at room temperature, bringing the sample to a vacuum
of 50 μmHg that was kept for five minutes. Subsequently, each sample was subjected to increasing
pressures that force the mercury percolation into the pores up to 206MPa.

Scanning electron microscopy: The JEOL JSM-840 high-resolution environmental scanning
microscope was used to study of the crystalline texture and morphology of the 6 different mortar
mixtures. This microscope allows the observation of samples of sizes up to 50-100-150 mm in the
motorized stage. The samples tested, small fragments of approximately 10x10 mm2, were taken from
rests of the specimens that were subjected to flexion and compression tests. Once placed under the
microscope, “the beam passes through the condenser and objective lenses, and is swept across the
sample by the scanning coils, while a detector records the number of low-energy secondary electrons
emitted for each point on the surface ”, so that an SEM image is formed [40].

4. Results and Discussion

4.1. Results Obtained in Phase 1

The results obtained from the physical, mechanical and water behaviour tests are shown.

4.1.1. Apparent Density of Fresh Mortar and Consistency

Figure 4, shows the average of the results obtained in three test specimens of each mixture of the
bulk density test on the fresh mortar and the consistency of the mixtures. It can be seen that adding
fibres, whether they be from waste or commercial sources, decreases their density with regard to the
reference mixture (MREF) but very slightly due to the small amount of fibres added.
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Figure 4. Results of the test of the apparent density of the fresh mortar (kg/m3) and consistency of the
mixtures (cm).

The mortar containing commercial fibres MPP has the lowest density (1201 kg/m3) very similar to
that containing MRFV fibre waste (1204 kg/m3), representing only a decrease of 2.50% in comparison
with the reference density (1232 kg/m3). MFV and MRLR mixtures have the highest density value
(1216 kg/m3), although this is 1.30% lower than the reference mortar. It should be noted that all of them
could be considered as lightweight mortars as they have a density of less than 1300 kg/m3 according to
UNE EN 1015-6 [35].

Regarding consistency, all mixtures are within the range established for plastic mortars in the
standard mentioned in the previous paragraph. The values of the mortars containing fibres are between
10.2% and 3.2% lower than those of MREF. Plasticity values showed that the most fluid mixture was
MRLR (166 mm) similar to that of MFV (167.5 mm) and the less fluid one was MRFV (179 mm) similar
to MMIX (178 mm). The MPP mixture showed intermediate values (170 mm).

It should be pointed out that MRFV and MFV mortars behave differently, while the former has a
lower density value and a drier consistency (within the plasticity range), the latter has a higher density
value with a higher, more fluid consistency.

4.1.2. Compressive Strength Test

Compressive strength of the test pieces after the test is shown in Figure 5. These results are the
average of those obtained in 3 test specimens of each mixture considered.

Compressive strength for mortars MRLR-MRFV decreased by 0.04%–10.53% in relation to the
reference and, on the contrary, mortars MMIX-MPP-MFV increased by 9.34%–1.06%–7.56%. Similar
to what occurs in the compressive strength test in the previous section, the mortar containing the
fibre waste with better compression resistance was MMIX (25.75 N/mm2), and the worst was MRFV
(21.07 N/mm2). In the case of mortars with commercial fibres, MFV (25.33 N/mm2) showed an improved
performance of 3.39% compared to MPP (23.80 N/mm2), as stated by other researchers [41,42].

In all cases, the minimum values established in standard UNE-EN 1015-11:2000/A1:2007 [25] were
exceeded for the case of mortars R1 and/or R3, whose compressive strength should be 3.5–7.5 N/mm2

and/or ≥ 6 N/mm2.
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Figure 5. Result of the compressive strength test (N/mm2).

4.1.3. Absorption of Water by Capillarity

The average of the results of the tests carried out on 3 test pieces of each mixture for the absorption
of water by capillarity test is shown in Figure 6. These mortars must absorb as little as possible due to
their application. This particularly affects mortars exposed to rainwater and those located at the base
of the foundations. The greater the water absorption, the greater the possibilities of the appearance of
moisture by filtration. In any case, the standard UNE-EN 1015-18 [26]: requires for mortars R1 c ≤
0.4 kg/m2 min0.5 and mortars R3 c ≤ 0.2 kg/m2 min0.5.

Figure 6. Result of the water absorption test by capillary action (kg/m2·min0.5).

While mortars containing fibre waste had a higher absorption coefficient in relation to the reference
mortar, MRFV 16.7%, MRLR and MMIX 8.3%, this was considerably lower for mortars containing
commercial fibres, MPP by 20.8% and MFV by 25%. The mortar with the greatest water absorption
capacity by capillarity was MRFV (0.28 kg/m2·min0.5 and the lowest capacity MFV (0.18 kg/m2·min0.5).
Therefore, all mortars in this study would comply with the specifications of standard mortars (R1)
with medium resistance to filtration, and only mortars containing commercial fibres would comply
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with the provisions of mortars (R3), that is, with very high resistance to filtration. The reference mortar
would not meet the values established for mortars (R3) either, as occurs in other studies [43].

4.1.4. Total Water Absorption

Figure 7 shows total water absorption values of the mixtures under study. These results are the
average of the data obtained in the 3 test specimens of each mixture. It can be seen that, after 24 h,
the samples are practically saturated since the increase is between 0% and 0.02%.

Figure 7. Result of the total water absorption test (g).

In this test, all the mixtures exceeded the 4.5% increase in weight obtained by MREF, except for
MMIX, which decreased its total absorption by approximately 8.90% with respect to said reference.
It should be noted that, at 24 h, the mortar containing fibre waste with the greatest total absorption is
MRLR (4.75%), compared to that containing commercial fibre, MPP (4.93%). MMIX (4.1%) and MFV
(4.59%), with fibre waste and commercial fibres, respectively, have a lower total absorption capacity.

4.1.5. Permeability to Water Vapour

This section contains an analysis of the degree of resistance to the passage of water vapour through
ready-made mortars. The previous section showed that mortars for outdoor use should be as impermeable
as possible, and it should be noted that they must maintain their water vapour permeability to allow for
transpiration of walls and prevent the appearance of condensation on the inside.

Table 2 shows the results of the weights obtained during the 6-week duration of the water vapour
permeability test in one test specimen of each mixture; Figure 8 shows the water vapour permeability
values, which are very similar to those of the reference mortar.

Table 2. Weights of the samples for 6 weeks (g).

Name.
Initial

weight (g)
Weight

week 1 (g)
Weight

week 2 (g)
Weight

week 3 (g)
Weight

week 4 (g)
Weight

week 5 (g)
Weight

week 6 (g)

MREF 2095.60 2074.20 2067.00 2060.20 2053.90 2048.70 2043.40

MRLR 2035.30 2014.60 2007.70 2001.10 1995.00 1989.90 1984.60

MRFV 2079.50 2058.60 2050.90 2044.00 2037.80 2032.70 2027.50

MMIX 2061.50 2039.70 2032.60 2025.90 2020.00 2015.00 2099.90

MPP 2133.60 2113.60 2106.40 2099.60 2093.70 2088.90 2084.20

MFV 2149.50 2127.40 2119.60 2112.20 2105.90 2100.80 2095.30
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Figure 8. Result of the water vapour permeability test (Kg/m2·s·Pa).

Mortars with fibre waste, MRLR-MRFV-MMIX, have the lowest values of water vapour
permeability, i.e., 2.87%-0.38%-1.15% less than the reference mortar. In the case of commercial
fibres, MPP also showed a reduction of 5.37% in relation to the reference mortar but MFV increased its
value by 3.83% (Figure 8). The mortar with the lowest water vapour permeability was MPP with a
value of 5.0321*10−14. This is due to the fact that, contrary to water absorption values, higher values of
water vapour permeability are obtained in mortars with a greater amount of aggregate [44], since CO2
diffuses better in the aggregate than in the matrix, favouring permeability.

4.2. Results Obtained in Phase 2

4.2.1. Shrinkage

Figure 9 shows the values obtained in the contraction test in 24 h, 7 days and 14 days. They represent
the average of 4 test specimens of each mixture. After the first day, there were significant differences
between the reference mortar and some of the prepared samples.

Figure 9. Result of retraction test (%).
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After 24 h, mortars containing fibre waste, MRLR-MRFV-MMIX, reached 90.91%–27.27%–54.55%
respectively, in relation to the reference mortar. The commercial fibre mortar MPP had the same
shrinkage as MREF, but MFV had 18.18% less shrinkage.

After 7 days, the mortar containing fibre waste, MRLR, and commercial fibre mortars, MPP-MFV,
retracted 4.55%–9.09%–9.09% less, respectively, than the reference mortar. MRFV and MMIX showed
greater shrinkage than MREF, more specifically 4.55% and 9.09%.

Finally, after 14 days, only the mortars containing commercial fibres, MPP-MFV, showed
the least shrinkage [45], 4.26%–6.38% less, in relation to the reference mortar, respectively.
The mortars with fibre waste residues, MRLR-MRFV-MMIX, showed greater retraction than MREF, i.e.,
6.38%–12.77%–14.89%, respectively.

4.2.2. Air Content and Porosimetry

The amount of air content from fresh mortars directly influences the porosity of the material, a greater
amount of air causes greater porosity, which improves workability but reduces mechanical resistance.

The results of both tests are shown in Figure 10. This test was carried out on one test specimen of
each mixture. When the fibre waste or commercial fibres were incorporated into the mortars, the air
content decreased in relation to the reference sample [46].

Figure 10. Result of the test on air content in fresh mortar (%) and porosimetry (%).

Mortar containing fibre waste, MRLR, showed a greater amount of air content (5.2%) and still
represented 16.13% less than MREF; MRFV showed the least amount of air content (4.5%), 27.42% less
than MREF. Regarding commercial fibres, MFV showed the highest air content (5.8%), 6.45% less than
the reference sample.

The results of the air content tests in the fresh mortar did not coincide exactly with those obtained
in the porosimetry test on dry mortars. The mortar containing fibre waste that showed the highest
percentage of pores is MRFV (17.2%), 11.47% more than MREF; the lowest percentage was shown
by MRLR (14.73%), with 4.54% less pores than the reference sample. Amongst mortars containing
commercial fibres, MPP showed the least amount of pores (16.92%), 9.66% more than MREF, and MFV
showed the lowest amount (16.09%), 4.28% more than the reference sample.
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4.2.3. Scanning Electron Microscopy

Photomicrographs of selected compounds are shown in Figures 11–13. It can be seen in the
images that there is a good dispersion of the fibres in the mortars, although it is also obvious that the
distribution may not be homogeneous, preventing control of surface properties.

 

Figure 11. Microscopic image of the reference mixture (MREF).

   

Figure 12. Microscopic image of mixtures containing fibre waste: mortar with rock wool waste (MRLR)
(left), mortar with fibreglass waste (MRFV) (centre), mortar with a combination of mineral wool waste
(MMIX) (right).

  

Figure 13. Microscopic image of mixtures containing commercial fibres: mortar with polypropylene
fibre (MPP) (left), mortar with fibreglass (MFV) (right).

It should be noted that ready-made mortars do not have a high percentage of fibres and that these
quantities are not enough to produce significant changes in the microscopic structure of the composite
material [20].

Therefore, these results indicate that the presence of fibres does not affect the setting process of
the mortar, where the mortar mass sets around the fibres without any additional or significant porosity
occurring in the pore size range covered by these experimental techniques. In other words, the fibres
are “surrounded” by the set mass, indicating good adhesion between the mortar and the fibres, which
is also proven by good mechanical behaviour.
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5. Conclusions

As a general conclusion, it can be confirmed that it is possible to replace in coatings the fibres
usually used by fibres from recycling.

As specific conclusions:
All the mortars studied show that fibres from recycling do not affect the setting of the mortar,

nor do they produce significant changes in the microscopic structure of the compound, as their
behaviour is very similar to that of the mortars reinforced with commercial fibres.

In addition, and because the amount of fibres added is not very large, the density of the mortars
reinforced with fibres from recycling is similar to the density without fibres or reinforced with
commercial fibres. These can be considered lightweight mortars, since their density is lower than
1300 Kg/m3 according to UNE EN 1015-6 [35].

Regarding consistency, it should be noted that mortars reinforced with recycled fibres have
consistencies similar to those reinforced with commercial fibres, such as plastic mortars, and are within
the range established in the standard mentioned in the previous paragraph.

These mortars are found to be viable for exterior coatings as, similar to all of those with recycled
fibres, they exceed the minimum values of compressive strength established in standard UNE-EN
1015-11:2000/A1:2007 [25] for mortars R1 and/or R3, 3.5–7.5 N/mm2 and/or ≥ 6 N/mm2 and with water
absorption values that are typical of mortars designated as R1, medium resistance to filtration. They can
be suitable for application as exterior coatings even on walls exposed to rain and moisture. At this
point, it should be noted that mortar reinforced with commercial fibres complies with the provisions of
the standard for mortars (R3), i.e., mortars with very high resistance to filtration would be obtained.

Finally, it has been found that the type of fibre does not affect the water vapour permeability of
mortars, since the permeability values obtained in all reinforced types are very similar to those of the
reference mortar. However, shrinkage of mortars is lower in those reinforced with commercial fibres,
which is probably due to the greater length of these, so it would be interesting to work with longer
recycled fibres to confirm that their length plays a decisive role in the reduction of shrinkage.
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Abstract: Having a tool in Spanish regulations to evaluate the sustainability of the construction
process in a simple and efficient way (Annex 13 of the Structural Concrete Instruction EHE-08) means
an advance with respect to regulations in other countries. However, the complexity of homogenising
the conditions that affect the execution of each structure, which are of a very heterogeneous and
variable nature, in order to be able to evaluate their contribution to sustainability within the same
reference framework, is the greatest obstacle and can have a great influence on the representativeness
of the obtained results. However, there are variables that, given their specificity and nature, are not
contemplated in this methodology (dust, noise and vibration emission, transportation). This paper
proposes a complementary disaggregated model to evaluate the sustainability of variables that are
not considered, namely the transportation of materials to the worksite, the commute of workers,
the construction process, the emissions of dust, noise and vibrations, as well as the necessary load
tests. The results of the application of this model to the real case of the foundations of two singular
buildings, show the importance that these previously unexamined variables can have when choosing
the most sustainable technical solution in terms of CO2 emissions.

Keywords: CO2 emissions; disaggregated model; dust; noise and vibration emission; environmental
impact studies; foundations and structures; sustainability; transportation

1. Introduction

Understanding the concept of sustainability is the first step in the study and analysis of the
current tools used to evaluate environmental impact at a very reduced scale, which includes structures
and foundations in general, and in particular those developed in urban areas since construction
sites constitute major sources of pollutants provoking negative impacts on the environment [1].
In comparative terms, sustainability is a broader concept than that of sustainable development, since
it can be applied effectively to scales below the regional level, as well as to products, processes and
services. Therefore, sustainability is applicable to different levels or objects, such as a certain sector,
a specific activity, a product, a process, a group or an entity. In this context, Badi et al. conduct a
thorough review on the sustainability agenda in the construction sector [2] while Ahmad researches
empirical interactions among the construction sector, energy consumption, urbanisation and carbon
emissions [3]. In fact, the building sector in general has shown increased interest in environmental
initiatives [4].

A first approach to the quantifiability of sustainability can be obtained from the use of indicators.
Note that environmental indicators are not strictly indicators of sustainability. They indicate the state
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and changes of the environment; but they must also indicate the state and changes of the human
system in relation to the natural system [5]. Environmental indicators can be applied in a simple
way to specific dimensions of sustainable development, such as economic sustainability, or in a
complex manner, bringing together ecological, social and economic elements into the concept of
comprehensive sustainability [6]. However, sustainability indicators have been designed to condense
complex information into signals and are able to selectively support polarised sides of the same
debate [7].

Among all the studied indicators, those that are considered to be applicable are worth highlighting,
such as the Life Cycle Assessment (LCA) and the Ecological Footprint (EF) [8]. In general terms and
classified by levels, depending on the country of origin, there currently are commercial tools based on
the LCA that are specific to building (Athena Estimator, Catalog Construction CH, Metabase, OFEN,
etc.), tools for the evaluation of materials and building solutions (Athena Estimator, LCAid, Legep 1.2,
Lisa, Metabase, TCQ2000, etc.) and tools to certify the global sustainability of a building during its
occupation stage (BREEAM, CASBEE, Enlace, GBTool, Green Globes, LEED, Verde, etc.) [9].

The LCA encompasses the full cycle of the product, process or activity, taking into account the
stages of extraction and processing of raw materials, production, transportation and distribution, use,
reuse and maintenance, recycling and its final disposal [10–12]. It is a design tool that researches and
evaluates the environmental impact of a product or service during all of the stages of its existence:
extraction, production, distribution, use and end of life (reuse, recycling, recovery and disposal of
waste), making it particularly difficult to apply at such a small scale [13].

On the other hand, geotechnical engineering explores new ways of sustainable work for the
coming years, based on the increasing importance of energy saving and carbon dioxide reduction,
based on a better study of the behaviour of materials, analysis of the site and the development of
the design process [14], such as energy foundations and other thermoactive structures, where the
concrete elements in contact with the ground, which are necessary for structural reasons and work
simultaneously as heat exchangers, contributing to the protection of the environment and providing
significant long-term savings as a result of reduced maintenance costs [15]. Similarly, other emerging
fields of research such as the consideration of the soil as a living ecosystem, show enormous potential
for innovative and sustainable solutions to the different geotechnical problems that arise in the field of
foundations and structures [16].

Regarding the problem of scale, some research studies carried out by the University of Seville
establish methodologies that allow the evaluation of the ecological footprint applicable to the residential
building sector at the regional level [8] and at an international level [17], focusing on the urban scale,
without extrapolating their results to the scale of building construction.

The particularities of the construction process complicate the definition of the units of measurement
of the indicators. Time becomes a fundamental factor and it conditions the hypotheses that must
be taken into account at this level of scale. The time factor is understood here as the time for the
execution and implementation that conditions the potential sources of CO2 emissions (dust, noise,
vibrations, greater or lesser need for labour and therefore transportation, materials, etc.). At this scale,
the partial execution time of any technical solution is one of the aspects to be taken into account in the
decision making process, and the effects on the environmental impact of these are almost never taken
into account.

In the field of foundations, in general, and in particular when it comes to the improvement of the
terrain, project designers should incorporate the goals of sustainable development in their designs
focused on soil improvement and construction methods, through the quantitative evaluation of the
environmental impact.

At this scale, where most of the structures and foundations of buildings in urban environments
are designed and executed without any type of sustainability requirement, it is necessary for them to
incorporate previous evaluations such as the one included in Instruction EHE-08. The application of
these evaluations is not currently mandatory. The application of these evaluations is not currently
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obligatory. In the future and in future revisions of this Instruction, it should incorporate the mandatory
nature of the sustainable evaluation of the implemented building solution, incorporating the variables
that are currently not taken into account as established in this research, and establish control tools in
the case of changes in the solutions planned and evaluated in the project phase.

Simplified models for the evaluation of emissions and energy allows the estimation of the
incorporated energy during the life cycle and the CO2 emissions during the design process, which
allows us to take into account the effects that soil improvements have in the environment [18,19].

On the other hand, regarding structures and foundations in Spain, Annex 13 of the Spanish
Structural Concrete Instruction (EHE-08) incorporates a methodology that allows us to the evaluate
the so-called Index of Contribution of the Structure to Sustainability (ICSS, ICES in Spanish).
This methodology corresponds to the Integrated Value Method for Sustainable Assessments (IVMSA,
MIVES in Spanish), developed by a multidisciplinary group led by the Polytechnic University of
Catalonia, LABEIN-TECNALIA and the University of the Basque Country. This index is obtained from
various parameters pertaining to the three basic levels of sustainability: environmental, social and
economic, and it determines the structure’s contribution to sustainability. From an environmental
point of view, we must look to the Environmental Sensitivity Index (ISMA in Spanish), which measures
the decrease in the usage of natural resources and the emission of pollution, and energy saving and
recycling, among other aspects. Regarding social and economic sustainability, workers’ training and
safety are taken into account, as well as the application of new research findings or the extension of the
life cycle of the structure, among others [20]. At the urban planning level, the urban resilience index
provides a socio-ecological perspective to favour more sustainable, resilient and liveable cities in the
21st century [21].

The tools for the quantification of the usage of resources and CO2 emissions produced in
construction [9], along with the current development of tools based on this same principle, provide
possible pathways for the quantitative evaluation of the level of emissions, a resource that can be used
by anyone involved in the construction process [20]. In this context, other research shows a method to
calculate a sustainability index that helps the decision-making process by quantifying the environmental
impact of all the different alternatives that are commonly chosen in the installation of underground
service infrastructure [22]. As a matter of fact, infrastructure works produce a high environmental
and social impact mainly due to the pollutant emissions from heavy equipment [23,24]. Moreover,
weight indicators of materials and resources are commonly used by transportation infrastructure
rating systems to quantify sustainability [25]. In this regard, Paschalidou et al. assess air quality in
metro-railway construction works in Greece [26].

Other studies done at a smaller scale within the structural building process focus on the placement
of concrete [27]. They allow us an estimated quantification of the energy consumption and CO2

emissions that result from the preparation of concrete in the plant, the transport of fresh concrete in
concrete mixers, pumping on site and vibrating. Said estimate is based on the technical information
given by the manufacturers of the equipment; this allows us to evaluate the impact of concrete
structures. On the other hand, Luo et al. compares precast and in situ cast piles from GHG emissions
life cycle [28] whilst Li et al. explores on-site industrialisation to improve sustainability towards a
cleaner form of production [29].

Due to the particularity of their features and special circumstances, the application of the
methodology mentioned in Annex 13 of the EHE-08 to singular foundations in general, and in
particular to the lowered foundation of the Cilíndrico and Casa del Coronel buildings during the
construction of the new Faculties of Law and Labour Studies of the University of Seville in 2007 [30],
allows us to identify certain aspects or variables that where not examined and that may be of special
importance when it comes to determining the contribution of their structures or foundations to their
sustainability; these variables range from the transportation of materials, the workers’ commute,
the construction process, temporary traffic diversions, to joint emissions of dust, noise and vibrations;
the variables also include carrying out the mandatory load test, as is required by law in most cases [31].

79



Sustainability 2020, 12, 5150

This is a completely pioneering building solution due to the difficulty stemming from the
interference with the works execution of the subway line.

This action is very representative in two aspects which are not contemplated in the ICSS, such
as the temporary traffic diversions (which were carried out in a sustained manner over time, and as
shown in the research, may have had special impact for or against the sustainability of the implemented
solution) or the load tests to be carried out given the special characteristics of the adopted solutions
(bridge-type foundation). The University of Seville was the promoter of the works developed in this
paper and the author of said paper participated actively in their execution, as the project manager.

The disaggregation of the construction process is essential to establish tools that allow us to
evaluate the contribution of structures and foundations to sustainability. In the aggregated models,
as is the case of the IVMSA methodology, a single value is set for all the parameters of the model.
Therefore, the model predicts outputs for the provided inputs without reporting what takes place
within the system (obtaining a certain level of sustainability according to the method). However,
the disaggregation of the construction process at the required scale (structure and foundations) allows
us to research the specific conditioning factors of the construction process, along with its relationship
with the environment in which it is located. Sandanayake et al. develop a methodology based on an
analytical hierarchy process to weight materials, transportation and equipment carbon emissions in
regard to five impact categories: Global Warming, Photochemical Oxidant Formation, Acidification
and Eutrophication Potentials, as well as Human Toxicity [32].

Despite the fact that the methodology proposed in Annex 13 of the EHE-08 signifies an important
advance in the incorporation of sustainability criteria at the project level and regarding concrete
structures compared to other countries’ regulations, some deficiencies have been detected, which
should be addressed, as there is scarce research in this area. One of the few examples can be found
in a Martinez et al., who propose a multi-objective genetic algorithm optimisation method to assess
road and infrastructure construction processes minimising carbon emissions, embodied energy and
economic costs [33].

We can find references to singular interventions in the foundations of buildings in cases where
emergency situations took place, such as those produced by earthquakes, which have put evaluation
protocols into place [34] or processes for decision-making in later works [35]. More research has been
done when foundations affected by settlements have been in need of repair [36–39], some of which
have meant a leap forward in the study of techniques, processes, solutions and results in real cases [40].
Aspects such as intervention on site, derived costs, or the restoration of buildings in situations of social
emergency, have also not been extensively researched or at least not disseminated, given the reluctance
to publish technical data that may be liable [40]. In general terms, this means that technicians who
face situations of this type do not have references on which to base their decisions and that, in these
scenarios of uncertainty, conservative and oversized solutions are preferred, for reasons both economic
and technical. A notable exception can be found in Pineda et al., who performed an environmental
and structural assessment of strengthening works in a Spanish church [41].

In this paper, the University of Seville aims to disseminate to the scientific community the research
done during the construction works carried out in the practical case, just as it did with the foundation
repairs in 40 homes in the “RENFE” neighbourhood, whose foundations were affected by the adjacent
excavation of the new Faculty of Medicine. A standard model has been created by this research for its
use in similar situations from the perspective of sustainability [42].

The main goal of this paper is to formulate a disaggregated model for the evaluation of the
environmental impact of building solutions for structures and foundations (CDM-SABSSF), which
allows for a global quantification of their sustainability, considering and consequently complementing
any variables not examined in the methodology proposed by EHE-08. Neither the methodology
proposed in the model that we reference in this paper nor the complementary one proposed in our
research are based on LCA.
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The application of the methodology proposed in the model will in turn pave the way to
international regulations and laws pertaining to the design and building of concrete-made elements;
among them, Eurocode 2, applicable in European Union member states, which does not include
a section on sustainability criteria during the design phase. The ACI-318-14 standard in the US,
the CIRSOC-201-2005 regulation in Argentina or the SP63.13330.2012 standard in Russia.

The proposed methodology is tested by applying it to a real case study, in order to contrast the
obtained results if it were applied, considering the model proposed in this research.

The case study shows that the sustainability of a building solution can change depending on the
indicators or analytic tools used.

2. Materials and Methods

The diversity of possible building solutions or methods for structures and foundations according
to their type, operation and procedures for their implementation is one of the main reasons to propose
and define a new model to complement the information obtained after determining the index (ICSS).
This model, which complements the one established in Annex 13 of the aforementioned regulation,
constitutes an independent tool for the objective assessment of the sustainability of construction
solutions or methods in the structures and foundations phase, in order to guarantee a unique and
homogeneous comparative framework within the reach of all the agents involved in the building
process. For the development of the methodology brought forward by this paper, we need to develop
an overview of the index (ICSS) and its scope, as well as any variables not considered in accordance to
the required scale. This index focuses on the three approaches to sustainability (environmental, social
and economic), with different scopes and criteria depending on the case. In the attached figure
(Figure 1) we can see the scope of the methodology of the Integrated Value Model for Sustainable
Assessment (IVMSA, MIVES in Spanish), on which Annex 13 of -08 is based, as well as the unrelated
aspects that hold relevance in the case of single foundations.

Figure 1. IVMSA methodology, Non Examined Variables. Methodological Basis CDM-SABSSF.

The aim of this paper is not to go into detail regarding the IVMSA methodology on which the
ICSS (value added) is based. Also, the fact that IVMSA is included in the Spanish Instruction does
not prevent it from being applied as a method for the evaluation of the sustainability of structures
and foundations in other countries. In fact, the methodology proposed in this paper (CDM-SABSSF)
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complements the decision making process derived from obtaining the ICSS, and can be applied in any
structural area (national and international).

It is worth noting that with regards to the unidentified aspects and the required scale, the building
activity and the construction process at this level in general present homogeneous patterns regarding
energy consumption (electric and fossil fuels) and the use of manpower. There is a clear relationship
between unrelated aspects and the use of energy resources. However, in some of them, as is the case of
noise and vibrations, this relationship is much more difficult to establish.

The proposed model uses an indicator that has been sufficiently contrasted by the Spanish Climate
Change Office [43] easy to use, and applicable to all agents involved at this scale. The carbon footprint,
which will allows us to know the energy consumption levels that are predominant in this evaluation
phase, identifying the amount of GHG emissions that are released into the atmosphere (expressed in
CO2eq) as a consequence of the development of said activity, the work execution of the foundation
or structure of a building, using Formula (1); understanding by “manufactured product” in situ the
manufacture of a product from elements and materials through a system that allows it to be built
through the use of necessary auxiliary and human means with the required technical capacity.

Carbon Footprint (CF) = Activity Data (Ad) × Emission Factor (Ef) (1)

in which: Activity data (Ad) stands for the parameter that defines the degree or level of activity that
generates GHG emissions. The emission factor (Ef), refers to the amount of GHG emitted by each unit
of the parameter (Ad).

At this scale, we consider the data generated from the transportation of the factory, main suppliers
of concrete, steel and hot-rolled steel, to carrying out the load test, including the auxiliary and personal
means necessary to implement said activity according to their technical attributes and design.

The proposed model and its scope, named as Disaggregated Model for the Sustainable Evaluation of
Solutions in the Structures and Foundations phase (CDM-SABSSF in Spanish), requires the development
of different sub-models according to the nature of each of the “non examined variables” (by annex 13
of the EHE-08) which constitute the focus of this research, based on the disaggregation of the building
process. It allows us to establish and accurately discern the specific singularities of each of these
variables that remained unexamined, in order to integrate the most appropriate variables and elements
in each sub-model, which will constitute the methodological basis of the model that is developed
below (Figure 1).

Based on this general approach, each sub-model must establish the mechanisms and tools to
determine the representative activity data (Ad) according to the nature of the unexamined variables,
in order to obtain the level of CO2 emissions from the corresponding conversion factors (Ef) as
appropriate. The activity data that should be obtained, in accordance with the goals of the model,
are based on the quantity of fossil fuels and electricity consumed during the work execution process
according to the technical solution adopted in each of the scenarios considered.

Independently from the specific sub-model that would be considered along with its particularities,
we can set the emission factors associated with fossil fuel consumption included in the above-mentioned
guide as a reference tool [43], due to its simplicity and easy application by the agents intervening in
the construction process.

With respect to emissions associated with energy consumption, the emissions data provided by
the electric company during the time period corresponding to the study, or the data provided by the
Ministry of Agriculture, Fisheries and Food [44] should be applied.

Regarding the practical applications of this model, we have considered the period of works
execution of the mentioned works (2007) and the data corresponding to the electric company
(ENDESA ENERGÍA, S.A.) and to the joint venture of the construction companies (FACULTADES UTE)
that led the works execution during the construction of the foundations that we are analysing. Shown
below are the emission factors considered with respect to the usage of fossil fuel (Table 1) and electricity
usage (Table 2), respectively.
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Table 1. Fossil Fuel Emission Factors.

Fuel Emission Factor (Ef)

Petrol 2.196 kg CO2/L
Diesel A 2.471 kg CO2/L
Diesel C 2.786 kg CO2/L

Generic LPG 1.656 kg CO2/L
Gas 0.202 kg CO2/kWh

Butane Gas 2.964 kg CO2/kg
Propane 2.938 kg CO2/kg
Fuel Oil 3.054 kg CO2/kg

Coal (National) 2.300 kg CO2/kg
Coal (Imported) 2.530 kg CO2/kg
Petroleum Coke 3.195 kg CO2/kg

Table 2. Energy Sources (ENDESA ENERGÍA, S.A) and Emission Factors for Electricity (2007).

Source Endesa Energia, S.A

Renewable (Pure + Hybrid) 27.70%
High Efficiency Cogeneration 2.00%

Cogeneration 6.20%
Coal 22.50%

Fuel/Gas 3.20%
Nuclear 16.80%
Others 0.90%

Ef CO2 (kg CO2/kWh) 0.37

3. Development of the Disaggregated Model

Based on the proposal of the general model, we must establish the different sub-models for each
of the “non examined variables” in order to obtain the activity data needed to determine the carbon
footprint, after applying the corresponding emission factors.

3.1. Transportation of Materials

The materials that pertain to this specific phase (foundations and structures) are mainly fresh
concrete, corrugated steel and formwork material. In order to determine the fuel consumption
associated with the transportation of the necessary materials, we take into account the data provided
by the Ministry of Development [45], which determines the average fuel consumption calculated for
the most common types of vehicles used to transport goods (Table 3), which allows us to evaluate the
CO2 emissions produced during the transportation of materials from factories to the building site.

The sub-model proposed to determine the volume of emissions derived from the transportation
of materials is based on the following expression (2):

ETM =
n∑

i=1

[(
Wi
LCi

)
·Di·Ci

]
·E fi (2)

where Wi represents the weight of the material to be transported, LCi the load capacity of the type of
vehicle considered, Di the distance between the factory or distribution centre and the building site, Ci
the energy consumption associated with the type of fuel used and Efi the emissions that corresponds to
each of these.
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Table 3. Average Fuel Consumption f or Vehicles Transporting Goods.

Specialty Vehicle Type Analysed Consumption 1 (L/100 km)

General Cargo
Articulated Vehicle 36.5

3-axle vehicle 28.0
2-axle vehicle 26.0

Chillers 2 Articulated Vehicle 36.5
3-axle vehicle 26.0

Tanks transporting Hazardous Goods:
Gas/Chemicals/Food/Powder Articulated Vehicle 36.0

Carrier Road Train 42. 0

Industrial Carriers Road Train 48.0

Road Train 2-axle vehicle + 3-axle Trailer 40.0

Container/Bulk Articulated Vehicle 36.5

Works Articulated Vehicle 40.0

Livestock Transportation 3-axle vehicle 28.0
2-axle vehicle 26.0

Concrete mixers
3-axle vehicle 64.0
4-axle vehicle 66.0

Intermediate Vehicle Van–
2 Axles Van

2-axle vehicle
2-axle vehicle

20.0
12.0

1 Referring to fuel consumption of Type A diesel; 2 Not including fuel consumption for the cooling unit = 3–4 L/h
(additional).

3.2. Workers’ Commute

In order to objectively determine the CO2 emissions derived from the displacement and commute
of workers during the execution of the foundations and structures, due to the specificity of the work
and the sectorial grouping of its workers from the geographical area, we establish the sub-model
based on the knowledge of the subcontracting companies that develop them; as well as their execution
time. The real data obtained will be determined by the type of vehicle, fuel used and the number of
occupants, based on the following Formula (3):

EDT =
n∑

i=1

[Ti·Di·Ci]·E fi (3)

where Ti represents the number of trips necessary for the commute of the workers, Di the distance
between the workers’ place of residence, Ci the energy consumption depending on the type of fuel
used and Efi the corresponding factor of emission.

The electricity consumption by workers during breaks for breakfast, lunch and activities carried
out after the end of the working day (lights, use of microwaves, hot water heaters for showers, etc.) is
not taken into account, due to the heterogeneous nature of these factors and their lack of repercussions.

3.3. Construction Process

Any building solution implies the use of human resources (workers), a series of additional
means and specific techniques that determine the runtime of a building unit. The consumption of
fossil fuels by the human resources (site personnel and workers) has been taken into account in the
previous sub-model.

The differential element of these “non examined variables” is the use of additional machinery
associated with a specific construction method, which will involve a level of consumption of fossil
fuels and electricity energy depending on the hours of use of the machinery (tower cranes, mobile
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cranes, small, manual machinery, etc.). The data on actual consumption of this additional machinery is
determined by the manufacturer or by the Association of Infrastructure Construction and Concession
Companies (SEOPAN in Spanish) [46], which allows us to determine the main and secondary energy
consumption depending on the type of fuel and the power allocated to the additional machinery,
as shown in the table below (Table 4).

Table 4. Main and Secondary Energy Consumption: Construction Machinery (Source: SEOPAN,
2008 [46]).

Main Energy Consumption Secondary Energy Consumption

Diesel oil (L/h per kW) 0.15–0.20 15% of the main energy consumption
Petrol (L/h per kW) 0.30–0.40 8% of the main energy consumption

Electricity (kWh per kW) 0.60–0.70 5% of the main energy consumption

The following formula represents the proposed sub-model to determine the volume of emissions
associated with the construction process (4):

EPC =
n∑

i=1

[(Ti·Di·Ci) + (Hi·Ci)]·E fi +
m∑

j=1

(
Hj·Cj

)
·E fj (4)

where, in the case of fossil fuels, Ti represents the number of trips necessary for the return trip of the
machinery in question to and from the construction site, Di the distance to transport the machinery from
the company’s facilities, Ci the energy consumption associated with the type of fuel used, Hi the hours
of usage of the machinery and Efj the emission factor corresponding to the consumption of fossil fuels,
while Hj represents the hours of use of machinery running on electricity, Cj represents their electricity
consumption and Efj represents the emission factor corresponding to electric energy consumption.

3.4. Temporary Traffic Diversions

Provisional traffic diversions in civil engineering projects related to road transportation
infrastructure are in themselves one of the most important variables to be taken into consideration
during the execution phase of the works. However, this is not the case for construction works in urban
environments. Approaches aimed at assessing the environmental impact that these traffic diversions
may have in urban environments are rare, and said measures do not necessarily result in a negative
impact on CO2 emissions.

A provisional traffic diversion that requires less commute time will result in a lower consumption
of fossil fuels by regular users of the affected route, constituting a reduction in the usual levels of CO2

emissions from an environmental point of view, as has been shown in the period of confinement caused
by the COVID-19 pandemic, in which cities have reached the lowest level of CO2 emissions in 50 years.

In addition to the length of the route, it is essential to assess the traffic levels in the routes affected
by these diversions in order to determine average fuel consumption in accordance to the vehicles that
are taken into account.

Average Daily Traffic (ADT), defined as the total number of vehicles that have passed through
a section of a road during a given year divided by 365 days, is the most commonly used index to
assess traffic volumes on urban and interurban roads. The data can usually be obtained from local
traffic agencies. Once the affected traffic has been assessed and the time period had been estimated,
the greater or lesser level of emissions derived from the consumption of fossil fuels can be established,
during the period in which the traffic diversions exist, according to the following Formula (5):

EDPT =
n∑

i=1

[L·Ni·Ti·Ci]·E fi (5)
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where L stands for the length travelled by the vehicles affected by the traffic diversion (and which
may be greater or less than the originally intended length), Ni the number and type of vehicle
affected (obtained from a previous assessment of the traffic) Ti the effective duration of the provisional
diversion, Ci the energy consumption associated with the type of fuel used and Efi the corresponding
emission factor.

3.5. Dust, Noise and Vibrations Emissions

Any specific activity of the scale mentioned in this research involves a joint emission of dust,
noise and vibrations to the immediate environment. The need for tools that allow us to evaluate this
impact in a global, simplified way and within the reach of all the agents intervening in the process,
has prompted us to propose a model that is somewhat ambitious in order to be able to determine
an order of magnitude that is sufficiently representative and that in turn allows us to establish a
comparison in homogeneous terms with the results obtained in the evaluation of other non examined
variables. In other words, it is very difficult to establish a single quantitative variable that allows us to
determine, with a sufficient degree of representativeness, the effects produced by the joint emissions of
dust, noise and vibration.

With regards to the joint effect that is produced by certain construction works (emission of dust,
noise and vibrations) it should be noted that, among others, the typical reaction of people who carry
out their activity in nearby buildings (such as homes, work or education centres, etc.) consists of
“closing the windows” as a response to dusty and noisy environments (or even vibrations). Such
a common action, which is the go-to response of any citizen in this type of situation, can lead to
considerable variations in the patterns of use and operation of air conditioning systems at certain
times of the year. These variations in the energy consumption patterns of air conditioning and heating
systems is linked to a variation in the consumption of electricity and by extension, in the level of
CO2 emissions associated with it. In short, there is a more direct relationship between dust and noise
emissions (and to a lesser extent, vibrations) and CO2 emissions.

The proposed sub-model is based on the main variable involved in the effects generated by the
emission of dust, noise and vibrations, which is related to the distance or proximity of the buildings
near the area where the construction works are taking place. In general terms, the hypothesis that we
establish explains that the levels of dust, noise and vibrations that are created affects the first proximity
radius (first level of buildings surrounding the location of the construction works), since the following
rings are protected by the first level, which acts as a protective barrier against said emissions.

Conversely, once the number and composition of the buildings that make up the proximity ring
has been determined, it is necessary to assess them based on the available data (type of building,
type of housing and commercial premises, percentage of occupancy and use, opening hours, nature of
the indirect services, etc.) in order to be able to determine the percentage of air conditioning equipment
to be considered in the calculation. The assessment of air conditioning demand can be extracted
from data provided by the Institute for Energy Diversification and Saving (IDAE in Spanish) [47],
which establishes the values of reference to be taken into account with regards to the demand for
heating and air conditioning by surface area in different Spanish cities.

Another central aspect of the sub-model is undoubtedly the runtime of execution of the works
and the time of year to be considered, which has a direct proportional effect on the summer season
(increased need for air conditioning), and to a lesser extent in autumn and spring depending on the
area under consideration. For this reason, it is necessary to consider a coefficient of effect that takes
into account the time of execution of the works in the different seasons of the year. The sub-model
proposed to determine the volume of emissions associated with these variables corresponds to the
formula below (6):

EPRV =
n∑

i=1

[DAi·ICi·Ti·CLi·CEAi]·E fi (6)
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where DAi stands for the affected demand or air conditioning and refrigeration needs corresponding
to each household or property affected (primary ring), ICi the percentage of increase in energy
consumption considered over the affected demand associated with the action of “closing windows”
and therefore to be considered as net needs for the overall calculation of emissions, Ti the works
execution period, CLi the length coefficient to calculate the greater or lesser proximity of the property
to the centre of the emissions, CEAi the specific activity coefficient that takes into account the specifics
of the activity carried out in the property in question and Efi corresponds to the emission factor.

3.6. Load Test

The sub-model proposed to evaluate the volume of CO2 emissions derived from the necessary
activities that must be carried out during the mandatory load test depends to a great extent on the
type of tests to be performed and may be very different if we consider load tests on foundations or on
structures at slab level, where the needs and the means to be used are radically different depending on
the case (buckets with water, extraction of cores in the case of structural rehabilitation and reforms,
non-destructive tests, etc.).

In this regard, we have focused on the specific conditions for a unique foundation, such as the
one in the case study mentioned in this paper, a shored foundation, where the load test consists of
carrying out four static load assumptions by using 4-axle trucks loaded with a maximum total weight,
including tare, of 40 T and carrying out a dynamic load test consisting of the transit of one of the
trucks on a standardised board in order to induce a vibration in the foundation and thus determine the
fundamental frequency of vibration of the foundation. The proposed sub-model, which would also
be valid for the types of load tests carried out in the case of road bridges, allows us to determine the
volume of emissions according to the following expression (7):

EPPC =
n∑

i=1

[(Ti·Di·Ci) + (Hi·Ci)]·E fi (7)

where, in the case of fossil fuels, Vi represents the number of trips necessary for the return journey of
the vehicles and machinery used, Di the transport distance between the premises of the company that
owns it and the building site, VTi represents the number of trips needed for carrying out the test, DTi
the internal distance travelled during the execution of the test, Ci the energy consumption associated
with the type of fuel used, Hi the hours of usage and Efi the emission factor corresponding to the
consumption of fossil fuels.

4. Applications of the Case Study

In this section, we proceed to apply the proposed model to a real case study. A specific case
that had a great social and economic impact: the works carried out on the foundations of the Edificio
Cilíndrico and the Casa del Coronel, during the execution of the works for the new Faculties of Law
and Labour Studies of the University of Seville, that took place between 2005 and 2008 in said city.

The case study was selected because it represents a unique opportunity to obtain research
knowledge and to serve as an example for other similar cases that may arise in the future when faced
with a similar real case that may take place.

This is a totally pioneering solution where two entire buildings needed to be completely shored
due to the interference with the execution of the construction works in the subway line, instead of
being demolished for the subway line to run through that space.

During the construction of both buildings, Line 1 of the Seville subway system was also under
construction. Many problems arose as the alignment of the subway’s layout caused a diversion of the
original line, which meant that the space allocated for the foundations of the two university buildings
was invaded. Ferrocarriles Andaluces, which belongs to the Department of Public Works and Transport
of the regional government (Junta de Andalucía), acting as the promoter of the works on Line 1 of the
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Seville Metro subway system, decided that the line should pass right through emblematic buildings
during their execution of works and rehabilitation phase; one of the authors of the current research
participated in this process as head of production of the joint venture in charge of the execution of the
works (FACULTADES UTE, in which FERROVIAL-AGROMAN, S.A. has a majority shareholding).

The building solution that was applied was a clear case of knowledge transfer to the production
sector, and was resolved by the execution of an innovative foundation supported by these buildings to
make it compatible with the transport infrastructure, so Line 1 of the Seville METRO subway system
could cross right below these buildings.

The proposed model aims to show the possible improvements to be considered in similar cases
from an environmental point of view, in order to seek initiatives that push for the decarbonisation of
the construction sector, as a plan of action against Climate Change.

The building solution that was carried out to lay the foundations of both buildings over the
subway tunnel was a pioneering solution in Spain, given the size of the buildings affected. It was
an engineering challenge of great magnitude and it was based on the use of 35 pre-stressed double
“T” beams with edges of varying length depending on the areas (2.00 m in the area of the Edificio
Cilíndrico and 1.70 m in the area of the Casa del Coronel), arranged at the top, with an upper 60 cm
slab of reinforced concrete acting as the compressed head of the set. The goal of this solution was to
completely pile up the foundations of both buildings and preserve the subway’s tunnel’s original route
(as seen in Figure 2).

 

Figure 2. Execution of the works on the Cilíndrico and Casa del Coronel buildings over the Seville
subway line. Source: The authors.

The first step is based on a detailed study of the solution, based on the use of prefabricated double
“T” beams (VDT solution), with special attention to the load test due to its special features and unique
nature. The complexity of completely overhanging two buildings to preserve the METRO tunnel
created the need to carry out a load test that would guarantee the adequate response of the structure
under a load of this level.

With this in mind, we developed a finite element model of the VDT solution in order to be able
to compare it with the aforementioned applied model (the one included in the load test project) and
with the actual response of the structure during the test (according to the results included in the final
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reports issued by the laboratory that carried out the project). Figure 3 shows the finite element model
made for the foundation, using the ANSYS program.

 
Figure 3. Foundation Model (ANSYS) – Simulation of a Static Load Assumption of the works on the
Cilíndrico and Casa del Coronel buildings over the Sevilla subway line.

The figure, showed below represents the modelling of the double “T” beam, the upper slab and the
support equipment (neoprene), as well as the simulation of one of the static load assumptions performed.

Regarding the load test, it is worth stressing that given the features of the loads in question
(axle loads from the pillars), it was necessary to carry out four static load assumptions, combining the
number and arrangement of fully loaded 4-axle trucks (total weight of 40 T) together with a dynamic
assumption consisting of driving one of these trucks on a plank (standard RILEM-type), thus causing
an excitation of the foundation board.

The instrumentation that was carried out consisted of the arrangement of different extensometers
to measure the descents at the beam’s span centres during the performance of the different static
assumptions, as well as the arrangement of two accelerometers to record the vertical accelerations
during the dynamic load assumption. In the case of the static load assumptions, represented in the
following figures (Figure 4), the decreases measured at the span centre of the beams can be compared,
together with the results of the model included in the load test project, and the model that was
performed in this paper for the VDT solution, which is the one that was actually implemented.

The results clearly show that the developed model is much closer to the real response of the
structure (greater convergence of results when comparing the decreases in the real case and those
obtained in the ANSYS model), and where the response of the model included in the load test project is
much less rigid than the real case. The divergence observed in static load assumption No. 1 (Figure 4a)
is especially noteworthy.
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Figure 4. Vertical Displacements in Beam Span Centres; Load Assumptions Nº1, Nº2; Nº3 and Nº4.
(a) static load test hypothesis Nº1; (b) static load test hypothesis Nº2; (c) static load test hypothesis Nº3;
(d) static load test hypothesis Nº4.

Secondly, a study is carried out to explore other technically possible alternatives to the implemented
building solution (VDT). Among the examined alternatives, three different solutions are selected and
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developed: firstly, two solutions based on the use of tamped beams; and a third one based on the
use of post-tensioned concrete (HPO Solution). Regarding the solutions based on the use of tamped
beams, the first to be considered is a solution with 1.50 metre-high beams and a 60 cm upper slab
(VAR1 solution), and secondly another solution with 1.70 metre-high beams and a 30 cm upper slab
(VAR2 solution) is considered.

Once the various alternative solutions have been established, the needed resources (machinery,
materials and labour) are evaluated for each case. Subsequently, the methodology described in EHE
(Annex 13) is applied to the four proposed scenarios. The Structure Contribution to Sustainability
Index (ICSS) is obtained for each of the solutions studied (VAR1, VAR2 and HPO), obtaining similar
results (Table 5) corresponding to the same sustainability interval (Level “D”). It should be noted that
the methodology applied establishes five levels of sustainability, from Level “A” (more sustainable) to
Level “E” (less sustainable), with regards to the structure’s contribution to sustainability.

Table 5. Compared Index of Contribution of the Structure to Sustainability (ICSS) index for the
foundation solutions considered.

Solution ICSS Level

VDT 0.37 Level D
VAR1 0.34 Level D
VAR2 0.35 Level D
HPO 0.24 Level D

As seen in the table, completely different solutions in terms of the type, operation and procedures
for their implementation have obtained the same level of contribution to sustainability. This gives
us reasons to define a model that allows for the complementing of the information obtained after
determining the aforementioned index (ICSS), which should influence those variables not contemplated
in the applied methodology, which could be constituted as an independent tool for the objective
evaluation of the sustainability of a certain solution in the structures and foundations building phase.

Once the sub-models have been defined, corresponding to each of the non examined variables,
the model is applied to the solution that was implemented in the case study: prestressed double “T”
beams (VDT) as well as for the technically viable alternatives studied, which are VAR1, VAR2 and HPO.

In order to apply the described methodology and to calculate the level of emissions, we have taken
into account the data from supplier companies and subcontractors who carried out the works with the
VDT solution, hypothesising for rest of the solutions that the supplier companies and subcontractors
are the same.

Table A1 of Appendix A includes the general summary of the estimated CO2 emissions after the
application of the sub-model corresponding to each of the variables not examined in the proposed
disaggregated model. A summary of this table is shown in Table 13, with the global volume of
emissions calculated for each of the technical solutions considered in the case study.

4.1. Transportation of Materials

Regarding the transportation of materials, and according to the volumes required in each of the
analysed solutions, the transportation of fresh concrete from the manufacturing plant to the building
site, the transportation of rebar (in 12 m bars) from the distribution centres, and the formwork systems
from the storage facilities specialised in this type of material have been considered. Specifically,
and depending on the case, the transportation of the prefabricated beams (VDT, VAR1 and VAR2) from
the plant to the building site has been taken into account, and, in a similar way, in the case of the solution
based on the use of post-tensioned concrete (HPO), the transportation of the active reinforcement from
the same distribution centres as that of the passive reinforcement has been considered. The results
obtained are shown in the attached table (Table 6).
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Table 6. Calculation of CO2 Emissions: Transportation of Materials (ETM).

Transportation of Materials VDT VAR1 VAR2 HPO

Transportation of Concrete 4.549 6.334 4.491 6.334
Transportation of Prefabricated Beams 1.163 6.286 6.286 -

Transportation of B500S Steel 0.025 0.034 0.017 0.067
Transportation of Formwork 0.038 0.077 0.077 7.162

[T CO2] 5.775 12.730 10.871 13.563

4.2. Workers’ Transportation And Commute

Depending on the type of solution and building works to be carried out, the preparation and
assembly of rebar, the formwork and pouring of concrete, the collection, preparation and placement of
prefabricated beams and, in the case of the load assumption with post-tensioned concrete, the assembly
work of post-tensioned reinforcement (laying of sheaths, routing and pulling of cables, placement of
wedges and clamps, as well as stressing with a hydraulic multi-screw jack); we have determined the
works for the execution period and the number of operators needed.

In accordance with the grouping of each subcontractor company and its different geographical
locations, different hypotheses have been established to determine the degree of occupation and type
of fuel used in the vehicles necessary for each solution studied; to determine the movements of the
workers from their places of residence or accommodation to the work site.

The results obtained after the application of the corresponding sub-model are shown below
(Table 7) and as can be seen, the lowest volume of CO2 emissions corresponds to the VAR2 solution.

Table 7. CO2 Emissions: Workers’ commute (EDT).

Workers’ Commute VDT VAR1 VAR2 HPO

Gasoline Vehicles 0.385 0.355 0.337 0.296
Petrol Vehicles 0.423 0.391 0.370 0.938

[T CO2] 0.808 0.746 0.707 1.234

4.3. Building process

The first thing to be taken into account were the permanent auxiliary means that were already in
the building site, namely the tower cranes to lift loads and move materials. To determine the level of
emissions associated with their use, the variables considered where the time spent unloading materials
(passive and active reinforcement and formwork) and the time corresponding to the operations
performed, depending on the type of solution considered, during the execution of the works.

The electric energy consumption has been estimated from the total usage time. The average
duration of the usual manoeuvre has been estimated at 15 min, increased by 5% (due to possible
unforeseen events or special difficulties in loading and/or unloading). Bearing in mind that other
works are carried out during the building process which are not strictly related to the foundation,
a usage coefficient of 70% of the total time has been considered in the case of the assembly process of
passive reinforcement and formwork in solutions based on the use of pre-stressed prefabricated beams
(VDT, VAR1 and VAR2) and a coefficient of 80% in post-tensioned concrete (HPO) works including
the assembly of passive reinforcement and formwork as a result of its greater complexity in terms of
geometry and functionality.

Secondly, regarding the load test assumptions based on the use of large-sized prefabricated beams
(VDT, VAR1 and VAR2), the operations corresponding to the lifting and placement manoeuvre have
been taken into account. In this sense, in the double “T” pre-stressed beams (VDT) solution, a 400-tonne
crane was used on the capping slab of the subway tunnel, while the use of two 200-tonne cranes
has been considered for the trough-beams of the VAR1 and VAR2 solutions, due to their dimensions
and weight.

92



Sustainability 2020, 12, 5150

As for the consumption of fossil fuels (diesel) associated with the use of this type of large cranes,
it has been estimated that for road travel, average consumption (by manufacturer, type of engine and
speed on the road) is 1.5 L/km for the 400-tonne crane and 1.0 L/km for the 200-tonne crane. The fuel
consumption associated with the movement of the cranes from the facilities of the subcontractors
that carried out the work has also been considered, as well as that of the internal transfers during the
manoeuvre, based on the data provided by the different manufacturers and suppliers, adopting a value
of 5 L/h of consumption during the operation.

Thirdly, within the construction process, the placement of concrete has been taken into account.
According to the current available data and taking into account the distances from the point where
the pump is placed and the upper slab of the foundation, the use of 42-metre range pumps has been
considered to pour the concrete, with a power of 400 CV (294 kW) and an average pumped concrete
output of 80 m3/h (according to the times for the changes of concrete and vibrated trucks), according to
the data provided by the Spanish Society of Concrete Pumps (SEBHSA) [48].

To calculate the consumption of the pumps during concrete pumping, taking into account a power
of 294 kW for a 42 m pump, a diesel consumption of 0.15 L/h per kW has been considered, that is,
a consumption of 44.1 L/h. A percentage increase of 5% has also been considered (to account for
possible divergence) due to possible unforeseen events during the pouring of the concrete. Similarly,
fuel consumption has been determined as a result of the movement of the pumps from their base to the
building site.

A differential aspect in contrast with other types of works is the on-site workshop. In general,
it is becoming less common for iron to be produced in on-site facilities where the works are taking
place, since its manufacture is usually sourced out to workshops when the works exceed a certain size.
This way, the shaping and use of steel is optimised, the processing costs are reduced and so is the
transport of the processed elements to the building site.

In this particular case study, the production workshop was located on site, so we have calculated
the CO2 emissions generated during the production of the necessary passive reinforcements in situ,
for each of the hypotheses put forward. They are the following: bending machine, cutting machine
and stirrup bar, whose data are obtained from the general attributes of the machines (as seen in
the documentation provided by manufacturers and usual suppliers of companies dedicated to the
production and assembly of corrugated steel in the region of Andalusia) [49].

Regarding the commission of the works, and with a lower comparative value, there is the use
of concrete vibrators during the pouring of the concrete. In this case, we have considered the use of
common single-phase universal electric needle vibrators with an average power of 2.3 kW which reach
vibrating performances of up to 35 m3/h, according to the technical data sheets of the different models.

Finally, regarding this specific construction process following the HPO solution compared to
solutions using pre-stressed concrete beams (VDT, VAR1 and VAR2). The construction process requires
the following machinery in general: laying of sheaths and trumpets, stringing of the strings, stressing
of the tendon, cutting of the ends and sealing of boxes, and finally, the reinforcement of the foundation.

According to all these phases, we can summarise that the specific machinery needed during the
execution of the specialised post-tensioning works are: cable straightening machine, hydraulic jack with
hydraulic power unit (hydraulic pump with electric motor) for its operation, hand radial-type cutter and
injection pump. In accordance with average characteristics for the execution of post-tensioned concrete
in buildings, the following machines (all of them with three-phase current) have been considered based
on the documentation provided by various manufacturers Hydraulic Cable Trimmer 0,5”–0,6” (8 kW),
Jack and Hydraulic (10 kW), Continuous Flow Injection Pump 12.5 L/min-8 bar (8 kW) and Radial
Type Cutter (2.2 kW).

Applying the corresponding sub-model to calculate of emissions associated with the construction
process, we can see how the solution with the lowest volume of emissions corresponds to the solution
that was implemented in the actual case study: VDT (Table 8).
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Table 8. CO2 Emissions Calculation: Building Process (EPC).

CONCRETE LAYING VDT VAR1 VAR2 HPO

Tower Crane
Downloads / Transfers 0.095 0.124 0.095 0.666

Execution of works 0.998 1,198 0.998 3.728

Mobile Crane
Displacement 1.483 1.977 1.977 -

Placement of Premanufactured Beams 1.297 2.076 2.076 -

Concrete Self-Pump
Displacement 0.016 0.032 0.016 0.032

Execution of works 1.090 1.526 1.090 1.526

Iron Workshop
Cutting machine 0.038 0.048 0.029 0.125
Bending machine 0.173 0.213 0.133 0.280

Stirrupper 0.008 0.008 0.004 0.033

Concrete Compression
Concrete Vibrators 0.020 0.029 0.020 0.029

Post-tensioned concrete
Stretcher - - - 0.169

Jack - - - 0.318
Injection pump - - - 0.213

Cutter - - - 0.028

[T CO2] 5.219 7.230 6.438 7.145

4.4. Temporary Traffic Diversions

In order to determine the volume of traffic affected during the execution of the works, we took into
account the traffic data corresponding to the year in which said works were carried out (2007) based
on the data published in the city of Seville’s urban traffic site [50], where the route used has an Annual
Daily Traffic (ADT) of 12,974 vehicles/day for the route affected by the provisional detours put into
place for the duration of the works. Traffic was dissected as follows: motorcycles (4.6%), cars including
taxis (90.7%), trucks (1.8%) and buses (2.9%), with different hypotheses being established as to the type
of fuel used by each type of vehicle.

The results of the implementation of the corresponding sub-model prove that VAR2 is the solution
with the lowest volume of emissions (Table 9), followed very closely by VDT and VAR1, and with the
HPO solution standing out negatively as a result of the longer runtime of the works.

Table 9. Calculation of CO2 Emissions (T): Temporary Traffic Diversions.

Traffic Diversions VDT VAR1 VAR2 HPO

Motorbikes 0.228 0.232 0.212 0.374
Cars and Taxis 13.068 13.293 12.166 21.404

Trucks 1.127 1.146 1.049 1.846
Buses 2.263 2.302 2.107 3.707

[T CO2] 16.686 16.973 15.535 27.330

It is worth noting that in the hypothetical case that the traffic diversion implied a reduction in the
usual travel time of the vehicles in comparison to the original route, the runtime of the construction
works would have played a fundamental role, and the importance of the solutions would have
been reversed. If we had considered a reduced journey length equal to the one actually considered
(hypothetically), the HPO solution would be the most efficient regarding the volume of emissions
avoided, constituting the best solution compared to the rest.
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4.5. Dust, Noise and Vibration Emissions

Firstly, the buildings that make up the immediate proximity ring have been assessed as potential
receptors of the combined emissions of dust, noise and vibrations, which will act as a “screen” against
the adjacent rings. Based on this assessment, we have first identified the buildings intended for
residential use, taking into account the available cadastral data, along with surface area as well as the
year of construction. Similarly, and with some consultation tools complementary to those used in the
case of residential use, we have proceeded to assess the singular buildings of the first ring of affection,
also specifying their address, as well as their main use.

Once an adequate assessment of the buildings that makes up the primary ring of potential impact
or affection has been performed, the main variable to be taken into account according to the established
hypotheses is the distance between the buildings and the point of the construction works (the source
of the dust, noise and vibration emissions). To this end, we have used the catalogue of metadata
provided by the Spatial Data Infrastructure (SDI) [51] to determine the distance between the geometric
centres of the assessed buildings and the geometric centre of the propped-up foundation under study.
Thus, we have considered a trapezoid-type weight distribution, in order for the minimum distance to
be weighted with a percentage of effect of 100% and the maximum, with a degree of effect of 50%.

Following this, we determined the energy consumption attributed to air conditioning in each of
the buildings based on the data provided by IDAE [38], which establishes the reference values for air
conditioning, among others (heating and domestic hot water), which in the case of Seville amounts to
23.40 kW per m2 per year. For the case in question (Seville), we have taken into account that the energy
consumption of air conditioning systems occurs in the summer months and partially in late spring
and early autumn. In operational terms, we have considered that this consumption occurs in the six
months between May and October. Based on this distribution of consumption during “hot” months,
we have established the “affected” demand, i.e., that part of the demand of energy during the period
of execution of the works for each of the analysed building solutions.

Having determined the affected energy demand (energy consumption associated with the period
of execution of the works) we have proposed a new variable to allow us to determine the increase
in energy consumption caused by the need to switch on the air conditioning systems due to having
closed the windows to avoid the effect of the aforementioned emissions, a need that would otherwise
arise later in the day if it were not for these emissions. In our case, we have established an average
daily increase of 4 h a day in the usage of air conditioning systems, and in days with an average use of
10 h, this represents an increase of 40% (the hypothesis raised is that the air conditioning systems are
activated at 8:00 in the morning when in conditions of absence of dust, noise and vibrations, it would
be activated on average at 12:00 noon, which is when the heat sensation at home and the workplace
becomes uncomfortable.

In the case of the regarded areas and their types of activity and occupancy rates (homes, commercial
spaces, hotel rooms, classrooms in learning centres and universities, premises in stations, etc.) different
hypotheses have been established in accordance with the available data which affect the results obtained
from different activity coefficients associated with the particularities of each case.

The only differential variable is the runtime of the building process. In the case of the study,
the analysed solutions show different runtimes. However, if we consider the duration of the different
hypotheses and the actual start date of the construction works, in every case the time period surpasses
the following date: 31 October 2007, which is the deadline at which we have considered that energy
consumption takes place, so the percentage of affected demand amounts to 32.61% (which corresponds
to a proportion of 60 days, in all hypotheses, out of a total of 184 days corresponding to the six months
considered from May to October: the hot months).

Therefore, when applying the proposed sub-model, the same level of emissions has been obtained
for all the analysed solutions, as shown in the table below (Table 10).

As a hypothesis, we have obtained the possible result of the application of the sub-model in the
case that the entire execution time of the works, for each analysed solution, was carried out within
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the yearly period affected by the higher demand for air conditioning (the hotter months). In this case,
the period is the determining factor, and it can be seen that the solution with the lowest volume of
emissions corresponds to the VAR2 solution, which is the solution with the shortest execution period
(Table 11).

Table 10. Calculation of CO2 Emissions: Dust, Noise and Vibrations.

Dust, Noise and Vibrations VDT VAR1 VAR2 HPO

Housing Buildings 29.913 29.913 29.913 29.913
Commercial Spaces 4.567 4.567 4.567 4.567
Singular Buildings 24.765 24.765 24.765 24.765

[T CO2] 59.245 59.245 59.245 59.245

Table 11. Calculation of CO2 Emissions (T): Dust, Noise and Vibrations. Hypothesis considering the
deadline within the time most affected by the demand for Refrigeration.

Dust, Noise and Vibrations VDT VAR1 VAR2 HPO

Housing Buildings 38.887 39.884 36.394 63.814
Commercial Spaces 5.937 6.089 5.557 9.743
Singular Buildings 32.194 33.020 30.130 46.692

[T CO2] 77.018 78.993 72.081 120.249

4.6. Load Test

With regard to the calculations performed, we have taken into account the movements of the
trucks to the building sites for the load tests and the movement needed to perform the actual test
(static and dynamic). Similarly, the data included in the results report of the loading test and an average
speed of 50 km/h were considered for the calculation, in order to obtain an equivalent journey length
that is accurately representative. Finally, the fuel consumption associated with the time used by a
75 kW backhoe loader during the loading of the trucks with soil until they reach the required weight
for the different load tests has also been considered.

By applying the corresponding sub-model, it should be pointed out that the load test would have
been the same for any of the technical building solutions proposed; therefore, the volume of emissions
obtained is the same in all cases (Table 12).

Table 12. Calculation of CO2 emissions: Load Test (EPPC).

LOAD TEST VDT VAR1 VAR2 HPO

Transportation 0.816 0.816 0.816 0.816
Transit of Trucks (Load Test) 0.351 0.351 0.351 0.351

Loading of Trucks 0.001 0.001 0.001 0.001
[T CO2] 1.168 1.168 1.168 1.168

As mentioned, IVMSA is the basis of the ICSS (value added), and this paper does not aim to take a
deeper look at the sub-models associated with it. This paper focuses on the sub-models of the variables
that are not taken into account in obtaining the ICSS. These are disaggregated models (the results are
quantifiable in terms of CO2 emissions, unlike the ICSS which gives us a level of contribution of the
structure or foundation to sustainability, A, B, C, D or E).

5. Results

The obtained results are included in detail in Table A1 of Appendix A, which include the global
volume of CO2 emissions calculated for each of the building solutions considered in the case study,
after the application of the sub-model corresponding to each of the non examined variables in the
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proposed disaggregated model. Table 13 shows its summary (in TCO2): 88.9 for the implemented
solution VDT, 98.092 for the alternative VAR1, 93.963 for the alternative VAR2 and 109.685 for the
alternative HPO.

Table 13. Level of CO2 Emissions. CO2 total of non examined variables.

Results: VDT VAR1 VAR2 HPO

Transportation of Material 5.775 12.730 10.871 13.563
Worker’s Commute 0.808 0.746 0.707 1.234
Laying of Concrete 5.219 7.230 6.438 7.145

Temporary Traffic Diversions 16.686 16.973 15.535 27.330
Dust, Noise and Vibration Emissions 59.245 59.245 59.245 59.245

Load Test 1.168 1.168 1.168 1.168
Total CO2 Emissions (T) 88.900 98.092 93.963 109.685

Indeed, the significance of the research lies in the order of quantitative magnitude of the variables
not contemplated in ICSS, not in the result of VDT, VAR1, VAR2 and HPO, hence the analysis of the
representativeness of the obtained results. However, the results, according to the hypotheses raised,
are the ones published. The discussion of results should emphasise the methodology on the one hand
(already described) and the order of magnitude of the modelled aspects on the other hand.

6. Discussion

In view of the overall impact when considering all the non examined variables together, it appears
that the actual solution implemented (VDT) has proved to be the most “sustainable”, with a reduction
in the volume of emissions of 9.4% compared to the solution based on the use of trough-beams of 1.50 m
edge with 60 cm slab (VAR1), 5.4% compared to the solution also based on the use of trough-beams but
1.70 m edge with 30 cm slab (VAR2) and a considerable 18.9% in the case of the solution based on the
use of post-tensioned concrete (HPO), as we can see in the following graph (Figure 5).
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Figure 5. CO2 Emissions Comparison: non examined variables.

In the case of the most sustainable solution, according to the results obtained (VDT), we can
see that 67% of the emissions generated have their origin in the increases in electricity consumption
associated with the combined emissions of dust, noise and vibrations, while the emissions derived
from traffic diversions put into place in one of the lanes of Ramón y Cajal Avenue represent almost 20%
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of the estimated total, with both aspects representing a volume of emissions close to 87% of the total.
The rest of the emissions are distributed mainly between those derived from the transportation of
material to the construction site (6%) and from the use of the necessary means for the laying of concrete
(6%) as well as from the commute of workers and the required load test, in both cases, with percentages
of around 1% of the total emissions, as shown in the following figure (Figure 6).

Figure 6. Origin of CO2 Emissions in non examined variables. EHE-08 (VDT).

Similarly, it should be noted that out of all the variables not examined by EHE-08, the emissions
of dust, noise and vibrations is the one that presents the highest uncertainty, unpredictability and
difficulty when attempting to extrapolate it to other areas. If this variable where not taken into account,
temporary traffic diversions would become the main source of CO2 emissions (with a percentage of
56%), compared to the transportation of materials (19%) and the laying of concrete (18%), as shown in
Figure 7.

Figure 7. Origin of CO2 Emissions in non examined variables. EHE-08 (VDT) without taking into
account Dust, Noise and Vibration emissions.

In a similar way, temporary traffic diversions may or may not be necessary in construction works
carried out in urban environments, as in fact is the case commonly. Regarding the building solution
that was implemented in the case study (VDT), if the emissions of dust, noise and vibrations are not
taken into account and traffic diversions are not necessary, we can see (as shown in Figure 8) that the
main source of CO2 emissions is the transportation of materials to the work site, with a percentage of
45%, compared to the implementation of the VDT building solution, which in the particular case of said
solution, has a percentage of 40%. Similarly, the commute of workers from their places of residence or
accommodation represents 6% of the overall emissions, while the load test raises its percentage to 9%,
although the special circumstances surrounding its implementation in this type of unique foundation
have already been mentioned.

In every work of research, highlighting its potential and its weaknesses becomes necessary. In this
sense, regarding the limitations of the research, it is worth noting that they are closely linked to its
level of scale (the execution of foundations and building structures, although they could be adapted,
depending on the case, to structures and foundations of civil and/or industrial works), as well as to
the starting methodology (the EHE Concrete Instruction), given that the CDM-SABSSF methodology
focuses on the variables that are not explicitly considered by the aforementioned.

However, the greatest potential of this research is the evaluation of the sustainability levels of
structures and foundations at this scale, regardless of other conditioning factors pertaining to the LCA
of the building.
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Figure 8. Origin of CO2 Emissions in non examined variables. EHE-08 (VDT) without taking into
account Dust, Noise and Vibration emissions and Temporary Traffic Diversions.

It is worth noting that most building projects are not subject to sustainability requirements
(LEED type certification, or similar); however, a large percentage of these projects show relevant
modifications at the level of structural and foundation solutions; in many cases, this is due to the
technical and/or economic optimisation of the solutions included in the projects and in others to solve
geological or geotechnical index problems that have not been taken into account for different reasons.

In both cases, the methodology proposed by the EHE (Concrete Instruction) in Spain, allows us
to evaluate the sustainability levels of the different solutions and the proposed methodology
(CDM-SABSSF), to take into account the variables that were previously unexamined, and that in certain
situations can be differential when determining a building solution’s contribution to sustainability at
that scale (phase of execution of structures and foundations in projects without specific sustainability
requirements).

From the performed analysis, when the proposed methodology is applied to the real case study,
the most sustainable solution is the one established by ICSS. But this is a mere coincidence. In fact,
in the sub-model with the greatest limitations, the same result is obtained by taking into account the
real dates on which the works were carried out. If they had taken place on other (warmer) dates,
the results would have been significantly different, taking into account the proportionality with the
execution time of each of the solutions analysed. On the other hand, the load test was necessary in all
the solutions analysed, but it would not have been necessary in a solution in situ that had not been
tested, so that in quantitative terms we have obtained an order of magnitude of its representativeness
in the decision-making process.

In conclusion, if certain conditions had changed, the most sustainable solution might have been a
different one. In the case study, the choice was made without taking into account any requirements
regarding sustainability. That the VDT solution was the most sustainable is a mere coincidence as
shown in the research presented here, proving how the sustainability of a building solution can change
in relation to the indicators or analytical tools used.

At this scale, this research is unprecedented in relation to certain variables (noise, dust, vibrations,
temporary traffic diversions, load test, etc.), so it is not possible to mention a greater number of case
studies, as this one is unique. Only a small amount of research has had an impact at this scale, on aspects
such as the laying of concrete; but without taking into account, for instance, the transportation of
workers to the building site [27]. It is to this very reason that this research owes its importance, to serve
as a stepping stone for future cases of a similar kind. The selected case has allowed us to highlight and
put into context the sustainability impact that the variables included in the proposed methodology
(CDM-SABSSF) may have.

In relation to the sensitivity of the variables taken into account in the proposed methodology, it is
worth highlighting:

• The most notable impact pertains to the influence that the generation of dust and noise can have
in urban environments, and that in the case of the study, it does not have relative influence
as the execution periods of the different alternatives are carried out outside the sensitivity
period (according to the actual execution period of the works). This aspect is by far the most
qualitatively relevant (potential for CO2 emissions), and when it comes to the execution of building
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works in sensitive periods (hot weather) it can be decisive in relation to the decision making
process. However, this sub-model is the one with the most limitations, according to the initial
hypotheses put forward and the characterisation of the areas of influence, so this must be taken
into account when extrapolating and adapting the methodology to other situations, geographical
areas and countries.

• On the other hand, it is clear that the execution period is of vital importance in the case of
temporary traffic diversions (in favour and against the sustainability of the solution) and yet its
applicability is immediate and can be extrapolated to any situation based on the appropriate
characterisation of the traffic affected.

• The construction process, and namely the transportation of materials and installation, depends
mainly on the technical building solution put into place, and the proposed methodology allows for
a quantification of the emissions generated to be obtained from a disaggregated model, so that its
adaptation and applicability to other cases is immediate if the solutions are suitably characterised.
These aspects are the most influential in the design and execution process and are the ones that
are easiest for the agents involved to use to obtain reliable data.

• Finally, the transportation of workers and the execution of the load test are easily applicable to
any situation, but the absolute results show a smaller overall impact in the contribution to the
sustainability of the analysed building solutions.

7. Conclusions

The application of the methodology described in Annex 13 of EHE-08 to determine the Index of
Contribution of the Structure to Sustainability (ICSS, ICES in Spanish), shows us how, in every case,
the same level of “sustainability” (an equivalent ICSS index to level C) is obtained, both in the real case
study and in the suggested alternatives. To evaluate the contribution of structures to sustainability,
using the tools currently available seems like the sensible choice, as they provide the basis for a
homogeneous comparison between the different agents involved in the construction process. However,
as this research has shown, they must be complemented with other tools based on the disaggregation
of the construction process, and the assessing of quantitative indicators (energy and fuel consumption,
CO2 emissions, etc.) so as to establish a suitable comparison in terms of sustainability, mainly in those
cases where different solutions obtain similar sustainability rates (which means that a sufficiently
representative comparison cannot be established). This is mainly due to the fact that some relevant
variables have not been examined and accounted for. Among said variables that are worth noting: the
transportation of materials, movement of workers, construction process or implementation, temporary
traffic diversions, dust, noise and vibration emissions and the need to carry out a load test.

Based on this scenario, the main goal of this research has been developing a complementary
disaggregated model for the evaluation of the sustainability of building solutions in the structure and
foundation phase of the construction process (CDM-SABSSF). The reason why it was initially proposed
as a complementary model is due to the aforementioned requirement to guarantee a single and
homogeneous comparative framework within the reach of all the agents involved in the construction
process, i.e., according to this premise, it is necessary to have the existing tools and to complement
their use and the decision-making derived from their application with tools that allow us to take into
account the variables that have otherwise been left out and unexamined.

On the other hand, based on the results obtained in the case study, and given the complexity of
estimating the emissions derived from the overconsumption of energy associated with the emission of
dust, noise and vibrations (increased use of air conditioning systems due to having the need to close
the windows for longer than would be the case if the construction works had not taken place) as well as
the need to carry out studies to contrast and calibrate the hypotheses put forward during the proposal
of the corresponding sub-model, we have carried out a representativeness analysis, ignoring the results
obtained with respect to the rest of the variables, and this has shown that the highest emission levels
correspond to the temporary traffic diversions (varying from 56% in the VDT solution to 44% in the
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VAR1 solution) followed by the transportation of materials (with percentages varying from 19% in the
VDT solution to 33% in the VAR1 solution). In this analysis, the implementation shows less divergence
between the different solutions, with levels of emissions varying from 14% for HPO solution to 19% for
VAR2 solution. Finally, the joint percentage in relation to workers’ commute and the load test shows
some differences, varying between 7% of the VDT solution and 5% in the rest of the solutions analysed.

Similarly, and taking into account the exceptional nature of temporary traffic diversions (which may
or may not occur at a given building site), we have performed a similar analysis, without considering
the emissions for this aspect (as was done with the emissions derived from dust, noise and vibrations
for the reasons already mentioned), and thus reaching important conclusions applicable to most actions
at this level. From this analysis we can observe and conclude that, for the case study, the highest level
of emissions corresponds to the transportation of materials to the worksite, with percentages of 45% in
the case of the real case study (VDT) and percentages between 57% and 59% for the rest of the options
considered. With regard to the works related to the laying of concrete, which is the second most
important aspect, the percentages vary from 31% for the HPO solution to 40% for the VDT solution,
while the combined percentage of emissions corresponding to the movement of workers and the load
test vary from 9–10% for the VAR1, VAR2 and HPO solutions to 14% for the VDT solution.

Finally, in order to qualitatively scale the impact of the variables not examined by the currently
available methodology and for which a disaggregated model has been developed in this paper,
in relation to the level of overall emissions considering the steel and cement manufacturing process
(as the main materials of reinforced concrete) we find that these variables can account for between 12%
and 14% of the total volume of emissions depending on the particular solution considered in each case.

The results obtained in this research are a firm commitment to sustainability in foundations
and building structures, taking into account that the unique cases are an opportunity in the design
and execution phase to favour circular economy in all the construction systems and procedures that
take place; the data we have obtained in this paper shows how foundation works executed without
sustainability criteria could have been done if they had taken these variables into account, without
modifying the required structural results and nevertheless contributing to mitigate climate change from
the perspective of the inclusion of variables not hitherto examined at this level, with a high margin of
action to reduce the consumption of material resources in the construction sector in particular, and in
the field of civil engineering in general.
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Appendix A

Table A1. Level of CO2 Emissions. CO2 total of non examined variables.

Transportation of Materials

VDT VAR1 VAR2 HPO

Transportation of Concrete 4.549 6.334 4.491 6.334
Transportation of beams 1.163 6.286 6.286 0.000

Transportation of B500S Steel 0.025 0.034 0.017 0.067
Transportation of Formwork 0.038 0.077 0.077 7.162

[T CO2] 5.775 12.730 10.871 13.563

Workers’ commute

VDT VAR1 VAR2 HPO

Petrol vehicles 0.385 0.355 0.337 0.296
Diesel Vehicles 0.423 0.391 0.370 0.938

[T CO2] 0.808 0.746 0.707 1.234

Concrete Laying

VDT VAR1 VAR2 HPO

Tower Crane
Downloads / Transfers 0.095 0.124 0.095 0.666

Use 0.998 1.198 0.998 3.728
Mobile Crane

Transportation 1.483 1.977 1.977 0.000
Placement of Prefabricated Beams 1.297 2.076 2.076 0.000

Concrete Pump
Transportation 0.016 0.032 0.016 0.032

Use 1.090 1.526 1.090 1.526
Iron Workshop

Cutting machine 0.038 0.048 0.029 0.125
Bending machine 0.173 0.213 0.133 0.280

Stirrupper 0.008 0.008 0.004 0.033
Concrete Compression

Concrete Vibrator 0.020 0.029 0.020 0.029
Post-tensioned concrete

Stretcher 0.000 0.000 0.000 0.169
Jack 0.000 0.000 0.000 0.318

Injection Pump 0.000 0.000 0.000 0.213
Cutter 0.000 0.000 0.000 0.028

[T CO2] 5.219 7.230 6.438 7.145

Traffic Diversions

VDT VAR1 VAR2

Motorbike 0.228 0.232 0.212 0.374
Cars & Taxis 13.068 13.293 12.166 21.404

Trucks 1.127 1.146 1.049 1.846
Buses 2.263 2.302 2.107 3.707

[T CO2] 16.686 16.973 15.535 27.330

Dust, Noise and Vibrations

VDT VAR1 VAR2 HPO

Housing Buildings 29.913 29.913 29.913 29.913
Commercial Spaces 4.567 4.567 4.567 4.567
Singular Buildings 24.765 24.765 24.765 24.765

[T CO2] 59.245 59.245 59.245 59.245

Load Test

VDT VAR1 VAR2 HPO

Transportation of Material 0.816 0.816 0.816 0.816
Transit of Trucks (Load Test) 0.351 0.351 0.351 0.351

Loading of Trucks 0.001 0.001 0.001 0.001

[T CO2] 1.168 1.168 1.168 1.168

TOTAL [T CO2] 88.900 98.092 93.963 109.685
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Abstract: CO2 emissions due to the construction sector represent 40% of the total, either directly by
the use of the building or indirectly by the emissions incorporated in construction materials and
products. It is important to achieve a change in this sector to introduce these concepts in a simple
way. There are various tools for evaluating emissions in construction projects. In the present work,
the OERCO2 tool is used. This work studies housing projects in two European countries belonging
to significantly different regions, Spain (Andalusia) and Romania (Bucharest and Transylvania).
Although concrete or masonry structures are mainly used in Romania, due to an increased demand
for residential buildings in recent years, a new niche has appeared in the construction sector: metallic
and mixed (metal–concrete) structures for multi-storied buildings. For these reasons, a comparison
between concrete and metallic buildings can be made in order to highlight their environmental impact.
Twenty-four projects are selected from Romanian projects with metallic structures, and Spanish
projects with concrete structures. They are also differentiated according to the type of foundation
used. As expected, buildings with a metallic structure have more economic and environmental impact
than reinforced concrete. The materials with greater impact are metal, concrete, cement, and ceramic
products. The potential of the tool for the evaluation of various construction solutions, materials,
and project phases is demonstrated.

Keywords: carbon footprint; assessment tool; dwelling construction; cost control

1. Introduction

Various environmental reports carried out in recent years highlight the construction sector as one
of the main consumers of energy and generators of CO2 emissions among the various industrial sectors,
with estimates of 30–40% of the total environmental impact produced [1]. This concern has forced the
appearance of different types of tools to assess these impacts: through certification and standardization,
the promotion of international standards to use environmental labeling for construction products [2–5],
the development and application of life cycle analysis (LCA) [6–8], and the environmental management
of buildings from a life cycle perspective [9,10]. However, the implementation of these standards is
not always easy to achieve, due to barriers of all kinds, economic, technical, practical, and cultural,
which prevent professionals from selecting materials with less environmental impact [11,12].

If we focus on the analysis of the life cycle of buildings, the manufacturing and construction
phase of the building life cycle, concentrated in a short period of time (1–2 years), causes the most
intense environmental impact, mainly due to the consumption of concrete and steel for the structure,
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which represents a high percentage of the emissions produced during this phase [13,14]. This impact
is diluted if the building’s useful life is lengthened. The use and maintenance phase is generally
responsible for 80–90% of the CO2 emissions generated during the life cycle of the building [15], almost
60% of which is caused by the demand for energy for heating and cooling [16]. This implies that,
in new standards such as zero energy buildings, emissions during the construction phase represent
a higher percentage of the total emissions throughout the life cycle [17]. Therefore, once the energy
consumption during the use phase is reduced, researchers’ attention should be focused on materials
that require less energy for their production [18].

Most of the recent studies that propose methodologies to estimate the environmental impact
of buildings or the application of ecological indicators to the case studies of buildings have focused
on aspects such as LCA [19], the analysis of energy consumption throughout of the life cycle [20],
the carbon footprint of the life cycle [21], or a combination of these methods [22,23]. In recent years,
these studies have been incorporated into more powerful computing tools, which is generating a new
field of action for LCA, as is the case for building information modeling (BIM) platforms [24].

However, the LCA methodology and its derivatives are not always easy to implement by
non-specialized users, and neither is their communication. For this reason, other methodologies
have been implemented that have a smaller scope but are easier to use and implement by the agents
involved in construction. Among the most employed, we find the ecological footprint (EF) or the
carbon footprint (CF). The CF is an indicator of emissions of greenhouse gases generated by a given
process [25], which stands out due to its simplicity and direct relationship with the main objectives
of the Kyoto Protocol [26], along with its easy application in decision-making and environmental
policy [27]. There are a large number of bibliographic reviews related to the use of the CF indicator in
construction [28], however, the results are not always comparable, due to the absence of a methodology
that follows international standards [29]. For this reason, studies have also been carried out in
recent years to establish scales that allow for the definition of reasonable ranges of CO2 emissions in
construction processes [30].

Tools are in place that can ensure that new and already built buildings meet minimum requirements
related to environmental sustainability. Most of these systems are currently developed by two
international organizations [31]: the World Green Building Council (GBC), which develops tools from
an international system to obtain sustainability data for buildings, adapting them to each country,
and BRE Global is another independent organization that develops the BREEAM method.

In Spain, there is a variety of these tools that include the calculation of the CF of buildings in
some way, for example, LEED or BREEAM, whose use has spread in the country thanks to national
organizations such as the Spanish Green Building Council [32] and BREEAM Spain [33]. These tools
include, among the categories evaluated, the CO2 emissions due to the production of construction
materials and the operational energy consumption; however, the final score does not reflect these
CO2 emissions, so it does not report each result separately for a better understanding and subsequent
analysis of possible improvements.

However, other alternatives have emerged from various research projects in the last decade in Spain.
For example, SpainGBC has presented VERDE tools [32], a set of environmental impact assessment tools
for design assistance (HADES), new buildings (VERDE NE), rehabilitation (VERDE RH), and urban
development (VERDE DU). In this set of tools, the CF obtains the highest percentage of the score, so it
prevails over other sources of environmental impact. ECOMETRO is an open-source and online tool
to measure the environmental impact of buildings [34]. The information generated is similar to an
environmental product declaration (EPD), but it applies to entire buildings.

Highly specialized platforms such as the BEDEC cost database, SOFIAS tool [35], or E2CO2Cero [36]
allow for the detailed calculation of CO2 emissions according to the bill of quantities of a project.
BEDEC was developed by the Institute of Construction Technology of Catalonia (ITeC), and uses
environmental data of construction materials from the Ecoinvent database [37], known for being
one of the most complete environmental databases at the European level [38] and for its integration
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with Simapro LCA software [39]. The SOFIAS tool uses data from the OpenDAP database [31,35].
An intermediate solution is E2CO2Cero [36], supported by the Basque Government, which is a software
that estimates the embodied energy and CF of a building according to the materials consumed and
the construction processes [36]. This tool also has two different versions: complete and simplified.
The first one requires the presentation of the bill of quantities of the project, which is considered the
appropriate way to reach the general public and create social awareness. A table with the scopes of
each tool is included (Table 1).

Table 1. Comparison of assessment methods.

Leed Breeam Verde Ecometro Sofias Gabi Green Homes

Site and construction X X X X X X X
Transport X X X X X X

Energy management X X X X X X X
Water management X X X X X X X

Materials and resources management X X X X X X X
Waste management X X X X X X X

Comfort X X X X X
Health X X X X X

Environmental charges X X X X X X X
Services X X X X

Economic aspects X X X X
Social aspects X X X

In Romania, the awareness of green buildings and sustainable building materials has increased
significantly over the past 10 years. The first LEED and BREEAM certifications appeared in 2008–2009.
Currently in Romania, there are 39 buildings with BREEAM certificates, 21 with LEED, 3 with DGNB
(German Sustainable Building Council) [40], and more than 4600 houses and apartments certified or in
progress within the GREEN HOMES certification scheme developed by the Romania Green Building
Council (GBC) [41].

The tools used by Romanian evaluators to calculate CO2 emissions of buildings are One Click
LCA, Integrated Environmental Solution (IES VE Pro) [42], GaBi [43], 360 Optimi [44], and others.
All of these require data on the type of material, the name of the product, thickness, quantity, transport
(distance and type), and durability.

Colliers International Romania used One Click LCA to calculate the entire building life cycle
assessment for their first LEED v4 project, as part of LEED certification. The project aimed to achieve a
Gold Level certification [45]. GaBi software [43] supported a study on the LCA methodology applied
to optimize municipal solid waste management (MSW) systems in Cluj county, Romania.

Romania GBC has established procedures for EPDs to be easily integrated into environmental
certification tools such as GREEN HOMES [41] and is promoting EPDs for the recognition of points in
international LEED or BREEAM certification. In the case of the Living Building Challenge certification
system, its materials category is designed to foster a successful materials economy that is non-toxic,
transparent, and socially equitable [46].

In Romania, there is no accredited body to issue EPDs, and all declarations are issued by
international entities. The National Institute for Research and Development in Buildings, Urban
Planning and Regional Sustainable Development (URBAN INCERC), established in 2009, is the only
recognized institution that tests materials and issues performance certifications.

Compared to Spain, in Romania, there are no tools such as the BEDEC cost database, SOFIAS,
or the E2CO2Cero tool that can be used to calculate CO2 emissions. There is cost-estimating software
based on the quantities of materials, labor, transportation, and equipment used for buildings, but they
do not include parameters such as energy consumption, CO2 emissions, or other environmental data.

From this point of view, an instrument capable of estimating the CF of buildings, which is also
available in Romania, is a necessity nowadays and may be important for the future development of
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the construction sector due to the possibility of increasing the awareness of all participants in the
construction industry regarding environmental problems.

The experience of the authors in methodologies for calculating carbon footprints (CFs) is presented
through an open-source software to estimate the CF of architectural projects from the design phase
and the tool is part of the OERCO2 project [47]. It is developed for educational purposes and free
access with an Erasmus Project granted by the European Union, and member countries include Spain
and Romania. This research is part of the tool validation for the calculation of carbon emissions in the
construction phase of the building life cycle [47,48]. In the present work, the OERCO2 tool evaluates
the CO2 emissions of the construction phase, including the extraction and manufacture of materials,
as well as the management of construction and demolition waste (RCD) and the economic impact,
and is compared to the rest of the tools in Table 1. Even though it does not cover all the aspects,
it is easy to use and free accessible, making it an interesting teaching tool for college students and
professionals [47]. The tool is valid to evaluate projects at the design stage.

The performance of this tool is explained through a comparative analysis of projects in both
countries, Spain and Romania, which are part of the OERCO2 project. Representative typologies are
assessed. In the particular case of studies in Romania, the CF of seismic reinforcements [49] is assessed.
Additionally, a sensitivity analysis of the tool in these case studies is done.

A list with corresponding acronyms is included: Life cycle analysis (LCA); ecological footprint
(EF); carbon footprint (CF), Green Building Council (GBC); Andalusian construction information
classification system (ACICS); basic costs (BCs), auxiliary costs (ACs); simple unitary costs (SCs);
life cycle inventory (LCI); metallic structure (MS).

2. Materials and Methods

The methodology for assessing the CF of the construction of residential building is based on the
bill of the quantities of the project and a classification system for construction work that breaks down
this information for materials, labor, and machinery (Figure 1). Budgets for 140 different projects are
analyzed and classified; their budgets are reorganized into a construction breakdown system (CBS)
that makes it easy to make comparisons. This organizing system has been successfully applied in
previous research to assess the ecological footprint of buildings [50–56] and to estimate the generation
of construction waste [45].

For the quantification of resources, the Andalusian construction cost database (ACCD) and its
information classification system (ACICS) [57,58] are used, which estimate costs in the construction
sector, and their use is mandatory in public works in Andalusia (Spain). The ACICS uses a hierarchical
organization for work units. This is represented in Figure 2, with the example of a collector of the
sewage system, showing categories called chapters, corresponding to the first two numbers of the code
(for example, earthworks, foundations, installations, sewage system, etc.), which are subsequently
divided into subcategories.

The base of the ACCD structure is formed by the basic costs (BCs), which are materials, machinery,
or manpower, and those are added to form auxiliary costs (ACs) and simple unitary costs (SCs);
the latter represent the various activities or work units (Figure 2). These three types of costs are those
used by the OERCO2 tool for its calculations. The ASICS has been revised and adapted to construction
in Romania through the analysis of housing construction projects facilitated by the project partners,
but the costs refer to Spain to facilitate the comparison between countries.

Environmental data included in the OERCO2 software are obtained from the Ecoinvent database
through Simapro, which was chosen to cover all the materials commonly used in the construction of
buildings [57]. In order to obtain the CO2 emissions embodied in construction materials, their life cycle
inventory (LCI) is analyzed by applying the Intergovernmental Panel on Climate Change (IPCC) 100a
methodology, which is used by the carbon footprint indicator to isolate CO2 and other Greenhouse
Gases (GHG) emissions from the LCI. A list of the main construction materials and their corresponding
carbon footprints, as obtained from LCA data, is included in Table 2.
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Table 2. Average values of environmental impacts by family of materials [59].

Material Carbon Footprint (t CO2 eq./t)

Soil 0.007
Wood −0.992

Concrete 0.112
Asphalt 0.21
Ceramic 0.22

Aggregates and Stones 0.004
Metals 1.50
Plastics 3.25
Glass 0.669

Plaster and Pastes 0.002

 

Figure 1. OERCO2 methodology.
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Figure 2. Cost and quantification of economic and Carbon Footprint (CF) model. Source: adapted from
González-Vallejo et al. 2019 [56].

OERCO2 Tool

The OERCO2 tool [48] is an online application that allows for estimating the CF generated in the
construction of residential buildings. It is derived from several previous research studies developed
by the authors [50,51,54–56,60,61] and includes the evaluation of CO2 emissions for the construction
processes of 140 different types of residential buildings. The tool has been tested and evaluated by all
the project partners and includes all the typologies and construction characteristics commonly used in
Spain, Portugal, Italy, and Romania.

The data obtained from the bill of the quantities of each project are structured in accordance with the
ACICS [57,58] mentioned above and are expressed in units per surface constructed (u/m2). The average
quantity of each activity (Qi) of the 140 evaluated projects is obtained through a statistic process
for each type of construction according to the model to assess the construction of buildings [50,62].
These average quantities are transformed into materials, labor, and machinery. The amounts of the
various resources involved is evaluated using the CF methodology to obtain the emissions of CO2

generated due to all the construction processes.
The OERCO2 tool has an initial screen where the user specifies general information about the

project to be analyzed, such as number of floors, the type of structure, and floor area (Figure 3).
The selection of these initial data allows for assigning one similar project from the database which
collects the resource quantities needed in the building (Qi) [50,60].

In the following step, the user specifies data on the project related to construction solutions for
each element (Figure 3). The OERCO2 tool uses this information to select which of the available SCs
should be used for calculations. As mentioned above, SCs are made up of BCs and ACs. In this
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tool, the resources (BCs) contain not only economic information, but also environmental information
(for example, CO2 emission factor).

Figure 3. Selection interface for the initial data of the project in the OERCO2 tool [48].

Following this logic, when you select one specific work unit, the SC is assigned two factors:
economic cost (€/unit of reference) and environmental cost (kg CO2 eq/unit of reference), where the
unit of reference is the selected SC (Figure 1). Initial data selection can meet the Qi of the work unit,
which allows for obtaining the total cost and CF of this activity through Equations (1) to (4) whose
factors are defined in Table 3.

CFMAT = (Σi Cmi × UCFMAT) + (UCFTRAN × Cmi) (1)

CFMCOMB = V × UCFCOMB (2)

V = (P × T × Ef) (3)

CFMELEC = (P × T) × UCFELEC (4)

Table 3. Factors to calculate CF of the construction phase of materials and machinery.

Construction Material

EMAT: emissions per material (kg CO2/kg material)

Cmi: construction material i (kg)

UCFMAT: unit carbon footprint per material (tCO2eq/kg of material)

UCFTRAN: unit carbon footprint of material transport (tCO2eq/kg of material)

Machinery

CFMCOMB: Combustion engine machinery (tCO2eq)

UCFCOMB: unit impact of gasoline or gasoil (tCO2eq/l)
Data obtained from Ecoinvent [37]

V: gasoil consumption (liters)

P: power of the electric engine (kW)

T: working time (hours)

Ef: efficiency, liters of gasoil or gasoline consumed per engine power (l/kWh)

ECOMB: emission factor of the combustion engine of gasoil or gasoline
2.616 kg CO2/l [63]

CFMELEC: Electric engine machinery (tCO2eq)

EELEC: emission factor of electric mix
In Spain: 0.248 kg CO2/kWh [64]/in Romania: 0.264 kg CO2 [65]

UCFELEC: unit impact of the electric mix (tCO2eq)
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The transport of materials is included in the environmental impact by making approximations
of the distance covered [66]. The transport is done by truck. As for the distance from the factory
to the work site, most materials are manufactured close to the construction site, i.e., 250 km. In the
specific case of concrete, a maximum distance of 20 km is considered before solidification starts [67].
The tons of CO2 can be obtained with the data in Table 4. Material transport in Romania is similar to
that in Andalusia, where pick-up points are in warehouses in peripheral zones, close to main cities.
Fresh concrete has a similarly limited time for its transport.

Table 4. Data for calculating the impact of transport.

Concrete Other Materials

Truck load capacity (t) 24 2
Distance to factory (km) 20 250
Average diesel consumption (l/100 km) 26 26
Diesel emissions (tCO2/l) 2.62 × 10−3 2.62 × 10−3

Diesel consumed water (m3/l) 1.26 1.26
Diesel embodied energy (MJ/l) 57.70 57.70
Electricity embodied energy (MJ/kWh) 3.60 3.60

The tool displays the total cost of building construction (expressed in € and €/m2) and the total CF
(in kg CO2 eq and kg CO2 eq/m2), the latter is also divided into materials and machinery (Figure 2).

In the OERCO2 tool, the users do not require specialized knowledge on the environmental
evaluation of construction projects, such as the calculation of embodied energy or the CO2 emission
factor associated with construction processes. Instead, the users only need to know the solutions
implemented in the building’s construction. The OERCO2 tool has been verified by all the partners in
the project to include variations between countries in processes and construction solutions [48,68].

3. Case Studies

Two project member countries are selected, for which building typologies are included in the
OERCO2 tool, with Spain and Romania being two of the most remote countries and where more
constructive differences can be found. The OERCO2 tool presents the alternative of concrete and metal
structures, the latter option being included as it is a type of structure used in Romania, and therefore
the analysis of these two countries and construction typologies is carried out.

Projects of Romanian (Bucharest and Transylvania) buildings with metal structures are studied
and compared with the same typology of Spanish (Andalusia) buildings with a reinforced concrete
structure. Although concrete or masonry structures are mainly used in Romania, due to an increased
demand for residential buildings in recent years, the necessity to reduce the execution time, the necessity
to improve quality and price control, the need for larger dimensions for open spaces, the development
of automated execution technologies (welding), the increase in prices for formwork (especially labor),
and the need for much better resilience, a new niche appeared in the construction sector: metallic
and mixed (metal–concrete) structures for multi-storied buildings. A very important feature of metal
structures is their multifunctionality and their ability to adapt, modify, and rebuild, as well as better
seismic behavior, Romania being a country characterized by relatively strong earthquakes. Steel parts
are prefabricated according to specific standards, are easy to transport, and their assembly is fast, with
low costs and low dependence on environmental conditions [49].

Firstly, the current situation of construction in Romania is studied and the OERCO2 tool
methodology is applied to residential buildings and compared with the study carried out in Spain.
The chosen typology in both countries is the multi-family residential building, with the same number
of floors below and above ground, with one of three different types of foundations, isolated footings,
reinforced slab, and piles. Both countries use the most common constructive systems.
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3.1. Statistical Data

From the statistical data, the most representative type of project in Romania is obtained.
According to Table 5, dwellings represents nearly 80% of the buildings constructed since 2014,
with an average floor area per apartment of 113 m2 [69]. This percentage remains stable very year.

Data reflected in Table 5 justify the study of housing construction since it is an important sector
and it maintains a stable rhythm of new buildings in 2015, slightly decreases in 2016, and goes up in
2017 and 2018, even exceeding previous years. The data are based on the total number of permits
issued for residential buildings, with a large number of apartments/housing (units) finally authorized
to be built, obtaining the total floor area in the last column.

Table 5. Statistical data of new buildings in Romania between 2014 and 2018.

Year
Number of Permits

for Residential
Buildings

Administrative
Buildings

Others
Total

Number of
Permits

Apartments
Total Floor Area,
Residential (m2)

2014 37,672 234 7568 45,474 60,270 7,162,041

2015 39,112 237 7164 46,513 67,293 7,839,961

2016 38,653 196 6185 45,034 80,608 8,892,555

2017 41,603 204 6551 48,358 88,029 9,628,297

2018 42,694 255 7170 50,119 98,103 10,664,822

The dwelling characteristics, according to the report entitled “National Housing Strategy” and
published by the Romanian Ministry of Environment, Water and Forests [70] in 2015, states that,
in urban areas, approximately 70% of the housing units in Romania were multi-family buildings (blocks
of flats/apartments) of 10 apartments or more, and the rest were individual dwellings. The building
height was limited because elevators have high costs for construction and operation. The majority of
multi-storied buildings were up to five floors, consisting in the ground floor and four upper floors [71].
Fewer floors were not economically feasible in terms of total floor area per lot.

In the case of Spain, according to data taken between the years 2007–2010 from the National
Statistics Institute (INE) [72] and published studies [62], 78% of the constructed buildings were
residential, of which 33% correspond to the type of building with four or five floors above ground.

3.2. Selected Projects

Once the statistical study was carried out, 24 types of projects were selected in Romania and
24 projects in Spain, in the OERCO2 tool, in Tables 6 and 7, Romanian projects have metallic structures,
and in Spain, reinforced concrete structures. Both types of projects are also classified according to
type of foundation, isolated footings, reinforced concrete slab, and piles. The roof could be inclined or
horizontal and there are buildings with a basement (one or two floors) and without a basement. The use
on the ground floor can be for premises or houses. Table 6 includes the general characteristics that are
common in the 48 projects. The different construction characteristics between Romania and Spain are
defined in Table 7. Data for Spain are based on the INE data that have already been analyzed [62].

Table 6. General information of selected buildings in OERCO2 tool.

General
information

Number of Floors
Number of

Underground Floors
Use of Ground Floor

5 0/1/2 Shops/dwelling

Foundation Structure Roof Type Floor Area (m2)

Isolated Footings/Reinforced
Slab/Piles

Metal/Reinforced
Concrete Flat/Sloping 72
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Table 7. Selected data for the case studies from OERCO2 tool.

MS and CS Buildings (Romania and Spain)

Earthworks

Excavations Fillings Earth Transport

Excavator Mechanic means Mechanic means

Sewer System

Manholes Sewage pipes Downpipes and roof sinks

In situ PVC Reinforced PVC

Structure

Formwork Floor slabs Flat roof Sloping roof

Metallic
Waffle slab with recoverable
caissons/One-way slab with

concrete vaults

Passable and
ventilated/Passable and

inverted
Ceramic tiles

Masonry

G
e
n

e
ra

l
in

fo
rm

a
ti

o
n

Façades Claddings Partitions

One-foot brick wall with
chamber/0.5-foot brick wall with

chamber
Single layer mortar Double hollow

brick 9 cm

Air-Conditioning System

Air-Conditioning Terminal units Ducts Pipes

None None None None

Heating Insulation

Radiators Boiler Pipe insulation

Classic steel Gasoil Applies

Water supply and ventilation

Cold-water pipes Hot-water pipes Sinks Ventilation

Copper Copper PVC Concrete

Domestic Hot water

Heater Solar panels

Gas Applies/Does not apply

Accessibility

Lift

In
st

a
ll

a
ti

o
n

s

Applies

Insulation Vertical finishing

Thermal-acoustic Continuous

Polyurethane/Rock wool Rendering

Finishes

Floors Ceilings

Ceramic Continuous laminated gypsum

Carpentry

Windows Glazing Doors

Lacquered aluminum casement
with thermal bridge break Thermal-acoustic 6 + 12 + 6 Wood

Protection elements

F
in

is
h

e
s

Blinds Protection grids Railings

Anodized aluminum Hot-rolled steel Steel
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Table 7 includes the data selected in the tool for both cases according to the proposed alternatives,
which are similar except for the type of slab, horizontal roof construction system, façade cladding,
and type of insulation. Additionally, solar panels for domestic hot water are installed in Spain.

4. Results and Discussion

According to the characteristics of the projects proposed from the statistical analysis of each
country, the 48 projects’ data are classified and coded according to the OERCO2 tool information
in Table 8 and average values are obtained, the numbers are generic for the software and do not
have a specific meaning. The comparison is not only of Spanish and Romanian projects but also
different constructive solutions are employed in each country that give rise to 24 combinations in
each (Table 8). The codes are defined to identify the differences in the combinations as set in Table 8:
column foundation, number underground floors, ground floor, and roof type. The MS and CS coding
corresponds to the typical metal structure projects in Romania and the concrete structures of the
projects in Spain, respectively. The numeric codes are those internally used by the software.

Table 8. Classification and codification of projects according to the OERCO2 tool, MS is metallic
structure and CS is reinforced concrete structure.

Foundation
Number

Underground Floors
Ground Floor Roof Type

MS
OERCO2

Code

CS
OERCO2

Code

ISOLATED
FOOTINGS

0

Dwelling Flat M012 C012
Sloping M013 C013

Shops Flat M021 C021
Sloping M025 C025

ISOLATED
FOOTINGS

1

Dwelling Flat M043 C043
Sloping M051 C051

Shops Flat M040 C040
Sloping M048 C048

REINFORCED
SLAB

0 Shops Flat M106 C106
Sloping M110 C110

REINFORCED
SLAB

1

Dwelling Flat M090 C090
Sloping M098 C098

Shops Flat M094 C094
Sloping M102 C102

REINFORCED
SLAB

2 Dwelling Flat M147 C147
Sloping M148 C148

PILES 0

Dwelling Flat M062 C062
Sloping M054 C054

Shops Flat M066 C066
Sloping M059 C059

PILES 0

Dwelling Flat M083 C083
Sloping M082 C082

Shops Flat M081 C081
Sloping M080 C080

From the building typology and construction characteristics of the projects, the unit (Qi) and total
(Qt) quantification of each project is obtained, from which the economic and CF results are obtained,
and included in Supplementary Data Tables S1 and S2 (Romania and Spain, respectively).

The quantity of materials used in the projects is analyzed according to the weight, expressed in
kg, in addition to the CF, and, finally, the CF is calculated for the construction phases of the projects.
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Materials are grouped in families: concrete and cement, ceramics and bricks, aggregates and stones,
and metals and alloys represent around 80% of the total weight.

In Figure 4, the materials are analyzed according to the weight of metallic structure (MS) buildings
in Romania, and in Figure 5, concrete structure (CS) buildings in Spain. Buildings with an MS need a
larger amount of materials, except in the case of aggregates, whose values are similar in both cases.
Concrete and cement are the heaviest materials in both countries. Pile foundation buildings have the
highest consumption, followed by those of isolated footings and finally of reinforced slab. Ceramics and
bricks have a higher consumption in Romanian buildings, since façade cladding is thicker than in
Spain. Aggregates and stones are used almost equally in the three types of foundations. Lastly, metals
and alloys have a higher consumption, as expected, in MS buildings.

Figure 4. Weight per floor area (kg/m2) of families of materials (Romania).

Figure 5. Weight per floor area (kg/m2) of families of materials (Spain).

The analysis of the CF of materials introduces a new important family, plastics. Figure 6 shows
that MS buildings in Romania produce a greater impact than those in Spain with CS (Figure 7) for all
the families, except plastics, due to the use of projected polyurethane insulation in CS buildings. In MS
projects (Figure 6), metals/alloys and concretes/cements produce the greatest CF, as the buildings with
piles produce a slightly greater impact compared to the other two types. Ceramics/bricks also produce
high CF values, due to their use in façades and interior cladding, and lastly plastics. However, in the
case of CS buildings (Figure 7), the greatest impact is produced by concretes/cements, with those with
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piles and isolated footing being more polluting than those of reinforced slab. Ceramics/bricks have a
much smaller impact, since Spanish buildings have less thick façades than Romanian ones, followed
by metals and alloys, and then plastics. These results are similar to those of other studies [48].

Figure 6. CF per area (tCO2/m2) by family of materials (Romania).

Figure 7. CF per area (tCO2/m2) by family of materials (Spain).

The patterns in Figures 4–7 are due to the project classification in Table 6, first fixing foundations,
then the number of underground floors, followed by the type of construction, such as ground level use,
and, finally, the roof type.

Simple costs included in the OERCO2 tool with the greatest impact (according to the ACCD)
are 3HAL00002 (m3 slab concrete); 03HMM00002 (m3 mass concrete); 03CPS00007 (m pile on site);
05HHJ0010 (m3 concrete assembled on beams); 05FBB00007 (m2 waffle slab with concrete caissons);
05FUS00007 (m2 one-way slab with concrete vaults); 05ACS00000 (kg steel in hot-rolled profiles);
05HAC00015 (kg corrugated steel in bars); 06LMM00101 (m2 one-foot brick wall); 06LPC00001
(m2 0.5-foot brick wall).

The following analysis is carried out by the construction phases or chapters of the project, as shown
in Figure 8 (Romania) and Figure 9 (Spain). It is observed that the chapter with the greatest impact is
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structures in MS buildings and then the chapter of installations in CS buildings, due to solar panels,
which have been mandatory in the construction of new housing in Spain since 2006. The next chapter
that produces the greatest impact is masonry, in both countries, including ceramics/bricks for their
use in façades, claddings, and partitions. The next important CF value is produced by the foundation
phase, with the piles producing the greatest impact in both countries, followed by isolated footings
and, lastly, with little difference, reinforced slabs. Of the five chapters, the one with the least impact
is that of finishes, with similar values in all the cases analyzed since there are no variations in the
construction systems and/or materials used.

 
Figure 8. CF per area (tCO2/m2) according to chapter of project (Romania).

Figure 9. CF per area (tCO2/m2) according to chapter of project (Spain).

A sensitivity analysis of the CF produced by each of the different phases of the projects in each
country is carried out, according to the percentage they represent of the total project, which is essential
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for decision-making at the design level in order to focus on the chapters with the greatest impact and
to be able to reduce project emissions using more sustainable materials, based on the obtained results
of the analysis.

Thanks to the data obtained from the OERCO2 tool, this analysis can be carried out, and it is
presented in Tables 9 and 10, depending on whether they are from Spain or Romania, respectively,
and grouped according to similarity in terms of building typology.

Table 9. Analysis of CF percentage by project chapters in Spain.

Project of Spain

FOUNDATION ISOLATED FOOTINGS REINFORCED SLAB PILES

UGF: Under Ground Floor W/O UGF One UGF W/O UGF One UGF Two UGF W/O UGF One UGF

CODE
C012/C013/
C021/C025

C040/C043/
C048/C051

C106/
C110

C090/C094/
C098/C102

C147/
C148

C054/C059/
C062/C066

C080/C081/
C082/C083

C
H

A
R

T
E

R
S

FOUNDATION 9.79% 10.89% 9.16% 9.98% 11.47% 11.23% 12.73%

STRUCTURES 20.29% 18.67% 19.61% 18.80% 19.05% 19.79% 18.28%

MASONRY 21.81% 21.22% 22.36% 21.37% 19.93% 21.69% 20.78%

INSTALLATIONS 30.63% 30.81% 31.28% 31.02% 29.29% 30.52% 30.17%

FINISHES 6.79% 7.56% 6.99% 7.61% 7.87% 6.73% 7,40%

% CF TOTAL 89.31% 89.15% 89.41% 88.78% 87.61% 89.97% 89.36%

Table 10. Analysis of CF percentage by project chapters in Romania.

CF (%) of Romania Project Chapters

FOUNDATION ISOLATED FOOTINGS REINFORCED SLAB PILES

UGF: Under Ground Floor W/O UGF One UGF W/O UGF One UGF Two UGF W/O UGF One UGF

CODE
M012/M013
M021/M025

M040/M043
M048/M051

M106/
M110

M090/M094
M098/M102

M147/
M148

M054/M059/
M062/M066

M080/M081/
M082/M083

C
H

A
R

T
E

R
S

FOUNDATION 7.50% 8.56% 7.10% 7.77% 9.39% 8.74% 9.96%

STRUCTURES 34.53% 34.12% 34.09% 33.90% 31.81% 34.18% 33.25%

MASONRY 21.57% 20.88% 22.16% 20.82% 20.02% 21.34% 20.35%

INSTALLATIONS 22.08% 22.10% 22.15% 22.04% 21.82% 21.84% 21.54%

FINISHES 5.30% 5.95% 5.42% 5.93% 6.44% 5.24% 5.79%

% CF TOTAL 90.97% 91.61% 90.92% 90.46% 89.48% 91.33% 90.89%

Thus, in the case of projects in Spain with a concrete structure (Table 9), it can be seen that the
foundation for piles is the one with the highest CF, with values between 11.23% and 12.73% of the total
project impact. The reinforced slab has the lowest CF, 3.57% less than piles.

In the chapter of structures, it is observed that buildings without underground floors have a
higher CF than the rest, and in particular those with foundations with isolated footings, with a 2.01%
difference from those with a lower CF, which are the buildings founded on piles and with a basement.

In the masonry and installation phases, it can be seen that the buildings that have commercial
premises on the ground floor produce higher CFs, the difference being 2.43% for masonry and 1.99%
for installations, between the highest and lowest CF projects.

Regarding cladding, the highest CF corresponds to buildings with the highest number of basement
floors and without premises on the ground floor, with a difference of 1.08% between those with the
highest and lowest value.

In the case of the projects in Romania with a metallic structure (Table 10), the projects with
foundations of piles are those with the highest CF, with a difference of 2.86% with respect to the lowest
CF, which are those with reinforced slab and without a basement. With respect to Spanish projects,
they represent a lower percentage of the total, with an average difference of 2.50%.

The (metallic) structure in the Romanian buildings is the phase with the greatest impact on the
project, and it is the foundation with footings that produce the highest CF, 2.72% higher with respect to
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the reinforced slab and two basement floors. With respect to Spanish concrete structures, they have a
much higher CF in all cases, the average difference being 14.48%.

In masonry and installations, the situation is similar to Spanish buildings, those with premises on
the ground floor and no basement have a higher CF than those without premises and consist of one or
two basement floors, with a difference of 2.14% for masonry and 0.61% for installations between the
highest and lowest with respect to the total CF of the project. The masonry values are very similar to
those of the buildings in Spain, however, in the installations, by including the solar panels in Spain,
the CF is higher by an average value of 8.59%.

Cladding has a similar impact in both countries, buildings without premises and with more
basement floors produce a higher CF than those with premises on the ground floor and without a
basement, with a difference of 1.20% between those of greater and lesser value. With respect to Spain,
Romania has a lower CF of 1.56%.

Finally, an economic and environmental comparison is carried out (Table 11). The economic
analysis highlights that MS buildings are more expensive per m2 than CS buildings, and in both cases
a pile foundation is the one with the greatest economic impact, followed by isolated footings and
reinforced concrete slab. The OERCO2 costs are based on Spanish data.

Table 11. Economic and environmental comparison of MS and CS, according to type of foundation.

Foundation

Concrete Structure (CS) Metallic Structure (MS)

Cost Cost

Economic Environmental Economic Environmental

ACCD (Spain) European CF ACCD (Spain) European CF

(€/m2) (€/m2) (kgCO2/m
2) (€/m2) (€/m2) (kgCO2/m

2)

Isolated footings 647.64 861.22 0.571 777.11 1033.39 0.740

Reinforced slab 639.05 849.80 0.556 754.80 1003.72 0.720

Piles 697.42 927.42 0.588 821.44 1092.34 0.753

The Romanian construction cost can be translated into Spanish cost by normalization tools such as
European Construction Cost data [73,74], the coefficient for Spanish costs is 0.7052 and for Romanian
costs, it is 0.464. In the present work the Spanish costs are used for both countries in order to facilitate
the results comparison (Table 11).

Regarding the CF, MS buildings produce the highest emissions and pile foundations produce the
greatest impact in both types of buildings, followed by isolated footings and, lastly, reinforced slab.
These results are similar to others [68]. Materials (including their transport) are responsible for 95–97%
of project emissions. The remaining percentage corresponds to machinery.

Muñoz et al. (2012) [75] carried out a study of the CF of social housing built in Chile, focusing on
the LCA of construction materials, which included its implementation. The results showed that the
energy of commissioning is negligible, while 35% corresponds to the extraction and manufacture of
materials, and 65% to the use and maintenance. In addition, there are bibliographic reviews related to
the use of the CF indicator in construction [28], however, the results are not always comparable due to
the absence of a methodology that follows international standards [29]. For this reason, studies have
also been carried out in recent years to establish scales that allow for defining reasonable ranges of
CO2 emissions in construction processes [30].

5. Conclusions

The OERCO2 tool is valid to compare constructive solutions between different project partner
countries (in this case, Romania and Spain), because the tool includes the representative characteristics
of the buildings in the partner countries. The tool allows for analyzing different constructive systems,
in this case, the different types of foundations, structures, masonry, or installations that have been
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proposed. Therefore, it is possible to determine which constructive solution has the least impact from
an economic and environmental point of view. According to the analyzed cases, the most efficient
typologies are reinforced concrete buildings, with a significant difference with respect to metallic
structures, both economically and environmentally.

For the 48 analyzed typologies, the families of materials that produce the most emissions are:
metals/alloys, concretes/cements, and ceramics/bricks and, to a lesser extent, plastics. The structures,
installations, foundations, and finishes produce the greatest impacts.

The OERCO2 tool evaluates a project’s CF and economic impact simultaneously at the design
stage and in detail, according to the project phases, such as earthwork, foundation, structure, etc.
Decisions can be made regarding the construction systems and materials used in order to reduce
emissions and economic impact, thus helping to understand and improve the eco-efficiency of projects.
Therefore, OERCO2 can be a useful educational tool for architecture and engineering college students.

Of the types of foundation assessed both economically and environmentally, piles produce the
highest emissions and cost, and the best option is reinforced slabs followed by insulated footings.
The building ground floor use, as a dwelling or premises, also influences cost and emissions, especially
in phases such as masonry, installations, or finishes.

All these analyses are important to decide how to design in the most environmentally friendly
and economical way. The tool facilitates the decision-making of promoters and technicians, without
needing prior knowledge about environmental indicators.
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Abstract: Energy refurbishment of the housing stock is needed in order to reduce energy consumption
and meet global climate goals. This is even more necessary for social housing built in Spain in the
middle of the last century since its obsolete energy conditions lead to situations of indoor thermal
discomfort and energy poverty. The present study carries out a life cycle assessment of the energy
and economic performance of roofs after being retrofitted to become cool roofs for the promotion of
social housing in Seville (Spain). Dynamic simulations are made in which the time dependent aging
effect on the energy performance of the refurbished cool roofs is included for the whole lifespan.
The influence of the time dependent aging effect on the results of the life cycle economic analysis is
also assessed. A variety of scenarios are considered in order to account for the aging effect in the
energy performance of the retrofitted cool roofs and its incidence while considering different energy
prices and monetary discount rates on the life cycle assessment. This is made through a dynamic
life cycle assessment in order to capture the impact of the aging dynamic behavior correctly. Results
point out significant savings in the operational energy. However, important differences are found in
the economic savings when the life cycle analysis is carried out since the source of energy and the
efficiency of the equipment used for conditioning strongly impact the economic results.

Keywords: cool roof; energy efficiency; social housing; energy saving; dynamic numerical method;
life cycle assessment

1. Introduction

Over the last few decades, there has been growing concern about global energy demand due to the
exponential increase in its consumption. As stated in the document [1] from the European Commission,
tackling energy consumption in European buildings is vital. According to this publication, nearly 40%
of final energy consumption is attributable to buildings across the public and private sector. Because of
this, extensive research in the field of energy efficiency has focused on the need to reduce energetic
costs in the thermal conditioning of buildings in order to meet the directives set by the EU for H2030 [2],
which establishes as a target for 2030 an improvement in energy efficiency of at least 32.5%.

In this research framework, the work focused on the use of techniques that take advantage of
environmental and climatic resources in a suitable form is noteworthy. In warm climates, as in southern
Spain, the high energy consumption needed to obtain internal comfort in buildings during the hot
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season poses a major problem. This is especially severe for the case of the social park housing built in
southern Spain before the implementation of the first Spanish legislation aimed at regulating energy
demand in buildings, NBE-CT-79 [3]. In this housing, the envelopes in general, and the roofs in
particular, lack thermal insulation. Taking into account that in this region of Spain, the climate is dry
and warm in the cooling season with usually clear skies at this time of year, it seems appropriate to
take advantage of the radiative exchange with the sky by means of cold roof techniques to reduce the
cooling load.

The European Cool Roofs Council [4] defines a “cool roof” as a roofing system able to reject
solar heat and keep surfaces cooler under the sun. A “cool roof” is usually obtained by applying
cold materials to the external surface of a roof. Its thermal performance is due to the properties of
these materials, which are characterized by high values of solar reflectivity and thermal emissivity.
Thereby, these kinds of materials are able to reduce the solar radiation absorption while releasing
the heat absorbed by the roof. This way, during the day, the amount of absorbed solar radiation is
reduced, and during the night, there is roof cooling because of the radiative exchange with the sky,
which usually is colder. Thus cool roofs are considered a passive radiative cooling technique [5,6].

For cold materials, there are slightly differing definitions. Thereby, for ES-ENERGY STAR [7],
cold materials must have a solar reflectance initially equal to or higher than 0.65, and after three years,
it must be higher than 0.50, whilst APEC Energy Working Group [8] considered that they should have
at least a reflectance of 0.70 and a thermal emissivity of 0.75.

The usefulness of cool roofs to enhance comfort conditions and reduce energy consumption
in dwellings and more collective use buildings, schools, office buildings, libraries, etc., has been
highlighted in a large number of experimental and theoretical studies. For example, Akbari et al. [9]
monitored six types of commercial building roofs in California (USA) and found that increasing
the solar reflectance of roofs by 0.33–0.60 reduced the peak temperatures by 33–42 ◦C and the daily
cooling energy consumption by 4%, 18%, and 52% in a cold storage facility, a school building, and a
department store building, respectively. Romeo and Zinzi [10] reported from field measurements that
the application of a cool paint reduced the cooling load by 54% for a roof with an area of 700 m2, while
the peak temperatures of the external roof surface and the indoor air were reduced by 20 ◦C and 2.3 ◦C,
respectively.

However, the extent of the benefits obtained by the use of cool roofs is found to depend on the
local climatic conditions and on a number of other factors such as energy prices, the conditioning
equipment, the building use, and the aging effect of the roof coating [11–22]. Likewise, benefits
resulting from the decrease of the heat island effect together with an improvement of comfort in urban
environments have been shown [13,14,17].

From an economic perspective, in [23], the usefulness of cool roofs was shown to produce
significant savings when used to retrofit commercial buildings in the USA. Likewise, Reference [19]
found that a high scale implementation of cool roofs in Andalusia, in the south of Spain, could
potentially save, considering only residential buildings with flat roofs using electrical heating,
59 million euros annually in electricity costs, and the emission of 136,000 metric tons of CO2 could be
directly avoided every year from the production of electricity.

By contrast, only a limited number of studies have dealt with with the cost-effectiveness of cool
roofs based on life cycle analysis. In [24], the cost-effectiveness of reflective white and colored roofs
compared to conventional gray roofs in six selected cities in Mexico was analyzed. Based on the costs
of electricity and reflective materials, a 10 year life cycle cost analysis showed that, in the absence of
insulation, reflective white and colored roofs were more cost-effective than gray roofs for all locations.
Zhang et al. [25] demonstrated the cost-effectiveness of using a cool paint in both unventilated and
ventilated concrete roofs under the tropical climate in Singapore. Jo et al. [26] carried out research by
including both on-site data and a building energy simulation model in order to quantify the electricity
savings of a commercial building when replacing the existing dark roofing material with a reflective
cool roof system. A 20 year cost benefit analysis, including the additional costs of cool roof retrofit and
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maintenance, showed that a 100% cool roof installation resulted in a savings of approximately $22,000
per year in energy costs and a consequent nine year payback period for the added cost. Yuan et al. [27]
stove to find an optimal combination of the surface reflectivity and the insulation thickness of exterior
walls based on a 10 year life cycle cost analysis. Optimum combinations of surface reflectivity and
insulation thickness for six different regions in Japan were proposed.

However, the long-term performance of the reflective material was not taken into account in most
of the papers referenced. In [28], a 20 year life cycle cost analysis proved that the cost-effectiveness
of aged and restored cool roof when used to retrofit non-insulated roofs led to a net savings of up to
44.53 Tunisian dirhamsper m2 and a payback period of 3.4 years. This work showed the interest in
performing life cycle analysis in order to draw energy and economic conclusions. In [29], a new and
structured approach was developed to carry out an uncertainty and sensitivity analysis in Life Cycle
Assessment (LCA) in order to support the decision-making process in building renovation. Likewise,
in [30], a life cycle assessment was used in order to make an economic-environmental valuation of a
standard energy retrofit project for a public building in a Mediterranean area.

Moreover, the energy efficiency improvements that are achieved by means of the refurbishment
of roofs when becoming cool roofs can be framed into sustainable energy transitions and the
decarbonization process. However, the sustainability of an action whose aim is to improve energy
efficiency must be ensured for its entire life cycle [31].

Considering that the energy refurbishment of the housing stock is needed in order to reduce
energy consumption and that this is especially much more necessary for social housing built in
Spain in the middle of the last century that has obsolete energy conditions, leading to situations of
indoor thermal discomfort and energy poverty, the analysis carried out in this work tries to clarify
the pertinence of using cool roofs as an efficient measure to reduce the energy consumption to obtain
indoor comfort conditions for the considered housing park.

In the present paper, a study is proposed in order to appraise in a deeper way the effect of the
aging on the energy performance of cool roofs, as well as the implications for the economic and energy
life cycle assessment of this kind of roof when applied to the refurbishment of the social housing stock
considered. This requires specific simulation codes that allow the incorporation of aging patterns to
calculate the energy dynamic of the cool roof accurately when its solar reflectivity decreases because
of the aging effect. Commercial packages for building energy simulation do not incorporate this
ability, and this gap requires the development of specific simulation codes like the one presented here.
This software limitation can be the cause of the absence of studies dealing with numerical computations
of the time dependent aging effect for cool roofs. To the best of our knowledge, there exists a gap in the
literature with regard to studies that perform dynamical life cycle assessment of cool roofs and analyze
its energy and economic implications when used for the refurbishment of social dwelling roofs. Such a
gap is particularly relevant in the geographical area that is analyzed here and that is characterized by
high cooling demands.

This way, a comprehensive numerical study is done to simulate the energy performance of cool
roofs when used to retrofit roofs from residential buildings belonging to the social park housing built
in Seville, Spain, before the implementation of the first Spanish legislation aimed at regulating energy
demand in buildings, NBE-CT-79 [3], in 1979. The main objective is to perform an energy and economic
life cycle assessment of the cool roofs in a broad framework taking into account the effect on the LCA
results of the real weather of Seville, the long-term performance of the coating layer solar reflectivities,
the energy and equipment types used for conditioning the buildings, and the impact of economic
parameters. Regarding the choice of the case study, it was taken into consideration that the weather
of Sevilla makes this city a good place to analyze the potential advantages of the use of cool roofs in
order to reduce energy consumption to achieve interior comfort conditions. Finally, it is necessary to
point out that the findings of this study can be extended to other geographic scenarios as long as they
are characterized by similar weather conditions to those existing in Sevilla. This would be the case of
southern Spain and most of the meridional regions of Europe.
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2. Methodology to Estimate the Roof Energy Performance

2.1. Physical Model

In this section, a generic description of the physical problem involving the heat transfer through
the roof is set out. Specifically, the heat transfer in the roofs is determined by:

• The heat gain on the outer slab due to solar irradiation.
• The heat exchange by radiation between the outer surface and the sky.
• The heat exchange by convection between the outer surface and the ambient air.
• The heat transfer by conduction through the layers of the roof.
• The heat exchange by convection and radiation between the internal surface of the roof and the

interior of the building.

Other possible factors, such as the radiative exchange between the roof and adjacent buildings or
vegetable masses higher than the studied building, were not taken into account in this study for the
sake of brevity.

In order to establish the physical model, the fact that the equations describing the heat diffusion
equations through the different layers of the roof and the radiative exchanges must be computed in
each time step in order to approximate the heat transfer through the roof adequately must be taken
into account.

Heat exchanges between surfaces and air were calculated by using convective heat transfer
correlations based on the use of suitable convective heat transfer coefficients together with the equations
given by the energy balance for the external roof surface; see Section 2.2.2. Internal roof surface energy
balance calculation was done by taking a fixed room temperature Troom constant for each season.
Then, we calculated the exchange of heat by convection and radiation between the internal roof surface
and the interior of the building by using a combined convective-radiative transfer coefficient and the
energy balance for the internal roof surface; see Section 2.2.2.

2.2. Mathematical Formulation

In this section, the mathematical equations involved in the heat transfer through the roof
are explained.

2.2.1. Thermal Conduction through the Roof

Heat conduction through the envelope is modeled by the equation:

ρ cp
∂T
∂t

= ∇ · (κ∇T) , (1)

where the density ρ, the specific heat cp, and the conductivity κ take the value corresponding to each
material of every layer of the envelope.

This equation is closed with boundary conditions for the external and internal surfaces of the
roof that are given by the energy balance equation corresponding to each surface, as is explained
in Section 2.2.2.

2.2.2. Energy Balance at the Roof Surfaces

For the external surface of the roof, the energy balance is given by:

κ
∂T
∂�n

+ qc,ext + qSW + qLW = 0 , (2)

where qc,ext is the intensity of the convective heat flux between the surface and the air flow that is
given by:
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qc,ext = hc,ext(Ta − T), (W/m2),

with Ta the outdoor air dry-bulb temperature, T the exterior roof surface temperature,�n the outward
normal vector to the exterior roof surface, and hc,ext the convective heat transfer coefficient described
in Section 2.2.4. Finally, qSW and qLW are respectively the intensity of radiative flux of solar origin
and the intensity of the balance of thermal long-wave radiation on the surfaces whose calculation is
explained in Section 2.2.3.

For the internal surface of the roof the energy balance is given by:

κ
∂T
∂�n

+ qcr,int = 0 , (3)

where now,�n is the outward normal vector to the interior roof surface, T is the interior roof surface
temperature, and qcr,int is the intensity of the combined convective-radiative heat transfer between the
internal roof surfaces and the interior temperature. This is given by:

qcr,int = hconv,rad(Troom − T), (W/m2), (4)

where hconv,rad is the combined convective-radiative heat transfer coefficient explained in Section 2.2.4
and Troom is the interior air temperature.

2.2.3. Solar and Long-Wave Radiative Flux

For the external surface of a roof, the absorbed solar radiative flux is given by:

qSW = αSW ·
(

ISW
b · cos(θ) · Ss

Sroo f
+ Isd · Frs + Igd · Frg + Irn · Frn

)
, (W/m2), (5)

where αSW is the solar absorptance of the external roof surface, θ is the angle of incidence on the roof
of the sun’s rays, ISW

b is the intensity of the beam solar radiation, Ss and Sroo f are the sunlit and the
entire roof areas, respectively, and Isd and Igd are the intensity of the diffuse radiation reflected by the
sky and the ground, respectively, Frs being the view factor between the roof and the sky and Frg the
view factor between the roof and the ground. Finally, Irn is the intensity of the reflected radiation by
the surrounding buildings, and Frn is the the view factor between the roof and such buildings.

In the absence of buildings or shading elements higher than the roof under consideration, Frs and
Frg are given by:

Frs =
1 + cos(ϕ)

2
, Frg =

1 − cos(ϕ)

2
ϕ being the angle between the roof plane and the horizontal plane. For an unshaded flat roof,
Expression (5) becomes:

qSW = αSW · ISW
H , (W/m2), (6)

where ISW
H is the global horizontal solar radiation intensity given by ISW

H = ISW
b · cos(θ) + Isd.

The long-wave radiation balance for the external roof surface is calculated as:

qLW = QLW
sky − QLW

w

where QLW
w is the intensity of the long-wave radiation heat emitted by the external roof surface and

QLW
sky is the sky downwelling long-wave radiation.

QLW
w is calculated using the law of Stefan–Boltzmann:

QLW
w = εσT4 (7)
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ε being the surface emissivity, T the temperature in Kelvin degrees of the surface, and σ = 5.67 · 10−8

[W/m2 · K 4] the constant of Stefan–Boltzmann.
The sky downwelling long-wave radiation QLW

sky depends on several factors, but the most
significant ones are outdoor temperature, the relative humidity of the environment, and cloud cover.
Essentially, clouds absorb outgoing IR radiation and emit thermal IR radiation to a temperature higher
than emitted by a clear sky. Thus, a cloudy day thermal downwelling sky irradiance can increase over
34% regarding the sky irradiance of a clear sky. QLW

sky can be computed as:

QLW
sky = εskyσT4

a , (8)

where εsky is the sky emissivity. Walton [32] and Clark et al. [33] estimated that εsky can be calculated as:

εsky = (0.787 + 0.764 ln(
Tdp

273
))(1 +

224
104 n − 35

104 n2 +
28
105 n3)

where Tdp is the absolute dew point temperature and n is the opaque sky cover in tenths. This is the
correlation used in this work.

2.2.4. Convective Heat Transfer Coefficients

Suitable Convective Heat Transfer Coefficients (CHTC) for external building surfaces, hc,ext,
are essential in order to calculate accurately heat transfers between the roof surface and the ambiance
air. However, while for vertical surfaces, there is a large number of correlations, for roofs, they are
much scarcer. As stated by Mirsadeghi et al. [34], convective heat transfer calculations for roofs
represent some of the most complex problems in wind flow around buildings due to the variety in
their geometry and the complex flow patterns in the separated regions above the roofs.

In this work, the correlation used for the external surface of roof is hc,ext = 8.18+ 2.28 VR (W/m2K),
which was proposed by Hagishima and Tanimoto [35] based on experiments carried out on a roof.
Here, VR is the wind speed above the roof in m/s.

To calculate the heat exchange by convection and radiation between the internal roof surface
and the interior of the building, a combined convective-radiative transfer coefficient given by
hconv,rad = 8.3 (W/m2K) is used as recommended by ASHRAE [36]. This coefficient is often used
in heat transfer calculation for buildings’ interiors [37].

2.3. Aging Effect on the Cool Roof Absorptivity

This paper aims to carry out a long-term assessment of the energy behavior of the cool roofs in
order to perform an LCA for a lifetime period of 20 years according to the service time of the roof
coating. For such a long period, it is necessary to take into account the loss of the reflective properties
of the roof coating over time due to its own aging or to the action of environmental agents as rain, dust,
air particles, moisture, and sun.

According to [22], the aging of a paint depends on the characteristics of the paint itself (porosity,
glass transition temperatures, water retention capacity). It also depends on the material on which the
paint is applied (roughness) and on a number of environmental factors to which the paint is exposed.
Mastrapostoli et al. [38], analyzing the weatherization of cool roofs in two Athenian schools, showed
that the solar reflectance, after four years, decreased by around 25%. Xue et al. (2015) [39], by making
use of a white roof coating based on styrene acrylate copolymer and cement, showed that after 400 h
of artificial accelerated weathering, solar reflectance experienced a decrease of 11%.

In [40], it was found from a field survey that for all reflective roofing types, about 95% of aging
occurred during the first two years, and 98% occurred within the first three years of installation.
The conclusions for unwashed white roof coatings applied to a variety of substrates suggested a loss
of solar initial reflectivity of about 20–25%, taking place in the first few months to one year, with little
change beyond that and generally little variation by substrate.
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According to Bretz and Akbary [41], most of the decrease in solar reflectivity occurred in the first
year, possibly in the first few months. Then, values tended to stabilize. Eilert [42] also proved that the
reduction in the solar reflectivity of white roofs was in the order of 10–30%, with most of the reduction
occurring in the first year. In the field survey [40], it was concluded that the energy calculations
should be based on at least one year aged reflectivity values, which were typically 75–80% of the initial
values. The same was concluded in [22]. In this study, the results obtained from in-field measurements
pointed to a reduction of the solar reflectance between 19 and 25% for different cool paints. In the
same work, it was also observed that the aging of the cool coating layer did not significantly affect its
thermal reflectivity.

On the other hand, in-field measurements [40,41] found that the original values for the reflectivity
could be restored up to 90–100% by a periodic power washing. Nevertheless, the author of this field
survey concluded that washing of cool coated roof surfaces as a maintenance measure did not constitute
a cost-effective means of retaining or restoring solar-reflectance values, especially considering that
most solar reflectance loss would reoccur in three to six months. While washing could usually restore
most of the solar reflectivity, at least during the first several years of aging, the effects were short lived
(typically three to six months) and yielded limited economic payback.

For the calculation of energy flows through the roofs, four scenarios for the cool coating were
considered: roofs without the aging effect, roofs with the aging effect, but without any maintenance,
roofs with the aging effect and a wash maintenance after a decade, and finally, aged roofs with
quinquennial wash maintenance. Taking into account the social nature of the buildings in which the
roof refurbishment was carried out, considering an annual roof washing seemed unlikely, it being more
realistic to consider a maintenance wash with quinquennial or decennial periodicity or no maintenance.

Based on what was supported by most of the studies reviewed, the aging pattern considered
in the present work for the cool roof coating was the following: throughout the first year, a loss of
solar reflectivity equal to 20% of its initial value, concentrated mostly in the first months of the year,
and a loss equal to 8.5% in the second year. For the third year, a loss equal to 0.9% was assumed. Then,
the decrease in reflectance tended to become stabilized [41], until reaching a total loss of 30% for the
whole life cycle span. This way, about 95% of the aging happened during the first two years, and 98%
occurred within the first three years after the installation, as is stated in [40]. For the considered case of
a wash a decade after the installation, the related literature assumed the solar reflectivity to be restored
to 90% of the initial value. Afterwards, the same pattern as that taking place after the initial application
of the cool coating was considered.

In Figure 1a, the monthly and accumulated percentages of solar reflectivity loss are shown,
according to the aforementioned aging patterns. The evolution of the solar reflectivity for the aged
case without maintenance and for the aged case with decennial washing are shown respectively in
Figure 1b,c for a roof coating with an initial reflectivity equal to 0.9.
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Figure 1. Monthly and accumulated percentage of solar reflectivity loss (a). Evolution of the solar
reflectivity for the aged case (b) and for the aged case with decennial washing (c).

2.4. Case Buildings

For our study, a representative building of the social park housing built in Seville before 1979
was considered. This building belonged to the promotion of social housing called El Plantinar built
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in Seville in the 1960s. The constructive typology of this promotion was typical of social housing in
this decade.

The roofs were flat type, and as can be seen in Figures 2 and 3, the promotion was made up
of buildings of the same height, while there were no close buildings of higher height that could
cast shadows over them. Therefore, the flux of the solar radiation incident on the roofs is given by
Expression (6).

 

Figure 2. El Plantinar: aerial view.

 

Figure 3. El Plantinar: aerial view.

The roof configuration is described in Table 1, where dimensioning and thermophysical
characteristics of the various components of the roofs are shown. The values shown in this table were
obtained from [43,44].

The outer surface of the roof was considered covered by a layer of bituminous paint. Then, two
absorptivity solar radiation coefficients of 0.8 and 0.9 were studied according to the usual values of the
absorptivity for this kind of coating. These values represented the benchmark cases to be compared
with the cool roofs.

In order to transform the roof to a cool roof, the application of a white elastomer layer on the
surface of the outer layer of the roof was selected. Taking into account the wide variety of existing
commercial cool paints and seeking to find their energy and economic performance in a broader way,
cool roof coatings with absorptivities equal to 0.1, 0.2, 0.3, and 0.4, which could be easily found in
commercial suppliers, were studied.

In Figure 4, the climatic chart of Seville is shown. As can be noted, winter could be characterized
as mild and summers as hot and dry with high levels of solar radiation. Finally, autumns and
springs were characterized by rainfall and moderate temperatures. According to the data from the
Spanish State Meteorological Agency [45], the average annual temperature was 19.2 ◦C, with maximum
average temperatures up to 40 ◦C in the months of July and August and a minimum average of 5.7 ◦C
in January. The normal incident solar radiation value had a maximum average daily value of 8.3
kWh/m2 in July and a minimum daily average value of 2.3 kWh/m2 in December. In accordance
with these characteristics, the climate of the area was classified as Mediterranean Csa according to the
Köppen–Geiger climate classification.
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Table 1. Thermophysical characteristics of the roof.

Layer Description Thickness Density Specific Heat Conductivity
(m) (kg/m3) (J/kgK) (W/mK)

1 (Ext.) Bituminous paint 0.0015 1150 1000 0.23
2 Ceramic tiles 0.005 2000 800 1.00
3 Mortar 0.01 2000 1000 1.40
4 Protective Layer 0.015 1150 1000 0.23
5 Mortar 0.01 2000 1000 1.40
6 Carbon cinders 0.1 640 657 1.40
7 Concrete vault 0.3 1330 1000 1.32
8 (Int.) Gypsum plaster 0.01 1000 1000 0.32
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Figure 4. Climatic chart of Seville.

2.5. Numerical Resolution

Equation (1) for the heat transfer through the roof was solved by using a one-dimensional finite
difference approximation in space and a semi-implicit Euler method for time. The entire computation
process was executed developing a code based on the described numerical method using the open
source FreeFem++ software [46]. For the temperature on the solid surfaces, the border conditions were
chosen from the energy balance equations as described in Section 2.2.2.

In order to ensure the reliability of the proposed numerical method, it was first validated through
an inter-model comparison with the Energy Plus software [47]. This was made by considering short
time intervals for the calculation, typically months, due to the fact that Energy Plus does not implement
time dependent absorptance since it is only able to deal with constant values of solar absorptance.
This feature was implemented in our numerical model by means of allowing the simulation of the
aging effect on cool roof absorptance in long time intervals, typically decades, as was done in our LCA
calculations. Likewise, from a purely numerical point of view, the method was checked through the
analytical calculation of the evolution of the temperatures on the nodes used for the difference finite
method calculations by using a low number of nodes for the discretization of the roof [48].

The general calculation process had the following steps:

• Phase I. Preprocess:

I.A Input of geometry and materials’ data: in this phase, the geometry of the roof was entered
and stored, as well as the data of the materials involved in the simulations.

I.B Input of meteorological data: wind speed, ambient air temperature, ambient relative
humidity, and solar radiation were stored. These values could be taken from standard
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weather files as the Energy Plus Weather (EPW) files, or from a local meteorological station,
or derived from some model.

I.C The downwelling long-wave radiation incident on the roof was calculated for every
time considered in computations. These calculations were performed once and could be
incorporated as data in the simulation process.

• Phase II. Time iterations:

For every time step, heat transfer coefficients and radiative heat exchange were upgraded, and
the border conditions given by surface energy balances on every surface, Equations (2) and (3),
were updated. Finally, the heat transfer Equation (1) for the roof was solved at the current time.

For the interior zone under the roof, we considered a test zone inspired by [28,49,50] assuming
the envelope was adiabatic except for the roof. The thermal behavior of the roof depended on
the operating mode of the conditioning system. Different modes can be found in the literature:
continuous air-conditioning [27,28,51–53], intermittent air-conditioning with a fixed indoor set-point
temperature [54], and no air-conditioning with fluctuating indoor temperature [55].

In order to evaluate the energy behavior of the roof and its impact on the energy loads, we assumed
that the ambient interior temperature was kept constant for every season. We assumed a continuous
mode of the conditioning system with an indoor set-point temperature for the cooling season set at
24 ◦C, for the heating season set at 20 ◦ C, and for the intermediate seasons set at 22.5 ◦C. These values
were selected by taking into consideration the comfort temperature intervals established in the Spanish
regulation of thermal installations in buildings (RITE) [56]. On the other hand, these values were used
in previous research on cool roofs under climatic conditions similar to those of the present study [28].

3. Life Cycle Cost Analysis

An accurate approach to the economics of the cool roof is the assessment of its cost-effectiveness
through an LCA that takes into account future costs [57].

This method allows a comparison of future costs with today’s costs while evaluating throughout
the life cycle period the savings obtained when cool roofs are used.

To make the life cycle cost analysis, all anticipated costs were calculated and discounted to their
present worth. The usual procedure is to compute the costs for each future year taking into account
the future value of the variables that generate the costs and then to discount each annual cost to its
present worth. Finally, the sum of all the present values constituted the life cycle cost.

When the life cycle cost was determined for each of the roofing systems under consideration, including
different cool and non-cool roof options and different scenarios for aging, the cost-effectiveness of each
system was appraised by its life cycle costs; the lowest was the life cycle cost, the most cost effective
was the system, and equivalently, the systems with highest life cycle savings were selected as the most
cost effective.

3.1. Methodology

For the LCA, we considered a lifetime of n = 20 years, that is the average life service of the
considered white reflective coating [58]. Then, the life cycle cost and saving together with the payback
period for each of the considered cool roof scenarios were determined. In this analysis, the costs of
energy, the performance of the equipment used for air-conditioning, the initial cost of application of
the reflective coating, and the maintenance costs derived from the power washing of the cool roofs
were considered, as well as the economic variables that drove the economic process: the increase of
energy costs i and the monetary discount rate d.

In the LCA analysis, the method P1-P2introduced in [57] was used with some small differences due
to the dynamic character of the yearly energy operating costs induced by the aging and maintenance
of the cool roofs. To determine the present worth of one monetary unit of the future time period k
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(usually expressed in years), with a market discount rate d (fraction per time period), the relationship
to be used is:

PWk = 1/(1 + d)k .

Then, if Pe,C and Pe,H are the current prices of energy for cooling and heating, respectively, and if
i is the inflation rate for energy costs, the present worth of any future energy payment Ce(k) in the
period k is given [57] by:

PWk(Ce(k)) = Ce(k)/(1 + d)k

where:

Ce(k) =
(

Qc(k) × Pe,c

SEER × (3.6 × 106)
+

Qh(k) × Pe,h

SCOP × (3.6 × 106)

)
(1 + i)k−1 (9)

where SEER is the Seasonal Energy Efficiency Ratio and SCOP is the Seasonal Coefficient Of
Performance of the equipment used for conditioning. Equation (9) takes into account the fact that the
energy loads Qc(k) and Qh(k) for the cool roofs varied annually because of the aging effect and the
maintenance to which the cool coating was subjected. In the calculation of Ce(k), it was considered
that the energy used for cooling was always electricity, but for heating, the costs were evaluated both
considering the use of electricity and gas.

Likewise, if iM is the inflation rate for the costs of maintenance, the present worth of any future
maintenance payment CM(k) in the period k is given by:

PWk(CM(k)) = CM(k)/(1 + d)k = δ(k)CM(1 + iM)k−1/(1 + d)k

where δ(k) is equal to 1 if the maintenance is done in year k or equal to 0 if not and CM is the current
price of maintenance per unit area of roof surface.

Then, the present worth of the life cycle total cost per unit area of the roof surface is given by:

Ct = Ce + CM + CI

where Ce and CM are the present worth of energy and maintenance life cycle total cost, respectively,
calculated as:

Ce =
n

∑
k=1

PWk(Ce(k)) and CM =
n

∑
k=1

PWk(CM(k)) ,

and CI is the cost of the initial investment of installing the cool roof coating.
When compared with the initial reference roof, due to the refurbishment, there will be annual

operational changes in terms of energy together with the corresponding changes in economic terms
related mainly to the energy costs. In order to calculate the difference between the use of the cool roofs
and the reference case, we calculated the Net Savings (NS) for the whole life cycle period through:

NS =
n

∑
k=1

[
PWk(C

(re f )
e (k))− PWk(Ce(k))

]
− CM − CI . (10)

Here, PWk(C
(re f )
e (k)) is the present worth value of the energy costs for the reference case in the

period k given by:
PWk(C

(re f )
e (k)) = C(re f )

e (k)/(1 + d)k,

being:

C(re f )
e (k) =

⎛
⎝ Q(re f )

c (k) × Pe,c

SEER × (3.6 × 106)
+

Q(re f )
h (k) × Pe,h

SCOP × (3.6 × 106)

⎞
⎠ (1 + i)k−1 (11)

where now Q(re f )
c (k) and Q(re f )

h (k) are the cooling and heating loads, respectively, for the reference
roofs in the time period k.
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Then, PWk(C
(re f )
e (k))− PWk(Ce(k)) is the difference in the period k between the energy costs for

the reference roof and the cool roof under analysis. A positive value of NS means that the use of the
cool coating produces savings with respect to the reference case. It is worth highlighting the fact that
energy consumption varies annually due to the aging effect, and therefore, Expression (10) cannot be
reduced to a single analytical expression.

The Payback Period (PB) is the time horizon t for which the value of net savings is equal to
zero [59]. Because the series coefficients in (10) are variable for the time step k, the value t giving
the payback period is obtained through the computations of the net savings accumulated for every
horizon k0:

NS(k0) =
k0

∑
k=1

[
PWk(C

(re f )
e (k))− PWk(Ce(k))

]
− CM − CI . (12)

Then, if NS(k0) < 0 and NS(k0 + 1) > 0, the value of the payback period t is calculated through
the expression:

t =
−NS(k0)

NS(k0 + 1)− NS(k0)
+ k0 . (13)

The value of t provided by (13) is consistent with the usual value found in the literature [28–57]
when energy consumption is assumed to be constant for all years.

3.2. Economic Indicators

The variables considered to perform the economic calculations involved in the LCA are listed in
Table 2.

Table 2. Economic variables used in the LCA.

Variable Value

Cool paint application 9.45 e/m2

Washing cost 1.63 e/m2

Electricity cost 0.2403 kWh
Gas cost 0.0736 kWh
Energy inflation rate 0%, 3%, 6%
Discount rate 0.5%, 1.5%, 3%
Lifetime 20 years

The costs of the cool paint application and its maintenance were taken from [58]. The electricity
and natural gas prices were the prices in Spain (including taxes) for household consumers [60].
Following the approach of [61], three possible values for the energy inflation and the discount rates
were considered, as shown in Table 2. Finally, the maintenance discount rate iM was taken equal to d
under the supposition that the evolutions of both indexes were close to each other.

For the conditioning equipment, we considered that cooling was always done by the
air-conditioning machinery that used electricity as the only energy source. For heating, the following
cases were considered:

• Heating by natural gas.
• Heating by electricity radiators.
• Heating by air (heat pumps).

Since the purchasing power of the inhabitants of these homes was not high, it was considered that
the air-conditioning devices were mid-range with an A++ energy rating according to the European
regulations, under the assumption that these devices were usually less expensive than those with the
energy certification A+++. The efficiency values of the conditioning equipment are shown in Table 3.
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Table 3. Conditioning equipment efficiency. SEER, Seasonal Energy Efficiency Ratio; SCOP, Seasonal
Coefficient Of Performance.

Device Efficiency

Cooling pump SEER = 7.3
Heating pump SCOP = 4.85
Gas natural heating ηs = 0.8
Electrical radiator heating ηs = 1

The values shown in Table 3 for the pump were the means of the values established in the EU
Regulation 626/2011 [62] for an air-conditioning equipment labeled A++.

4. Results

In this section, the results from the energy and economic LCA analysis are presented.

4.1. Energy Results

4.1.1. Cool Roof Energy Performance

In this section, an analysis of the energy performance of the cool roof is done by using the
introduced numerical method applied to the case study with the non-insulated roof described in
Section 2.4. In the first stage, the energy performance of the roof was assessed with solar reflectivity
covering a range from 0.1 to 0.9. Then, transmission loads per unit area of the roof surface were
calculated for the whole climatic year.

In Figure 5, the behavior of the temperatures over a week that covered the last days of July and
the first ones of August is shown for a reference roof and a cool roof. For the reference roof, a solar
absorptivity equal to 0.9 and a thermal emissivity of 0.85 were considered, while for the cool roof,
a solar absorptivity equal to 0.1 and a thermal emissivity of 0.9 were assumed.
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Figure 5. Temperatures for the reference and cool roofs during a week of summer.

In this figure, the typical behavior of the cool roof is observed. Most of the time, the external layer
of the cool roof had a temperature close to the ambient temperature, whereas that of the reference roof
had temperatures much higher, especially in the central hours of the day, where the solar irradiation
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was more intense. At night, there was a significant drop in surface temperatures caused by the absence
of solar irradiation and by the cooling caused by the radiative exchange with the sky vault. However,
the thermal energy accumulated in the mass of the roofs made the temperatures of the surface layers in
general higher than the environmental ones, a fact that was much more evident for the reference roof.
Moreover, the daily fluctuations of the temperatures were much smaller for the cool roof. This way,
cool roofs were better protected against thermal fatigue. This resulted in a longer service life for the
roof.

Another important fact was the remarkable difference observed between the temperatures of the
interior surfaces of the two types of roofs. Firstly, the temperature of the internal surface of the reference
roof was several degrees higher than that of the cool roof, but it also had much stronger oscillations.
Both events strongly affected the energy consumption to achieve interior comfort conditions and the
sensation of thermal stress.

In Figure 6, the monthly heat flux through the roof is shown, considering inwards heat flux as
positive and outwards heat flux as negative. It can be seen that the effect of low absorptivity values
was very pronounced in summer. Thus, for an absorptivity of 0.1, the cooling load was significant
only for the months of July and August. On the other hand, this low absorptivity value introduced a
considerable penalty in wintertime, which resulted in a higher value of the heating load. This combined
effect was the basis for for the estimation of the energy savings achieved by the use of cool roofs.
In general, it was observed that as the absorptivity value increased, a gradual increase occurred of the
cooling load in the warm season and a decrease of the heating load in the heating season.
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Figure 6. Effect of the solar absorptivity on monthly heat flux through the roof.

Figure 7 shows for the different values of the absorptivity the annual transmission loads per
unit area of the roof surface for the case study. From this graph, it can be concluded that the lowest
energy consumption values were obtained for the lowest values of solar absorptivity. Specifically,
for the values 0.1 and 0.2 of the absorptivity, while the values of total consumption were practically the
same, the difference lied in the values of loads for heating and cooling. Such values showed a notable
difference according to what was said before: higher levels of solar reflectivity corresponded to lower
values of cooling load and higher values of heating load.
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Figure 7. Effect of the solar absorptivity on annual heat flux through the roof.

4.1.2. Aging Effect on the Energy Loads

In Figure 8a–c, the evolutions of the heating, cooling, and total loads are shown for the aged case
with decennial wash maintenance for the four absorptivity scenarios studied. It can be observed that
the progressive loss of solar reflectivity in the first years produced an increase of the cooling loads and
a decrease of the heating for all the cases. After four years, the loads tended to become constant until
the decennial wash maintenance was done. At this moment, the initial behavior for the loads was
repeated, although a variation of the initial values of the loads was observed according to the fact that
the wash recovered only 90% of the initial reflectivity. For the total loads, it was observed that for the
value of the absorptivity equal to 0.1, the aging effect produced a decay of the total load. This was
due to the fact that, in spite of the cooling load increasing during the summer, such an increase was
advantageously offset by the reduction of the winter penalty.
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Figure 8. Aged case with decennial washing. Yearly evolutions of the: heating loads (a), cooling loads
(b), and total load (c).

For the value of the absorptivity equal to 0.2, the aging effect also produced an initial decrease
in the second year for the total load, although it rapidly recovered the initial load values. However,
after the ten year maintenance, a somewhat longer further decrease in total loads than at the beginning
of the cycle was observed. For the higher absorptivity values, that is 0.3 and 0.4, it was observed
that the aging effect, both initially and after the ten year maintenance, resulted in an increase in total
loads since in these cases, the increases in cooling loads were not compensated by the reductions in
heating loads.

In Figure 9a–c, the evolutions of the heating, cooling, and total loads are shown for the aged case
with a quinquennial washing. In these figures, the same patterns as for the decennial washing can be
observed although with a five year periodicity, that is, an increase of the heating loads and a decrease
of the cooling loads in the first years after every washing together with an initial decrease of the total
loads after washing for all the roofs’ absorptivities except for the case of the roof absorptivity equal

141



Sustainability 2020, 12, 5602

to 0.1, where the aging effect gave rise to the same decrease of the total roof as that of the case of the
decennial maintenance.
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Figure 9. Aged case with quinquennial washing. Yearly evolutions of the: heating loads (a), cooling
loads (b), and total loads (c).

Finally, in Figure 10a–c, the evolutions of the heating, cooling, and total loads are shown for the
aged case without any maintenance along the entire LCA lifetime period. In this case, the aging effect
reproduced the initial pattern observed in the previous cases, that is a decrease of the heating loads
and an increase of the cooling loads for all the cool roof scenarios, a decrease of the total loads for the
case of absorptivity equal to 0.1 due to the increase of the cooling load being offset by a decrease in the
heating load, an initial decrease and a later recovery of the initial load values for the absorptivity equal
to 0.2, and finally, for the remaining cases, a net increase of the total loads for the first years, which
remained stabilize from the fourth year until the end of the lifetime period.
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Figure 10. Aged case without maintenance. Yearly evolutions of the: heating loads (a), cooling loads
(b), and total loads (c).

In Figure 11, the range of variation of the loads related to the range of variation of the roof
absorptivities for the three studied aged cases is shown. The heating variation range curves show
the difference between the heating load for the absorptivity equal to 0.1 minus the heating load for
an absorptivity equal to 0.4, and the cooling range curve shows the difference between the cooling
load for the roof with an absorptivity equal to 0.4 minus the cooling load for an absorptivity equal to
0.1. As can be seen, for all the cases, the effect of the change in absorptivity values was greater on the
cooling loads than on the heating ones. In fact, initially, this range of variation was about 65 MJ/m2

year for the cooling range and of 50 MJ/m2 year, that is a difference of 15 MJ/m2 year. However, once
the aged effect stabilized the solar absorption values, the difference was close to 30 MJ/m2 year ,
that is almost double, and the same pattern was observed after the washing maintenance. In short,
the effect of changes in absorptivity produced a noticeably greater impact on the cooling loads than on
the heating ones.
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Figure 11. Yearly range variation of the heating and cooling loads for the aged case: without
maintenance wash (a), with decennial wash (b), and with quinquennial wash (c).

The total loads in GJ/m2 along the entire lifetime period for the different cool roof and
maintenance scenarios are shown in Figure 12 together with the two reference roofs without retrofitting.
It can be noted that for all cool roof cases and scenarios, the total loads were lower than those of the
reference roofs. Moreover, it was also observed that the lower the absorptivity, the lower was the total
load. Regarding the maintenance regime, no significant differences were found among the total loads,
except for the unrealistic case of no aged roof that was only included as an indicator of the need to
include the aging effect.
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Figure 12. Total loads for the entire LC period.

In Figure 13a,b and Table 4, the total load savings are shown for the entire LC period. In these,
it can be observed that the decreases of the total load for the reference roof with absre f = 0.9 were
higher than for the reference roof with absre f = 0.8 according to the idea that for warm climates’ cool
coatings were more efficient in order to reduce the loads the higher was the absorptivity of the roof
retrofitted with the cool coating. Likewise, the growing effect on the total loads’ reduction that resulted
from the decrease in absorptivity was observed. On the other hand, no significant differences were
appreciated among the different maintenance scenarios, as stated previously.
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Figure 13. Life cycle period total load decreases (GJ/m2) for: roof reference absorptivity = 0.8 (a);
roof reference absorptivity = 0.9 (b).

Table 4. Life cycle period total load decreases in GJ/m2.

Reference Absorp. = 0.8 Reference Absorp. = 0.9

Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged No Wash Dec.Wash Quinq.Wash Aged No Wash Dec. Wash Quinq. Wash

0.1 1.638 1.515 1.519 1.515 2.065 1.942 1.946 1.942
0.2 1.699 1.384 1.385 1.391 2.126 1.811 1.812 1.818
0.3 1.632 1.217 1.216 1.228 2.060 1.644 1.644 1.655
0.4 1.471 1.020 1.018 1.032 1.898 1.447 1.445 1.460

4.2. LCA Economic Results

In this section, the LCA results of the cool roof refurbishment are presented using the NS and PB
as performance indicators. The net savings and payback periods owing to refurbishment investment
with the four cool roofs’ absorptivities abscool = 0.1, 0.2, 0.3, 0.4 when compared with the reference
roofs with absorptivities absre f = 0.8, 0.9 were analyzed under the economic framework described
in Section 3 and for all the aging scenarios described in Section 2.3. Positive values for NS mean real
savings, while negative values imply a higher LCA cost for the cool roof and, therefore, no real savings.

Two cases were taken into account for the LCA:

• The cool retrofit installation was not necessarily required, and the decision about its installation
was driven by energy savings considerations. In this case, the installation costs were considered
in full.

• The roof needed renovation, and the installation of a cool roof was opted for instead of
implementing a classic system, which in our study was considered to be made with bituminous
insulating paint. In this case, the installation costs were considered marginal, since they were
computed as the difference between the cost of installation of the cool roof minus the installation
cost for the bituminous paint.

In Tables 5 and 6, the maximum total cost savings are summarized for the whole life cycle period
of time. Details about these results are analyzed in the next sections.

Table 5. Full costs: life cycle period maximum total savings in e/m2.

Reference Absorp. = 0.8 Reference Absorp. = 0.9

Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged No Wash Dec. Wash Quinq. Wash Aged No Wash Dec. Wash Quinq. Wash

0.1 −0.77 5.09 3.23 −0.79 4.46 10.32 8.47 4.43
0.2 3.76 4.76 3.05 −0.71 9.00 9.99 8.28 4.51
0.3 14.61 3.96 2.29 −1.31 11.13 9.19 7.52 3.92
0.4 6.15 2.52 0.87 −2.62 11.39 7.76 6.11 2.61
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Table 6. Marginal costs: life cycle period maximum total savings in e/m2.

Reference Absorp. = 0.8 Reference Absorp. = 0.9

Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged No Wash Dec. Wash Quinq. Wash Aged No Wash Dec. Wash Quinq. Wash

0.1 7.23 13.10 11.24 8.4 12.47 18.33 16.48 13.64
0.2 11.77 12.77 11.06 8.48 17.01 18.01 16.29 13.72
0.3 13.9 11.97 10.3 7.89 19.14 17.20 15.53 13.12
0.4 14.16 10.53 8.88 6.58 19.4 15.77 14.12 11.82

The results are detailed in Sections 4.2.1–4.2.8, which describe the results obtained for each
scenario. The tables that are referenced in these sections can be found in Appendix A to the paper.

4.2.1. Aged Cool Roof without Maintenance Full Costs

The NS and PB results for the aged roof without any maintenance are presented in
Tables A1 and A2. For both reference roofs, only when heat pumps were used for heating, some
savings were found. Likewise, it was observed that the smaller was the absorptivity of the cool roof,
the greater was the savings.

For the reference roof with absre f = 0.8, savings only occurred for a differential i − d greater
than or equal to 2.7% when the cool roofs’ absorptivities were 0.1, 0.2, and 0.3, while for abscool = 0.4,
savings were found only if the differential i − d was greater than 3%. The best result in this case was a
savings of 5.09 e/m2 with a payback of 16.43 years that was obtained for the roof with abscool = 0.1
and for the economic indicators d = 0.3%, i = 6%.

For the reference roof with absre f = 0.9, savings were higher than for the case of absre f = 0.8.
Now, for the cool roof with abscool = 0.1, savings happened for all the economic scenarios except
when d = 3% and i = 0%, that is for a negative differential i − d equal to −3%. For cool roofs with
abscool = 0.2 and 0.3, savings required values of the differential i − d equal to or greater than −1.5%.
Finally, for abscool = 0.4, savings required a strictly positive differential i − d. The best result in this
case was a savings of 10.32 e/m2 with a payback of 12.33 years, which was obtained for the cool roof
abscool = 0.1 and the economic indicators d = 0.3%, i = 6%.

4.2.2. Aged Cool Roof without Maintenance Marginal Costs

The results of the case of the aged roof without maintenance considering marginal costs are
presented in Tables A3 and A4. In this case, the savings were called marginal savings. They showed
once again a tendency to take higher savings as the absorptivity of the cool roof decreased, the savings
attained for the reference roof absre f = 0.9 being higher.

The best results were a savings of 13.10 e/m2 with a payback of 3.73 years and a savings
of 18.33e/m2 with a payback of 2.83 years for the reference roofs absre f = 0.8 and absre f = 0.9,
respectively, which were both obtained for the cool roof with abscool = 0.1 and d = 0.3%, i = 6%.

It is worth noting that for economic scenarios with a lower inflation differential, good results
were also achieved. Therefore, for the case of d = 0.3%, i = 0%, which gave a negative differential,
savings of 6.4, 6.27, 5.86, and 5.10 e/m2 and payback periods of 4.05, 3.91, 3.97, and 4.32 years were
obtained for cool roofs with absorptivities 0.1, 0.2, 0.3, and 0.4, respectively, when the reference roof
had absre f = 0.8. For the same economic scenario for absre f = 0.9, the marginal savings were greater,
being 9.26, 9.13, 8.72, and 7.96 e/m2, and the payback periods were 2.99, 2.86, 2.85, and 3.01 years for
the same cool roof absorptivities.

In this case, a small amount of savings was also obtained when gas was used for heating, but only
for abscool = 0.4.
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4.2.3. Aged Cool Roof with Decennial Maintenance Full Costs

The results for the aged cool roof with decennial maintenance full costs are shown in Tables A5
and A6. It can be observed that including the maintenance costs penalized the LCA savings of
refurbishing with cool paint when compared with the previous case of no maintenance.

Again, only heating with a pump gave savings. The biggest savings were 3.23 e/m2 with a
payback of 14.07 years and a savings of 8.47 e/m2 with a payback of 2.83 years for the reference roofs
absre f = 0.8 and absre f = 0.9, respectively. Both results were obtained for abscool = 0.1 and d = 0.3%,
i = 6%.

As in the previous cases, the decrease in absorptivity was associated with an increase in savings
and higher savings for absre f = 0.9 than for absre f = 0.8.

Now, the inflation differential required to get savings for absre f = 0.8 was greater than 4.5% for
abscool = 0.1%, 0.2%, and 0.3% and equal to 5.7% for abscool = 0.4. For absre f = 0.9, savings were
obtained if the differential was greater than or equal to 1.5% for abscool = 0.1%, 0.2%, and 0.3% and
greater than 2.7% for abscool = 0.4.

4.2.4. Aged Cool Roof with Decennial Maintenance Marginal Costs

The results for the aged cool roof with decennial maintenance and marginal costs are shown in
Tables A7 and A8.

Once again, savings were found only if the heating worked through the heat pump, which led to
savings for all the economic scenarios considered. Likewise, smaller values of absorptivity produced
greater savings, which took the larger values for the reference roof with absre f = 0.9.

The best result for the reference roof absre f = 0.9 was a savings of 16.48 e/m2 with a payback of
2.13 obtained for d = 0.3%, i = 6% and for the reference roof absre f = 0.8, a saving of 11.24 e/m2 with
a payback of 3.73 and the same economic indicators.

Now, the inflation differential required to get savings for absre f = 0.8 was greater than 4.5% for
abscool = 0.1%, 0.2%, and 0.3% and equal to 5.7% for abscool = 0.4. For absre f = 0.9, savings were
obtained if the differential was greater than or equal to 1.5% for abscool = 0.1%, 0.2%, and 0.3% and
greater than 2.7% for abscool = 0.4.

4.2.5. Aged Cool Roof with Quinquennial Maintenance Full Costs

The results for the aged cool roof with quinquennial maintenance and full costs are shown in
Tables A9 and A10. The most relevant fact of this case was that for almost all the studied scenarios,
there were no savings. Specifically, for the reference roof with absre f = 0.8, there were no savings in
any case, while for the reference roof with absre f = 0.9, only for the differential i − d equal to or greater
than 4.5%, some savings were found. The best results in this case were obtained for abscool = 0.2, the
greater savings equal to 4.51 e/m2 with a payback of 17.01 obtained for d = 0.3%, i = 6%.

4.2.6. Aged Cool Roof with Quinquennial Maintenance Marginal Costs

The results for the aged cool roof with quinquennial maintenance and marginal costs are shown
in Tables A11 and A12.

As in the previous cases, savings were found only for heating using heat pumps and existed for
all absorptivity and economic scenarios considered. The greatest savings were given for abscool = 0.2
for both reference roof absorptivities, the savings for absre f = 0.9 being greater than the ones for
absre f = 0.8 for equivalent economic indicators.

For absre f = 0.8, the greatest value was a savings of 8.48e/m2 with a payback of 3.73 years, and
for absre f = 0.9, the greatest savings was 13.72e/m2 with a payback of 2.71 both for d = 0.3% and
i = 6%.
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4.2.7. No Aged Cool Roof Full Costs

In Tables A13–A16, results are presented for the case of the non-aged roof with full costs.
Although this case may be considered unrealistic, in the literature, it is a frequently treated case.
For this reason and because it can give information on the importance of the aging effect when
comparing both cases, its results are included here. Maintenance was not considered in the LCA of
this case because the non-aged effect made it unnecessary.

For the case of full costs (Tables A13 and A14), savings were found only when heat pumps were
used for heating.

Savings were greater for absre f = 0.9 than for absre f = 0.8 under the same economic scenarios.
When existing, savings increased as the absorptivity of the cool roofs grew, giving abscool = 0.4 the
highest savings both for absre f = 0.8 and absre f = 0.9.

Specifically, when absre f = 0.8, there were no savings for abscool = 0.1; there were savings for
abscool = 0.2 if the economic differential i − d was equal to or greater than 2.7%; and there were savings
as well for abscool = 0.3 and abscool = 0.4 if the inflation differential was equal to or greater than 1.5%.

When absre f = 0.9, there were savings for abscool = 0.1 if the inflation differential was equal to
or greater than 2.7%, for abscool = 0.2 if the inflation differential was equal to or greater than −0.3%,
while for abscool = 0.3 and abscool = 0.4, the only scenario for which there were no savings was when
d = 0.3% and i = 6%, which involved a strong negative economic differential i − d = −3%.

The highest savings for absre f = 0.8 was 6.15 e/m2 with a payback of 14.45 years obtained when
abscool = 0.4, d = 0.3%, and i = 6%. For absre f = 0.9, the greatest savings was 11.39 e/m2 with a
payback of 11.76 years and the same economic parameters.

4.2.8. No Aged Cool Roof Marginal Costs

In Tables A15 and A16, marginal savings are presented. It can be pointed out again that savings
were found only if heat pumps were used for heating. In this case, savings existed in all the absorptivity
and economic scenarios analyzed.

The savings took an increasing value from abscool = 0.1 to abscool = 0.4. This way, the greatest
values of the savings were found for abscool = 0.4 for both reference roofs.

For absre f = 0.8, the greatest savings was 14.16e/m2 with a payback of 3.09 years, and for
absre f = 0.9, the greatest savings was 17.01e/m2 with a payback of 2.64 years both for d = 0.3% and
i = 6%.

5. Discussion

For the climatic zone under consideration and the building case study, the results presented in
Section 4.1 indicated a decrease in the annual total load for roofs when the absorptivity of the external
coating of the roof decreased. This way, a decrease close to 32% when comparing a reference roof of
absre f = 0.9 to a cool roof of abscool = 0.1 was found, as is shown in Figure 7. As can be observed in
this figure, the pattern found was the following: the less absorptive of the roof, the lower was the
cooling load and the higher the heating load, in such a way that the increase in the heating load was
clearly compensated by the decrease in the cooling load as the absorptivity decreased and fell within
the range of what was a cool roof, that is for absorptivity values less than or equal to five [7].

Furthermore, it can be established from Figure 11 that the effect of the change in absorptivity
values was greater on cooling loads than on heating ones. That is, when absorptivity decreased,
the decrease of cooling loads was proportionally much greater than the increase of heating loads.
This meant that the effect of changes in absorptivity produced a noticeably greater impact on cooling
loads than on heating ones.

The energy analysis showed that for the different cases of cool roofs under consideration, that is
aged without washing, aged with decennial and quinquennial washing, and non-aged, for the entire
LC time period of twenty years, the total loads had very similar results for each value of the cool roof
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absorptivity; see Figure 13a,b and Table 4. This meant that maintenance through power washing did
not have a significant effect on the energy behavior of the cool roof, a fact that has been mentioned
in the literature [40]. For the case of no aging effect, smaller values of the total loads were found;
this suggested the need to consider the aging effect to have a realistic energy analysis, as was stated in
the previous literature [28,40].

For the life cycle’s total period, energy savings were found for the four cool roofs’ absorptivities
and for the two reference roofs studied for all the aged cases considered; see Table 4. For the reference
roof absre f = 0.9, the savings ranged between 1.946 GJ/m2 obtained for abscool = 0.1 and 1.445 GJ/m2

obtained for abscool = 0.4. For the reference roof absre f = 0.8, the savings were less than for absre f = 0.9,
and they were in a range between 1.519 GJ/m2 obtained for abscool = 0.1 and 1.018 GJ/m2 obtained
for abscool = 0.1.

As can be noted in Table 4, the differences in the energy savings induced by the washing of the
cool roofs were very small for the LCA total period, which cast doubt on its advisability, especially
when taking into account possible damage to the cool coating when performing maintenance [40].

For the non-aged case, as observed in Figure 13a,b and Table 4, the total loads were the smallest,
and consequently, the savings obtained in this case were the greatest. However, as mentioned before,
this case could be considered unrealistic, so its results should be taken into account only as a reference
by means of which both scenarios (aged and non-aged roofs) could be contrasted while determining
the influence of the aging effect on the energy behavior of cool roofs during the LCA period of time.

Regarding the LCA economic analysis, the first issue to highlight was that, generally, economic
savings were only obtained when the heat pump was used for heating. The other heating systems
considered did not provide savings, except in the specific case of aged roofs without maintenance,
in which for the case of abscool = 0.4, some marginal savings were obtained for gas heating; see
Tables A3 and A4. This was due to the fact that, in spite of the considerable decrease in total loads
pointed out in the energy analysis, the effects of the cost of energy for heating gave rise to an increase
in the heat load, which from an economic point of view, was not compensated with the decrease in the
refrigeration load, the only exception to this being the case of an even system of energy efficiency for
heating and cooling as provided by heat pumps.

On the other hand, whether rehabilitation was necessary or not also had a considerable impact
on the results of the LCA. If the refurbishment is done because it is necessary, the costs of applying
the cool coating layer should be compared with those of applying another type of coating which in
the case of the present study was the bituminous paint layer, while the additional cost of the cool
roof represented only the marginal cost. On the contrary, if the application of the cool roof was done
without the need for rehabilitation, the initial costs were complete when the LCA was performed.

When marginal savings were considered, for all the cases except one, significant economic savings
existed as long as the heat pump was used for heating. These marginal savings were greater for the
case of no maintenance, while the marginal savings from a ten year maintenance were greater than
those obtained from the five year maintenance; see Tables A3, A4, A7, A8, A11 and A12.

The savings obtained in the case of complete costs were logically lower. In this case, the biggest
savings were also obtained in the case that maintenance was not performed, while again, the savings
from a ten year maintenance gave rise to better results than those obtained from the five year savings;
see Tables A1, A2, A5, A6, A9 and A10. Now, when maintenance was considered, there was a
noticeable decrease in the number of cases that resulted in savings. These were mainly concentrated in
values of the roof reference with absorptivity equal to 0.9 and high values of the economic differential
i − d. Even for the quinquennial maintenance, there were no savings for any case when the reference
absorptivity was 0.8.

Note also that in all scenarios considered for the aged roofs, the best savings results were obtained
for the reference roof with absre f = 0.9 and for the lowest values of the cool roof absorptivity.

On the other hand, as can be seen in Tables 5, 6, and A1–A10, the punctual improvement that
was obtained after washing in terms of energy loads had a small reflecting in the economic savings.
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This was mainly due to the fact that maintenance costs were not counterbalanced enough so as to
obtain relevant energy costs savings. A similar result was suggested in [40].

It is also important to point out the role of economic indicators. As evidenced by the LCA savings,
the higher the values of the economic differential i − d, the higher the values for savings. This was
closely related to an increase in the economic benefits provided by cool roofs in the face of high
energy prices.

Finally, for the non-aged case, the savings obtained were close to those for the aged case with
no maintenance; see Tables A5 and A6. However, now, the different heat dynamics throughout the
period of time considered implied that the highest savings rates were obtained for cool roofs with the
highest values. Specifically, the greatest savings were obtained for abscool = 0.4, while for the aged
case, they were obtained for abscool = 0.1. The same can be stated for the non-aged case marginal
savings: values close to the marginal savings from the aged case with no maintenance, but with the
same behavior related to the absorptivities.

Although the performed analysis seemed to point out the existence of benefits when using cool
roofs to refurbish the obsolete energy conditions of the social housing stock under study, some extra
analysis must be done in order to assess its social impact and to identify the steps that the involved
parties, that is tenants, social services, municipality, etc., should take in order to exploit the advantages
of this kind of energy improvement. Some research about the topic of social impacts and stakeholder
analysis as that made in [31] could help to clarify the role of social agents regarding the implementation
of the proposed refurbishment measures.

Thus, taking into account the social implications of the analysis made in this work, it could
be useful in order to shed light on the social implications of the present research to perform a Life
Cycle Sustainability Assessment (LCSA) [31], which considers environmental LCA, life cycle costing,
and Social Life Cycle Assessment (SLCA) [63,64].

6. Conclusions

The energy and economic performances of residential social building roofs retrofitted to become
cool roofs were analyzed under the southern Spain climate. The thermal dynamic of the roofs was
simulated through a computational code using a finite difference approach in order to assess the
impact of different cool coatings when used to retrofit the roofs of dwellings belonging to a promotion
of social housing in Seville (Spain) built in the 1960s.

Four different cases of cool coating with values of solar absorptivity equal to 0.1, 0.2, 0.3, and 0.4
when applied to two reference roofs with solar absorptivity equal to 0.8 and 0.9 were analyzed. In order
to get realistic simulation conditions, the aging effect of the cool coatings was taken into account by
means of designing a pattern of the incidence of the aging effect over the solar absorptivities throughout
the service lifetime of the cool roof.

This gave rise to different scenarios regarding the energy behavior of the cool roofs according
to the temporary evolution of the cover resulting from the aging effect and the maintenance type
considered for the cool coatings.

The results obtained for the different combinations of cool coatings and aging effect pointed to
significant savings in the operational energy. This way, a decrease in the annual total loads for roofs
was found. Such decreases were larger as the absorptivity of the external coating of the retrofitted roof
was reduced. The maximum decrease found was close to 32%, and it was obtained when a roof with
solar absorptivity equal to 0.9 was retrofitted with a cool paint with solar absorptivity equal to 0.1.

Moreover, the limited role played by the cool roofs’ maintenance over the total loads during
the LCA period of time was revealed, since the values of such loads were similar to each of the cool
absorptivities considered. However, some variations in the evolution of the heating and cooling loads
were observed.

In order to evaluate the economic value of using cool roofs for social housing rehabilitation, a 20
year life cycle analysis was conducted. To carry out a comprehensive LCA analysis, a variety of values

149



Sustainability 2020, 12, 5602

for the variables of solar absorptivity, cool roof maintenance, energy and maintenance costs, monetary
discount rate, conditioning equipment, and installation cost were taken into account.

The LCA analysis pointed out that initial costs had a strong impact on the economic results.
This way, if the costs of the cool coating were not compared to any other roof retrofit, savings were
only obtained when, in the case of heating, the equipment used was a heat pump and the economic
differential between the energy inflation costs and the monetary discount rate was high. Namely,
the best result was found when an aged cool roof without maintenance was used and the cool
absorptivity was equal to 0.1, while the reference absorptivity equaled 0.9, and the economic indicators
were d = 0.3% and i = 6%. Following this, the economic LCA savings was 10.32 e/m2, and the
payback period was 12.33 years.

If marginal costs were considered, the LCA analysis reported savings for all the scenarios studied
as long as heating was carried out by means of pump heating. In this case, the best result was found
again for the case of an aged cool roof without maintenance when the cool absorptivity was equal to
0.1, the reference absorptivity was equal to 0.9, and the economic indicators were d = 0.3% and i = 6%.
The economic LCA savings was now 18.33 e/m2, and the payback period was 2.83 years.

Another result confirmed in the LCA analysis was the impact of the economic differential i − d
on the savings. High values of such a differential yielded higher economic savings and consequently
shorter payback periods. This result, which could be considered as expected, was ratified by means of
the implemented cost-effectiveness analysis and the fact that investments in refurbishment seeking to
reduce energy consumption were from a purely economic standpoint more profitable within raising
energy price scenarios.

Furthermore, its use gave rise to economic savings when adequate equipment to condition
dwellings was used. Finally, other results described in the literature such as the scarce economic gains
stemming from a power washing of this kind of cool coating were revealed for the time period in
which the LCA was carried out.

According to the obtained results, in terms of energy consumption and environmental benefits,
the use of cool coatings with a solar absorptivity as low as possible is recommended for the
rehabilitation of cool roofs in the social building case study in the climatic zone under consideration.

The main limitation of this study rested on the lack of social information on the valuation of all
the involved parties of the society, that is tenants, social services, municipality etc., of the application
of the present research results. This could be a venue of future research together with the extension
of the analysis implemented with the aim of broadening such analysis along the lines of an LCSA
considering environmental LCA, life cycle costing, and SLCA.
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Appendix A. LCA Savings

Table A1. LCA savings for the aged roof without maintenance vs. the reference roof with absorptivity
= 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −15.15 - −62.48 - −1.6 - −12.55 - −50.33 - −1.73 -
d=0.3% i = 3% −16.82 - −79.59 - 1.14 19.43 −13.41 - −63.51 - 0.92 19.45

i = 6% −19.24 - −104.24 - 5.09 16.43 −14.65 - −82.49 - 4.76 16.43

i = 0% 14.58 - −56.69 - −2.52 - −12.25 - −45.87 - −2.63 -
d=1.5% i = 3% −15.99 - −71.1 - −0.2 - −12.98 - −57.01 - −0.38 -

i = 6% −18.02 - −91.85 - 3.11 16.48 −14.02 - −72.94 - 2.83 18.47

i = 0% −13.98 - −50.69 - −3.47 - −11.94 - −41.25 - −3.55 -
d=3% i = 3% −15.14 - −62.5 - −1.58 - −12.54 - −50.34 - −1.72 -

i = 6% −16.78 - −79.24 - 1.1 19.45 −13.38 - −63.23 - 0.88 19.46

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −10.34 - −38.98 - −2.14 - −8.7 - −28.97 - −2.9 -
d=0.3% i = 3% −10.5 - −48.46 - 0.35 19.57 −8.35 - −35.18 - −0.67 -

i = 6% −10.74 - −62.11 - 3.96 16.5 −7.85 - −44.13 - 2.52 18.529

i = 0% −10.28 - −35.77 - −2.98 - −8.82 - −26.87 - −3.65 -
d=1.5% i = 3% −10.42 - −43.78 - −0.87 - −8.52 - −32.12 - −1.77 -

i = 6% −10.62 - −55.25 - 2.15 18.37 −8.1 - −39.63 - 0.91 19.43

i = 0% −10.21 - −32.44 - −3.85 - −8.93 - −24.68 - −4.42 -
d=3% i = 3% −10.33 - −38.98 - −2.12 - −8.69 - −28.97 - −2.89 -

i = 6% −10.49 - −48.26 - 0.31 19.58 −8.35 - −35.05 - −0.71 -

Table A2. LCA savings for the aged roof without maintenance vs. the reference roof with absorptivity
= 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −14.64 - −70.21 - 1.25 17.639 −12.04 - −58.06 - 1.12 17.84
d=0.3% i = 3% −16.15 - −89.95 - 4.97 14.327 −12.73 - −73.86 - 4.75 14.46

i = 6% −18.31 - −118.38 - 10.32 12.33 −13.73 - −96.63 - 9.99 12.43

i = 0% −14.13 - −63.53 - 0.01 19.97 −11.8 - −52.71 - −0.09 -
d=1.5% i = 3% −15.40 - −80.22 - 3.15 15.6 −12.39 - −66.07 - 2.97 15.76

i = 6% −17.22 - −104.09 - 7.64 13.18 −13.22 - −85.19 - 7.37 13.29

i = 0% −13.59 - −56.62 - −1.27 - −11.55 - −47.18 - −1.36 -
d=3% i = 3% −14.63 - −70.24 - 1.28 17.65 −12.03 - −58.08 - 1.14 17.86

i = 6% −16.11 - −89.55 - 4.91 14.45 −12.71 - −73.55 - 4.70 14.58

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −9.83 - −46.71 - 0.71 18.55 −8.2 - −36.7 - −0.04 -
d=0.3% i = 3% −9.83 - −58.81 - 4.19 14.92 −7.68 - −45.54 - 3.15 15.903

i = 6% −9.82 - −76.25 - 9.19 12.78 −6.93 - −58.27 - 7.76 13.5

i = 0% −9.83 - −42.61 - −0.44 - −8.3 - −33.71 - −1.11 -
d=1.5% i = 3% −9.82 - −52.85 - 2.48 18.32 −7.3 - −41.18 - 1.58 17.46

i = 6% −9.82 - −67.49 - 6.68 16.3 −13.36 - −51.87 - 5.45 14.49

i = 0% −9.83 - −38.38 - −1.65 - −8.55 - −30.62 - −2.23 -
d = 3% i = 3% −9.82 - −46.73 - 0.73 18.55 −8.19 - −36.71 - −0.02 -

i = 6% −9.82 - −58.57 - 4.13 15.05 −7.68 - −45.36 - 3.1 16.02
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Table A3. LCA marginal savings for the aged cool roof without maintenance vs. the reference roof
with absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −7.14 - −54.47 - 6.4 4.05 −4.54 - −42.32 - 6.27 3.91
d=0.3% i = 3% −8.81 - −71.58 - 9.14 3.88 −5.4 - −55.501 - 8.93 3.75

i = 6% −11.23 - −96.23 - 13.1 3.73 −6.64 - −74.48 - 12.77 3.61

i = 0% −6.57 - −48.68 - 5.48 4.17 −4.24 - −37.86 - 5.37 4.03
d=1.5% i = 3% −7.98 - −63.14 - 7.8 3.991 −4.97 - −49.00 - 7.62 3.859

i = 6% −10.01 - −83.84 - 11.12 3.832 −6.01 - −63.15 - 10.84 3.70

i = 0% −5.97 - −42.68 - 4.53 4.33 −3.93 - −33.24 - 4.45 4.18
d=3% i = 3% −7.13 - −54.492 - 6.42 4.13 −4.53 - −42.33 - 6.28 3.99

i = 6% −8.77 - −71.23 - 9.11 3.959 −5.377 - −55.22 - 8.89 3.83

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −2.33 - −30.97 - 5.86 3.97 −0.69 - 20.96 - 5.104 4.32
d=0.3% i = 3% −2.49 - −40.45 - 8.36 3.81 −0.34 - −27.17 - 7.33 4.12

i = 6% −2.73 - −54.1 - 11.97 3.66 0.15 19.6 −36.12 - 10.53 3.95

i = 0% −2.27 - −27.76 - 5.02 4.09 −0.81 - −18.86 - 4.35 4.46
d=1.5% i = 3% −2.41 - −36.12 - 7.13 3.919 −0.51 - −24.11 - 6.23 4.24

i = 6% −2.61 - −47.24 - 10.16 3.76 −0.09 - −31.62 - 8.92 4.06

i = 0% −2.2 - −24.43 - 4.15 4.26 −0.92 - −16.67 - 3.58 4.66
d=3% i = 3% −2.32 - −30.9 - 5.88 4.06 −0.68 - −20.96 - 5.11 4.41

i = 6% −2.48 - −40.25 - 8.32 3.89 −0.34 - −27.04 - 7.29 4.21

Table A4. LCA marginal savings for the aged cool roof without maintenance vs. the reference roof
with absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −6.63 - −62.2 - 9.26 2.99 −4.03 - −50.05 - 9.13 2.86
d=0.3% i = 3% −8.14 - −81.94 - 12.98 2.9 −4.72 - −65.85 - 12.76 2.78

i = 6% −10.3 - 110.37 - 18.33 2.83 −5.72 - −88.62 - 18.01 2.716

i = 0% −6.12 - −55.52 - 8.02 3.05 −3.79 - −44.7 - 7.91 2.92
d=1.5% i = 3% −7.39 - −72.21 - 11.16 2.96 −4.38 - −58.06 - 10.98 2.84

i = 6% −9.21 - −96.08 - 15.6 2.88 −5.21 - −77.18 - 15.38 2.77

i = 0% −5.58 - −48.61 - 6.73 3.14 −3.54 - −39.17 - 6.64 3.01
d=3% i = 3% −6.62 - −62.23 - 9.29 3.05 −4.02 - −50.07 - 9.15 2.92

i = 6% −8.09 - −81.54 - 12.92 2.96 −4.70 - −65.54 - 12.71 2.84

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −1.82 - −38.70 - 8.72 2.85 −0.19 - −28.69 - 7.96 3.01
d=0.3% i = 3% −1.81 - 50.80 - 12.20 2.78 0.32 17.44 −37.53 - 11.16 2.91

i = 6% −1.80 - −68.24 - 17.20 2.71 1.07 14.63 50.26 - 15.77 2.83

i = 0% −1.82 - −34.60 - 7.56 2.92 −0.36 - −25.70 - 6.89 3.07
d=1.5% i = 3% −1.81 - −44.84 - 10.49 2.84 0.07 19.27 −33.17 - 9.59 2.98

i = 6% −1.81 - −59.48 - 14.69 2.77 0.70 15.75 −43.86 - 13.46 2.90

i = 0% −1.82 - −30.37 - 6.35 3.01 −0.54 - −22.6 - 5.77 3.17
d=3% i = 3% −1.81 - −38.72 - 8.75 2.92 −0.182 - −28.7 - 7.98 3.07

i = 6% −1.81 - −50.56 - 12.14 2.84 0.33 17.48 −37.35 - 11.11 2.98
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Table A5. LCA savings of the aged roof with 10 years maintenance vs. the reference roof with
absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −17.28 - −65.64 - −3.43 - −14.53 - −53.08 - −3.49 -
d=0.3% i = 3% −19.06 - −83.2 - −0.7 - −15.44 - −66.54 - −0.81 -

i = 6% −21.6 - −108.4 - 3.23 17.18 −16.73 - −85.86 - 3.05 17.28

i = 0% −16.64 - −59.67 - −4.33 - −14.19 - −48.49 - −4.37 -
d=1.5% i = 3% −18.16 - 74.53 - −2.02 - −14.96 - −59.89 - −2.1 -

i = 6% −20.3 - −95.72 - 1.28 18.64 −16.06 - −76.13 - 1.13 18.76

i = 0% −15.98 - −53.47 - −5.25 - −13.83 - −43.72 - −5.27 -
d=3% i = 3% −17.22 - −65.62 - −3.37 - −14.47 - −53.04 - −3.43 -

i = 6% −18.97 - −82.79 - −0.69 - −15.36 - −66.21 - −0.8 -

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −12.25 - −41.52 - −3.87 - −10.56 - −31.35 - −4.61 -
d=0.3% i = 3% −12.45 - −51.23 - −1.3476 - −10.24 - −37.75 - −2.36 -

i = 6% −12.71 - −65.16 - 2.29 17.85 −9.76 - −46.91 - 0.87 19.1

i = 0% −12.15 - −38.2 - −4.69 - −5.35 - −29.15 - −5.35 -
d=1.5% i = 3% −12.32 - −46.43 - −2.56 - −10.37 - −34.57 - −3.45 -

i = 6% −12.55 - −58.14 - 0.48 19.43 −9.97 - −42.28 - −0.73 -

i = 0% −12.05 - −34.762 - −5.54 - −10.73 - −26.87 - −6.11 -
d=3% i = 3% −12.19 - −41.48 - −3.81 - −10.51 - −31.3 - −4.56 -

i = 6% −12.38 - −50.98 - −1.34 - −10.19 - −37.56 - −2.35 -

Table A6. LCA savings of the aged roof with 10 years maintenance vs. the reference roof with
absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −16.77 - −73.37 - −0.57 - −14.02 - −60.81 - −0.63 -
d=0.3% i = 3% −18.39 - −93.56 - 3.12 16.58 −14.76 - −76.9 - 3.02 16.63

i = 6% −20.68 - −122.54 - 8.47 14.07 −15.81 - −100 - 8.28 14.09

i = 0% −16.2 - −66.52 - −1.79 - −13.74 - −55.33 - −1.83 -
d=1.5% i = 3% −17.57 - −83.6 - 1.33 18.02 14.37 - −68.95 - 1.24 18.28

i = 6% −19.5 - −107.96 - 5.81 15.08 −15.26 - −88.37 - 5.66 15.11

i = 0% −15.59 - −59.4 - −3.05 - −13.44 - −49.66 - −3.07 -
d=3% i = 3% −16.72 - −73.36 - −0.5 - −13.96 - −60.79 - −0.56 -

i = 6% −18.29 - −93.1 - 3.12 16.63 −14.69 - −76.52 - 3.01 16.68

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −11.74 - −49.25 - −1.01 - −10.06 - −39.08 - −1.755 -
d=0.3% i = 3% −11.77 - −61.59 - 2.48 17.11 −9.56 - −48.1 - 1.46 18.16

i = 6% 11.79 - −79.29 - 7.52 14.40 −8.83 - −61.05 - 6.11 15.15

i = 0% −11.7 - −45.05 - −2.16 - −10.2 - −36 - −2.81 -
d=1.5% i = 3% −11.73 - −55.49 - 0.79 18.86 −9.78 - −43.641 - −0.09 -

i = 6% −11.76 - −70.38 - 5.02 15.49 −9.17 - −54.52 - 3.8 16.34

i = 0% −11.66 - −40.696 - −3.35 - −10.34 - −32.8 - −3.91 -
d=3% i = 3% −11.68 - −49.23 - −0.941 - −10 - −39.05 - −1.69 -

i = 6% −11.71 - −61.29 - 2.47 17.15 −9.51 - −47.87 - 1.46 18.20
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Table A7. LCA marginal savings of the aged roof with 10 years maintenance vs. the reference roof with
absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −9.27 - −57.63 - 4.571 4.05 −6.52 - −45.07 - 4.51 3.91
d=0.3% i = 3% −11.05 - −75.19 - 7.3 3.88 −7.43 - −58.53 - 7.19 3.75

i = 6% −13.59 - −100.39 - 11.24 3.73 −8.72 - −77.85 - 11.06 3.61

i = 0% −8.63 - −51.66 - 3.67 4.17 −6.18 - −40.48 - 3.63 4.03
d=1.5% i = 3% −10.15 - −66.52 - 5.98 3.99 −6.96 - −51.88 - 5.9 3.85

i = 6% −12.29 - −87.71 - 9.29 3.83 −8.051 - −68.12 - 9.145 3.70

i = 0% −12.29 - −45.46 - 2.75 4.33 −5.82 - −35.71 - 2.73 4.18
d=3% i = 3% −7.97 - −57.61 - 4.63 4.13 −6.46 - −45.03 - 4.57 3.99

i = 6% −10.96 - −74.78 - 7.31 3.96 −7.35 - −58.2 - 7.2 3.83

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −4.24 - −33.51 - 4.13 3.97 −2.55 - −23.34 - 3.39 4.32
d=0.3% i = 3% −4.44 - −43.22 - 6.66 3.81 −2.23 - −29.74 - 5.64 4.12

i = 6% −4.7 - −57.15 - 10.3 3.66 −1.75 - −38.9 - 8.88 3.95

i = 0% −4.14 - −30.19 - 3.31 4.09 −2.64 - −21.14 - 2.65 4.46
d=1.5% i = 3% −4.32 - −38.42 - 5.44 3.91 −2.36 - −26.56 - 4.55 4.24

i = 6% −4.54 - −50.13 - 8.49 3.76 −1.96 - −34.27 - 7.27 4.06

i = 0% −4.04 - −26.75 - 2.46 4.26 −2.72 - −18.86 - 1.89 4.66
d=3% i = 3% −4.18 - −33.47 - 4.19 4.06 −2.5 - −23.29 - 3.44 4.41

i = 6% −4.37 - −42.97 - 6.66 3.89 −2.18 - −29.55 - 5.65 4.21

Table A8. LCA marginal savings of the aged roof with 10 years maintenance vs. the reference roof with
absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −8.76 - −65.36 - 7.434 2.99 −6.01 - −52.8 - 7.37 2.86
d=0.3% i = 3% −10.38 - −85.55 - 11.13 2.9 −6.75 - −68.89 - 11.03 2.78

i = 6% −12.67 - −114.53 - 16.48 2.13 −7.8 - −91.99 - 16.29 2.71

i = 0% −8.19 - −58.51 - 6.21 3.05 −5.73 - −47.32 - 6.17 2.92
d=1.5% i = 3% −9.56 - −75.59 - 9.34 2.96 −6.36 - −60.94 - 9.25 2.84

i = 6% −11.49 - −99.952 - 13.82 2.88 −7.25 - −80.36 - 13.67 2.77

i = 0% −7.58 - −51.39 - 4.95 3.14 −5.43 - −41.65 - 4.93 3.01
d=3% i = 3% −8.71 - −65.35 - 7.5 3.05 −5.95 - −52.78 - 7.44 2.92

i = 6% −10.28 - −85.09 - 11.13 2.96 −6.68 - −68.51 - 11.02 2.84

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −3.73 - −41.24 - 7.01 2.85 −2.05 - −31.07 - 6.25 3.02
d=0.3% i = 3% −3.76 - −53.58 - 10.49 2.78 −1.55 - −40.09 - 9.47 2.91

i = 6% −3.78 - −71.28 - 15.53 2.71 −0.82 - −53.04 - 14.12 2.83

i = 0% −3.69 - −37.04 - 5.84 2.92 −2.19 - −27.99 - 5.191 3.07
d=1.5% i = 3% −3.72 - −47.48 - 8.8 2.84 −1.77 - −35.63 - 7.91 2.98

i = 6% −3.74 - −62.37 - 13.03 2.76 −1.16 - −46.51 - 11.81 2.9

i = 0% −3.65 - −32.68 - 4.65 3.01 −2.33 - −24.79 - 4.096 3.17
d=3% i = 3% −3.67 - −41.22 - 7.06 2.92 −1.99 - −31.04 - 6.31 3.07

i = 6% −3.70 - −53.28 - 10.49 2.84 −1.50 - −39.86 - 9.47 2.98
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Table A9. LCA savings of the aged roof with 5 years maintenance vs. the reference roof with
absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −21.73 - −72.44 - −7.22 - −18.7 - −59.12 - −7.13 -
d=0.3% i = 3% −26.92 - −91.22 - −4.59 - −19.87 - −73.53 - −4.5 -

i = 6% −21.6 - −118.16 - −0.79 - −21.52 - −94.21 - −0.71 -

i = 0% −20.94 - 66.01 - −8.03 - −18.24 - −54.17 - −7.95 -
d=1.5% i = 3% −22.75 - −81.91 - −5.82 - −19.23 - −66.37 - −5.73 -

i = 6% −25.32 - −104.57 - −2.63 - −20.62 - −83.76 - −2.55 -

i = 0% −20.1 - −59.34 - −8.87 - −17.74 - −49.03 - −8.78 -
d=3% i = 3% −21.59 - −72.33 - −7.06 - −18.55 - −59 - −6.97 -

i = 6% −23.68 - −90.7 - −4.49 - −19.69 - −73.1 - −4.41 -

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% 16.23 - −47.01 - −7.42 - −14.4 - −36.38 - −8.11 -
d=0.3% i = 3% −16.61 - −57.47 - −4.92 - −14.21 - −43.35 - −5.86 -

i = 6% −17.14 - −72.46 - −1.31 - −13.91 - −53.34 - −2.62 -

i = 0% 16.04 - −43.41 - −8.2 - −14.4 - −33.96 - −8.81 -
d=1.5% i = 3% −16.36 - −52.26 - −6.08 - −14.24 - −39.86 - −6.91 -

i = 6% −17.14 - −72.46 - −1.31 - −13.99 - −48.26 - −4.18 -

i = 0% −15.82 - −39.65 - −8.99 - −14.39 - −31.43 - −9.51 -
d=1.5% i = 3% −16.09 - −46.89 - −7.27 - −14.26 - −36.25 - −7.96 -

i = 6% −16.46 - −57.11 - −4.82 - −14.06 - −43.07 - −5.76 -

Table A10. LCA savings of the aged roof with 5 years maintenance vs. the reference roof with
absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −21.23 - −80.17 - −4.35 - −18.19 - −66.85 - −4.27 -
d=0.3% i = 3% −23.19 - −101.57 - −0.75 - 19.87 - −73.53 - −4.5 -

i = 6% −25.99 - −132.3 - 4.43 17.11 −20.6 - −108.35 - 4.51 17.01

i = 0% −20.49 - −72.86 - −5.5 - −17.79 - −61.02 - −5.41 -
d=1.5% i = 3% −22.16 - −90.97 - −2.46 - −18.63 - −75.44 - −2.37 -

i = 6% −24.52 - −116.81 - 1.89 18.5 −19.82 - −96 - 1.97 18.4

i = 0% 19.71 - −65.27 - −6.67 - −17.35 - −54.96 - −6.59 -
d=3% i = 3% −21.08 - −80.08 - −4.19 - −18.05 - −66.75 - −4.11 -

i = 6% −23.01 - −101.01 - −0.67 - −19.02 - −83.41 - −0.59 -

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −15.73 - −54.74 - −4.56 - −13.9 - −44.11 - −5.25 -
d=0.3% i = 3% −15.94 - −67.82 - −1.08 - −13.53 - −53.71 - −2.03 -

i = 6% −16.22 - −86.6 - 3.92 17.29 −12.98 - −67.48 - 2.61 18.08

i = 0% −15.59 - −50.25 - −5.66 - −13.96 - −40.8 - −6.27 -
d=1.5% i = 3% −15.77 - −61.32 - −2.73 - −13.65 - −48.92 - −3.55 -

i = 6% −16.01 - −77.1 - 1 1.47 18.76 −13.19 - −60.5 - 0.34 19.68

i = 0% −15.43 - −45.59 - −6.8 - −14.39 - −31.43 - −9.51 -
d=3% i = 3% −15.58 - −54.64 - −4.4 - −14.26 - −36.25 - −7.96 -

i = 6% −15.78 - −67.43 - −1.01 - −13.39 - −53.38 - −1.94 -
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Table A11. LCA marginal savings of the aged roof with 5 years maintenance vs. the reference roof with
absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −12.53 - −63.23 - 1.984 4.056 −9.49 - −49.91 - 2.071 3.91
d=0,3% i = 3% −14.6675 - 81.52 - 4.61 3.88 −10.66 - −64.33 - 4.69 3.75

i = 6% −17.71 - −108.95 - 8.4 3.73 −12.32 - −85.01 - 8.48 3.61

i = 0% −11.74 - −56.82 - 1.15 4.17 −9.047 - −44.98 - 1.23 4.03
d=1.5% i = 3% −13.56 - −72.72 - 3.37 3.99 −10.03 - −57.18 - 3.45 3.85

i = 6% −16.13 - −95.37 - 6.55 3.83 −11.43 - −74.57 - 6.63 3.7

i = 0% −10.92 - −50.166 - 0.304 4.33 −8.56 - −39.85 - 0.38 4.18
d=3% i = 3% −12.41 - −63.16 - 2.11 4.131 −9.38 - −49.83 - 2.19 3.99

i = 6% 14.5 - −81.52 - 4.68 3.95 −10.52 - −63.93 - 4.76 3.833

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −7.03 - 37.812 - 1.78 3.97 −5.2 - −27.18 - 1.08 4.32
d=0.3% i = 3% −7.41 - −48.26 - 4.28 3.811 −5 - −34.15 - 3.33 4.12

i = 6% −7.94 - −63.25 - 7.89 3.665 −4.7 - −44.137 - 6.58 3.95

i = 0% −6.84 - −34.21 - 0.98 4.09 −5.21 - 24.76 - 0.37 4.46
d=1.5% i = 3% −7.17 - −43.06 - 3.1 3.91 −5.05 - −30.66 - 2.282 4.24

i = 6% −7.62 - −55.67 - 6.13 3.76 −4.8 - −39.07 - 5.005 4.06

i = 0% −6.64 - −30.48 - 0.17 4.26 −5.22 - −22.255 - −0.34 -
d=3% i = 3% −6.91 - −37.72 - 1.9 4.06 −5.08 - −27.08 - 1.2 4.41

i = 6% −7.28 - −47.94 - 4.35 3.89 −4.89 - −33.89 - 3.409 4.21

Table A12. LCA marginal savings of the aged roof with 5 years maintenance vs. the reference roof with
absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −12.02 - −70.96 - 4.84 2.99 −8.99 - −57.64 - 4.93 2.86
d=0.3% i = 3% −13.99 - −92.36 - 8.44 2.9 −9.98 - −74.68 - 8.53 2.78

i = 6% −16.78 - −123.097 - 13.64 2.83 −11.39 - −99.14 - 13.72 2.71

i = 0% −11.3 - −63.66 - 3.68 3.05 −8.6 - −51.82 - 3.77 2.92
d=1.5% i = 3% −12.97 - −81.78 - 6.72 2.96 −9.44 - −66.25 - 6.81 2.84

i = 6% −15.33 - −107.61 - 11.08 2.88 −10.63 - −86.81 - 11.17 2.77

i = 0% 10.54 - −56.09 - 2.5 3.14 8.18 - −45.78 - 2.58 3.013
d=3% i = 3% −11.9 - −70.9 - 4.97 3.05 −8.87 - −57.57 - 5.06 2.92

i = 6% 13.83 - −91.84 - 8.5 2.96 −9.84 - −74.24 - 8.58 2.84

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −6.52 - −45.54 - 4.64 2.85 −4.69 - −34.912 - 3.95 3.001
d=0.3% i = 3% −6.73 - −58.62 - 8.11 2.78 −4.32 - −44.506 - 7.17 2.91

i = 6% −7.02 - −77.39 - 13.12 2.71 −3.77 - −58.27 - 11.82 2.83

i = 0% −6.4 - −41.06 - 3.52 2.92 −4.76 - −31.61 - 2.91 3.07
d=1.5% i = 3% −6.58 - −52.13 - 6.46 2.84 −4.46 - −39.73 - 5.63 2.98

i = 6% −6.82 - −67.91 - 10.66 2.76 −4.01 - −51.31 - 9.539 2.9

i = 0% −6.25 - −36.41 - 2.37 3.01 −4.83 - −28.18 - 1.85 3.17
d=3% i = 3% −6.41 - −45.46 - 4.76 2.92 −4.58 - −34.82 - 4.075 3.075

i = 6% −6.61 - −58.25 - 8.17 2.84 4.21 - −44.2 - 7.22 2.98
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Table A13. LCA savings for non-aged cool roofs vs. the reference absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −29.65 - −116.8 - −4.7 - −22.21 - −92.06 - −2.22 -
d=0.3% i = 3% −36.51 - −153.25 - −3.09 - −26.55 - −120.11 - 0.22 19.62

i = 6% −46.39 - −205.78 - −0.77 - −32.8 - −160.533 - 3.76 16.17

i = 0% −27.34 - −104.53 - −5.24 - −20.75 - −82.62 - −3.05 -
d=1.5% i = 3% −33.14 - −135.34 - −3.88 - −24.42 - −106.33 - −0.97 -

i = 6% −41.44 - −179.44 - −1.93 - −29.66 - −140.26 - 1.99 17.54

i = 0% −24.95 - −91.84 - −5.8 - −19.25 - −72.85 - −3.9 -
d=3% i = 3% −29.68 - −116.99 - −4.69 - −22.24 - −92.2 - −2.21 -

i = 6% −36.4 - −152.65 - −3.12 - −26.48 - −119.65 - 0.18 19.69

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −16.577 - −70.78 - −1.05 - −12.42 - −52.63 - −0.91 -
d=0.3% i = 3% −18.99 - −91.61 - 1.79 17.44 −13.43 - −67.29 - 1.97 17.2

i = 6% −22.48 - −121.63 - 5.89 14.61 −14.89 - −88.42 - 6.15 14.45

i = 0% −15.763 - −63.77 - −2.01 - −12.08 - −47.69 - −1.89 -
d=1.5% i = 3% −17.8091 - −81.38 - 0.39 19.3 −12.94 - −60.09 - 0.55 19.02

i = 6% −20.73 - −106.57 - 3.837 15.76 −14.16 - −77.82 - 4.06 15.57

i = 0% −14.92 - −56.52 - −3 - −11.73 - −42.59 - −2.9 -
d=3% i = 3% −16.59 - −70.89 - −1.04 - −12.43 - −52.7 - −0.9 -

i = 6% −18.95 - −91.27 - 1.74 17.54 −13.42 - −67.05 - 1.93 17.31

Table A14. LCA savings for non-aged cool roofs vs. the reference absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −29.14 - −124.53 - −1.84 - −21.71 - −99.79 - 0.63 18.69
d=0.3% i = 3% −35.83 - −163.61 - 0.74 18.85 −25.87 - −130.47 - 4.06 15.01

i = 6% −45.47 - −219.92 - 4.46 15.62 −31.87 - −174.67 - 9 12.85

i = 0% 26.89 - −111.38 - −2.71 - −20.31 - −89.46 - −0.51 - -
d=1.5 % i = 3% −32.55 - −144.41 - −0.52 - −23.83 - −115.73 - 2.38 16.41

i = 6% −40.64 - −191.69 - 2.59 15.62 −28.86 - −152.83 - 6.52 13.76

i = 0% −24.56 - −97.78 - −3.61 - −18.86 - −78.78 - −1.7 -
d=3% i = 3% −29.18 - −124.73 - −1.82 - −21.73 - −99.94 - 0.65 18.7

i = 6% −35.72 - −162.96 - 0.7 18.93 −25.8 - −129.96 - 4.01 15.14

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −16.0722 - −78.5192 - 1.8 16.71 −11.92 - −60.362 - 1.94 16.5
d=0.3% i = 3% −18.32 - −101.97 - 5.62 13.71 −12.76 - −77.65 - 5.81 13.56

i = 6% −21.56 - −135.76 - 11.13 11.87 −13.97 - −102.56 - 11.39 11.76

i = 0% −15.31 - −70.6 - 0.52 18.8 −11.63 - −54.54 - 0.64 18.53
d=1.5 % i = 3% −17.21 - −90.45 - 3.74 14.88 −12.34 - −69.15 - 3.91 14.72

i = 6% −19.93 - −118.81 - 8.37 12.66 −13.363 - −90.06 - 8.59 12.54

i = 0% −14.53 - −62.46 - −0.81 - −11.34 - −48.5 - −0.7 -
d=3% i = 3% −16.39 - −81.92 - 2.35 16.76 −11.92 - −60.45 - 1.96 16.55

i = 6% −18.28 - −101.58 - 5.56 13.84 −12.74 - −77.36 - 5.75 13.7
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Table A15. LCA marginal savings for non-aged cool roofs vs. the reference absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −21.64 - −108.79 - 3.3 5.94 14.2 - −84.05 - 5.784 3.89
d=0.3% i = 3% −28.5 - −145.24 - 4.916 5.54 −18.54 - −112.10 - 8.23 3.73

i = 6% −38.38 - −197.77 - 7.23 5.22 −24.79 - −152.52 - 11.77 3.59

i = 0% −19.33 - −96.52 - 2.76 6.2 −12.74 - −74.61 - 4.959 4.01
d=1.5% i = 3% −25.13 - −127.33 - 4.12 5.76 −16.414 - −98.32 - 7.03 3.839

i = 6% −33.431 - −171.4 - 6.07 5.4 −21.65 - −132.25 - 10 3.69

i = 0% −16.94 - −83.83 - 2.2 6.57 −11.24 - −64.84 - 4.10 4.16
d=3% i = 3% −21.60 - −108.98 - 3.31 6.05 −14.23 - −84.19 - 5.79 3.97

i = 6% −28.30 - −144.64 - 4.88 5.65 −18.47 - −111.64 - 8.19 3.81

Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −8.56 - −62.7788 - 6.95 3.34 −4.41 - −44.62 - 7.09 3.29
d=0.3% i = 3% −10.98 - −83.6 - 9.80 3.23 −5.42 - −59.28 - 9.98 3.18

i = 6% −14.47 - −113.62 - 13.9 3.13 −6.88 - −80.41 - 14.16 3.09

i = 0% −7.75 - −55.769 - 5.99 3.43 −4.07 - −39.687 - 6.1171 3.38
d=1.5% i = 3% −9.79 - −73.37 - 8.4 3.31 −4.93 - −52.08 - 8.56 3.26

i = 6% −12.72 - −98.56 - 11.84 3.21 −6.15 - −69.81 - 12.07 3.16

i = 0% −6.52 - −54.45 - 7.19 2.61 −3.72 - −34.58 - 5.1 3.49
d=3% i = 3% −8.07 - −70.62 - 9.8 2.55 −4.42 - −44.69 - 7.1 3.36

i = 6% −10.27 - −93.57 - 13.57 2.49 −5.41 - −59.04 - 9.94 3.25

Table A16. LCA marginal savings for non-aged cool roofs vs. the reference absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −21.13 - −116.52 - 6.16 3.69 −13.7 - −91.78 - 8.64 2.78
d=0.3% i = 3% −27.82 - −155.60 - 8.7 3.55 −17.86 - 122.46 - 12.07 2.7

i = 6% −37.46 - −211.91 - 12.47 3.42 −23.86 - −166.66 - 17.01 2.64

i = 0% −18.88 - −103.37 - 5.29 3.8 −12.3 - −81.45 - 7.49 2.84
d=1.5% i = 3% −24.54 - −136.4 - 7.482 3.64 −15.82 - −107.38 - 10.39 2.77

i = 6% −32.63 - −183.67 - 10.6 3.51 −20.85 - −144.49 - 14.53 2.7

i = 0% −16.55 - −89.77 - 4.39 3.94 −10.85 - −70.77 - 6.302 2.93
d=3% i = 3% −21.17 - −116.72 - 6.18 3.77 −13.7 - −91.93 - 8.66 2.84

i = 6% −27.71 - −154.95 - 8.709 3.63 −17.79 - −121.95 - 12.01 2.77

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i = 0% −8.06 - −70.5 - 9.81 2.49 −3.91 - −52.35 - 9.95 2.46
d=0.3% i = 3% −10.31 - −93.96 - 13.63 2.43 −4.75 - −69.64 - 13.82 2.41

i = 6% −13.55 - −127.75 - 19.14 2.38 −5.96 - −94.55 - 19.4 2.35

i = 0% −7.3 - −62.61 - 8.52 2.54 −3.62 - −46.53 - 8.65 2.51
d=1.5% i = 3% −9.2 - −82.44 - 11.75 2.48 −4.33 - −61.14 - 11.92 2.45

i = 6% −11.92 - −110.8 - 16.38 2.43 −5.35 - −82.05 - 16.6 2.4

i = 0% −6.52 - −54.45 - 7.19 2.61 −3.33 - −40.51 - 7.3 2.58
d=3% i = 3% −8.07 - −70.62 - 9.8 2.55 −3.91 - −52.44 - 9.97 2.52

i = 6% −10.27 - −93.57 - 13.57 2.49 −4.73 - −69.35 - 13.76 2.46
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Abstract: According to the Circularity Gap Report 2020, a mere 8.6% of the global economy was
circular in 2019. The Global Status Report 2018 declares that building construction and operations
accounted for 36% of global final energy use and 39% of energy–related carbon dioxide (CO2)
emissions. The Paris Agreement demands that the building and construction sector decarbonizes
globally by 2050. This requires strategies that minimize the environmental impact of buildings
and practices extending the lifecycle of their constituents within a circular resource flow. To ensure
that effective measures are applied, a suitable method is needed to assess compliance in materials,
processes, and design strategies within circular economy principles. The study’s assumption is that
synthetic and reliable indicators for that purpose could be based on reversibility and durability
features. The paper provides an overview of building design issues within the circular economy
perspective, highlighting the difficulty in finding circular technologies which are suitable to enhance
buildings’ service life while closing material loops. The results identify reversibility and durability as
potential indicators for assessing circular building technologies. The next research stage aims to further
develop the rating of circularity requirements for both building technologies and entire buildings.

Keywords: Circular Design; circular technologies; reversibility; durability; circular potential; indicators;
service life; closed material loops

1. Introduction

Global demand for materials increased over the past century, driven by the steady economic growth
of the Organisation for Economic Co-operation and Development Countries (OECD), the industrialization
of emerging economies, and the expansion of the world population [1].

According to the Circularity Gap Report 2020, only 8.6% of the world economy is circular.
This means that only 8.6% of the minerals, fossil fuels, metals, and biomass which enter it every year
are subsequently reused. This share had been estimated at 9.1% in the 2018 Report; a fall of 0.5% in
two years [2].

Since the global use of raw materials has increased by almost double the population growth rate,
the OECD finds that efficient use of resources and furthering the transition to a circular economy can
help not only material supply security but also improve environmental and economic outcomes as well.
There is no single accepted definition of the circular economy, but it is often defined as the emerging
opposition to the so-called linear economy (take-make-dispose model). The most recognized definition
comes from the Ellen MacArthur Foundation: it “is restorative and regenerative by design and aims to
keep products, components, and materials at their highest utility and value at all times,” aiming to
decouple economic growth from resource consumption [3]. The aim of design for a circular economy
is to maintain product integrity over multiple use cycles (for instance, through repair, refurbishment,
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and remanufacturing) and to focus on closing loops (through recycling), while at the same time building
economically viable product–service systems [4].

The UN Sustainable Development Goals and the 2015 Paris Climate Agreement target to
increase the circular share of the economy by addressing several key actions on energy and material
efficiency improvement.

In particular, and as far as the building sector is concerned, the Paris Agreement demands global
decarbonization by 2050, with the aim of avoiding the impact of a +2 degree rise in temperature.
With this objective in mind, the Global Status Reports published annually by the UN Environment,
the International Energy Agency (IEA), and the Global Alliance for Buildings and Construction (GABC)
focus on the state of the building and construction sector and tracking the progress of this sector.
In particular, in 2018, the report highlighted that “building construction and operations [account for]
36% of global final energy use and 39% of energy–related carbon dioxide (CO2) [emissions]” [5].

Around 374 million tons of construction and demolition waste (C&DW) were generated in
2016, making it the largest waste stream in the EU by weight of which the mineral content formed
the largest fraction [6].

Data demonstrate that the construction industry has traditionally followed a linear
economy process.

This has led to a number of challenges requiring solutions through those enabling factors which
can maximize value from the circular economy by applying Circular Business Models (CBMs) in
the current value chain.

By adopting circular economy business models, the focus will shift to sustainable sourcing,
maintaining material productivity over the lifecycle of developments, and reducing loss in
non-renewable materials. This will produce financial, social, and environmental benefits [7].

The European Commission emphasizes the role of design in the EU action plan for the circular
economy: “better design can make products more durable or easier to repair, upgrade or remanufacture”
(European Parliament Research Service [8]).

To implement these strategies, criteria and indicators are needed to assess the circular potential of
those technical options which can be adopted and to assess their efficiency.

The concepts of reversibility and durability, as highlighted in the current sector literature, are
already widely covered in all Circular Design strategies, including those addressing the construction
sector in particular.

Reversibility is the property of a process, a system, or a device to return it to the original state.
This means that the transformations performed to make that object suitable for a specific purpose can
be reversed, restoring previous conditions to the transformation implemented. Meanwhile durability
is the property of a process, a system, or a device to maintain its capability to provide the features it is
designed for overtime. Both notions are thus closely time-related but by an antithetical relation, as
the first implies transience, and the second permanence.

Nevertheless, no clear definitions are yet available to link concepts related to Circular Design
strategies to indicators which are suitable to measure the circular economy and, specifically, circular
building technologies.

This creates a barrier which obstructs the need for extending the circularity assessment of
construction technologies to the whole functional complexity of an entire building (circular building)
from properly considering any further performance involved.

For this reason, the study focuses on the notion of circular building technologies that embody
the need to redefine how materials, processes, and products are designed and used within circular
economy principles [9].

This leads to a focus on reversibility and durability as possible, suitable indicators for integrating
a definition of circular building which complies with circular economy principles.

This paper addresses those topics through a methodology structured into three parts. The first
part provides an overview of building design issues from the circular economy perspective. The second
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part highlights, from the literature overview conducted, the difficulties in finding circular technologies
suitable for enhancing a building’s service life and closing material loops. Reversibility and durability
are then proposed in the third part (results) as possible indicators for assessing the circular potential of
building technologies, while the next research stage is aimed at further developing the rating of both
construction materials and whole buildings through the application of Circular Design strategies.

The study’s assumption was that reversibility and durability can represent reliable indicators for
this purpose as they integrate both quantitative aspects related to circular technologies and qualitative
aspects referring to the service life and closed loop.

The study aimed to identify reversibility and durability as possible, synthetic, and reliable
indicators to assess the compliance of building technologies with circular economy principles.

The expected research contribution was to integrate the advancement and dissemination of
knowledge of tools for the application of Circular Design to the building sector.

The result may be useful for a further, undeveloped future phase of the study in which the indicators
could enhance the principal sustainability rating systems referring to the circularity requirements of
both building technologies and entire buildings.

2. Designing Buildings in the Context of the Circular Economy: An Overview

2.1. From Building Design Principles Applying the Circular Economy to Circular Design

Through the European Green Deal [10], the European Commission has prompted the application
of the principles of the circular economy and resource efficiency in the construction sector aimed at
reducing the use of primary natural resources in the future. As summarized in the document “Circular
Economy—Principles for Buildings Design” (2020) [11], within the Construction 2020 strategy [8] and in
line with the upcoming new circular economy action, the European Commission focuses on a set of
principles for sustainable building design, designed to prevent and reduce construction and demolition
waste while facilitating the reuse and recycling of building materials. This is expected to mitigate
the environmental impact of building and reduce life cycle costs.

The measures address all the construction industry actors contributing to the building value
chain, including building users; investors, developers, and insurance providers; design teams
(engineering and architecture of buildings); manufacturers of construction products; contractors
and builders; facility managers and owners; deconstruction and demolition teams; governmental
and local regulation authorities.

The document refers to “Level(s)”—the Common European Framework of Sustainability
Indicators—and the EC Communication [12] “A new Circular Economy Action Plan for a cleaner
and more competitive Europe”, which establishes a new comprehensive strategy for the sustainability
of the built environment, material efficiency, and climate impact reduction. In particular, the document
contributes to Level(s) Macro-objective 2: “Resource efficient and circular material life cycles”
which targets waste reduction, material use optimization, and the reduction of environmental
impact throughout the life cycle through suitable design choices. To reach this macro-objective,
specific measures are envisaged called “life cycle tools: scenarios for building lifespan, adaptability
and deconstruction”. For building design, the general principles suggested are:

1. Durability: focus the building and planning of basic living services on a medium-to-long lifespan
of the major building elements, while also considering their maintenance and replacement cycles;

2. Adaptability: extend the service life of whole buildings, either by facilitating the continuation of
their original use or possible future changes performed by replacement and refurbishment;

3. Reduce waste and facilitate high-quality waste management: facilitate the future circular use of
dismissed building elements, components, and parts, paying special attention to both reduced
waste production and exploiting the potential for reuse and high-quality recycling of major
building elements exiting deconstruction [10]. As for adaptability, i.e., the disposition of a building
to transformation; the design usually targets specific client requirements, while future changes
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in users and context needs are often neglected. As a result, buildings must be heavily modified
and sometimes extensively demolished over their lifetime, often before the removed elements have
reached their expected service life. This leads to unnecessary social, financial, and environmental
costs, while the service life of the whole building and their elements could be optimized by taking
future adaptations in the design stage into account.

In addition, a building can adapt more easily and efficiently to changing needs if versatile spaces
are designed and demountable building elements are implemented. In 2012, through “Design for
Change: Development of an Assessment and Transitional Framework”, OVAM—the living lab on
circular construction - developed a design and construction strategy based on the principle that our
requirements and aspirations concerning built environment will always change, thus introducing
the crucial conception that buildings are able to stand change more efficiently.

Considering the enormous materials and waste flows generated when constructing, maintaining,
and refurbishing buildings, Design for Change (also known as dynamic building) can play a key role
in reducing the environmental impact of the construction industry. Table 1 provides an overview
of the Design for Change guidelines, in which the actions are observed both by object (interfaces,
sub-components, composition) and by scale (element, building, neighborhood), according to the holistic
approach adopted. This provides a comprehensive and clear framework on which a qualitative
assessment of both the building design and construction can be based [13].

Table 1. An overview of the Design for Change guidelines.

Interfaces Sub-Components Composition

Element
Reversibility

Simplicity
Speed

Durability
Reused

Compatibility

Pace-layered
Independence
Prefabrication

Building Accessibility
Demountability

Reusability
Extensibility

Versatility

Neighborhood Clear
Adaptable

Retrofitted
Dimensioned
Removable

Unified
Multipurpose

Diverse
Densificable

Note: Galle W., Vandenbroucke M. (2015).

The key role of rethinking design and the need at all process and product levels thus emerges
as an effect driven by both regenerative circular economy principles and the EU’s focus on these
issues. Tangible goods are obviously the most involved in the changing economy, but services,
business models, exchange relationships, and markets should also be redefined and redesigned, as
should many further elements. The global economy is showing many fragilities and disruptive
technologies which challenge conventional business models. The Ellen MacArthur Foundation
defined this revolutionary transformation in the design scope as “Circular design, i.e., improvements
in materials selection and product design (standardisation/modularisation of components, purer
materials flows, and design for easier disassembly), lie at the heart of a circular economy” [14].
Circular Design requires a wide shift from the current product centered on issues concerning material
flows, production processes and conditions, use, and reuse. This need adopts a wide and systemic view,
as well as a deep understanding of ecological principles. Compared to other Design for Circularity
(DfC) strategies, circular building design is specific to buildings, thus easily compatible with their
peculiarities [14]. Circular design can indeed be described as an approach leading to “a building
that is designed, planned, built, operated, maintained, and deconstructed consistently with Circular
Economy principles” [15]. This includes optimizing the buildings’ useful lifetime and integrating
the end-of-life phase in the design [16]. Circular design challenges the development of products
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and materials that minimize the use of primary raw materials. As the name implies, the focus of
the circular design is on curtailing the value loss of these embedded products by maintaining their
circulation in closed loops. These loops, such as reuse, repair, remanufacture, refurbishment, or
recycling, extend the product’s life cycle and improve resource productivity. As happens in nature,
the product, its parts, or constituent materials at the end of their life will so become a resource
feeding new cycles of use, within or even outside of the original application scope [17]. A number of
studies on Circular Design applied to the construction sector have been carried out in recent years,
developing strategies, approaches, and visions that are pushing the transition from sustainable to
circular buildings. This is triggering disruptive innovations acting as enablers for the circular economy.
In this context, aimed at disseminating knowledge among stakeholders, the Vrije Universiteit Brussel
(VUB) project “Le Bâti Bruxellois: Source de nouveaux Matériaux” (BBSM) has collected 16 Circular
Design qualities for circular building which give practical support to the designers and all stakeholders
in making coherent technical choices. The BBSM research was conducted by VUB (Vrije Universiteit
Brussel) Architectural Engineering and was financed by the European Regional Development Fund
(ERDF) and the Brussels-Capital Region. Project partners: UCLouvain, Rotor, and Belgian Building
Research Institute.

Nine of these features and their related practices are especially helpful in shaping the concept of
circular building technologies and in defining added value in Circular Design strategies [18].

The circular design qualities are the following:

• Reused: using building parts and components already present on-site or re-claimed elsewhere;
• Recycled: looking for building components made of low-value by-products or waste materials;
• Renewed: using materials that are replenished continuously by responsible agriculture

and forestry;
• Compostable: choosing materials that can be biologically degraded into natural substances;
• Durable: using components that resist the wear and tear of use and reuse;
• Pure: favoring components that consist of a single material instead of a blend;
• Simple: going for low-tech, legible solutions rather than complicated ones;
• Reversible: making it possible to undo connections without damaging joined components;
• Location and site: recognizing and responsibly developing the qualities of a place.

Although less relevant for our purposes, the additional Circular Design qualities of the Belgian study
identified are: safe and healthy, manageable, accessible, independent, compatible, multi-purpose, varied.

Circular Design qualities enable more effective reuse, recycling, or renewal of buildings
and building components; a proven framework generating added value from the start of the design
process onwards, regardless of whether that process adopts a conventional programming scheme,
scenario planning, or a co-creation approach [18].

2.2. Circular Design Strategies: A Growing Concept

Extending building service life and closing material loops by consistent design choices are the key
instruments in transitioning towards a circular construction economy. This requires both an increase
in the whole building lifespan and the assurance that all its components can also circulate in endless
loops, thus preserving the value as a whole of the resources involved. If properly recovered at the end
of its technical, functional, or economic service life, each element can so re-enter a use cycle, being
reused for the same or another purpose.

This study refers in particular to three main Circular Design approaches [18,19]:

• Design for Longevity (or Durability): New constructions can be avoided by adopting a circular
design and construction practice, which instead focusses on review and up-valuing, upgrading,
and refurbishing what already exists. Several architectural features can maintain a building’s
value over time, facilitating maintenance and repair, while enabling the extension of its service
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life. Among those features, some are related to the estate strategies, such as building location, but
many others concern design choices, such as a multi-purpose spatial layout.

• Design for Disassembly and Deconstruction: By adopting this principle, the building elements
can be disassembled and each of their components can be easily removed without damage to
others. This leads to closing material flows, since components and materials can be recovered
using quick and cheap processes, then reclaimed, preserving their value and minimizing waste.
Various technical design features, therefore, act as key factors in applying that strategy, such
as component durability, assembly methods, and the reversibility of their connections. Since
it relies on design purposes such as reversibility, independence, and simplicity of connections
and components, Design for Disassembly, often referred to as Reversible Building Design, allows
for resource-efficient repairs, maintenance, replacements, as well as the reuse of construction
materials, products, and components.

• Design for Reuse: The reclaimed building components and materials can be used again, repaired,
remanufactured, or recycled in order to reduce the consumption of virgin, non-renewable resources.
To ensure suitability, the elements must be safe and healthy to reuse and made up of a single
substance which is easily recycled.

Alternative business models can provide these design approaches with favorable conditions, as
shown by the BAMB project, a research action funded by the EU-HORIZON 2020 program which
developed the emerging concept of “Buildings as Material Banks”. Project BAMB—Buildings as
Material Banks—is a consortium of 16 partners from eight European countries (2015/2019). Coordination:
Institut Bruxellois pour la gestion de l’environnement—Brussels Instituut Voor Milieubeheer.

Referring to both Design for Disassembly and Design for Reuse strategies applied to the building
sector, this new comprehensive approach considers buildings as “material banks”, i.e., repositories or
stockpiles of valuable, high-quality materials that can be easily taken apart and recovered, having been
designed for disassembly.

Since preserving the material value is the key to their circular use, the ways to harvest this value are
the circular economy drivers. Instead of disposal, buildings must therefore become banks of valuable
materials—slowing down resource withdrawal to a rate compliant with planet restoring capacity.
The BAMB project has developed and integrated tools—such as Material Passports and Reversible
Building Design schemes—that will enable the shift from static buildings to circular buildings [20].
In order to sprawl the circular building concepts into practice, BAMB also investigated how new
circular business models can bring new business opportunities, and how policies, such as data
management tools (BIM, Building Information Modelling) and decision-making models can support
the implementation of circular building concepts.

2.3. Circular Technologies for Circular Buildings: Extending Service Life and Closing Material Loops

For circular technologies there is, at the moment, no recognized definition but, with reference to
the Building Design principles applied to Circular Design, the notion of circular building technologies
summarises and embodies the need for redefining how materials, processes, and products are designed
and used within the circular economy principles [9].

The concept of circular building was introduced by Arup Associates with the prototype designed
for the London Design Festival 2016. This was the first building in the UK to comply with circular
economy principles while creating a comfortable and aesthetic environment for the user. In order to
achieve these goals, designers and engineers worked together to refine the application of a prefabricated
construction based on a low-waste, self-supporting, and structurally demountable integrated panel
(SIP) wall system, connected to the recycled steel structural frame by reusable clamps. The heat-treated
timber for the cladding and decking was sustainably sourced too (Figure 1).
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Figure 1. Exploded axonometric of the circular building prototype. Source: @ Arup Associates.

The simple “house-shaped” architecture (which refers to the 6S framework by Stewart Brand)
promotes a familiar archetypical geometry at a scale which makes it immediate to perceive (Figure 2).
Some definitions of circular building can be found in literature, such as those provided by the Dutch
“Agenda for the transition to a circular built environment” or by the Report “A Framework for Circular
Buildings: Indicators for possible inclusion in BREEAM” (2018).
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Material passport Design for Disassembly Circular Economy 

Figure 2. Reworking of Stewart Brand’s Six S’s diagram and Circular Design Strategies. Source: @
3XN_GXN Architects.

A shared description states: “A building that is developed, used and reused without unnecessary
resource depletion, environmental pollution and ecosystem degradation. It is constructed in
an economically responsible way and contributes to the wellbeing of people and the biosphere.
Here and there, now and later. Technical elements are demountable and reusable, and biological
elements can also be brought back into the biological cycle” [21].

This is in line with the Ellen MacArthur Foundation’s definition of circularity, where
the preservation of the building’s value and its components is assured by optimizing use and reuse
cycles with minimal use of virgin resources. According to the 6S framework by Stewart Brand, different
layers can be distinguished within a circular building, namely site, structure, skin, space plan, services,
and stuff (furnishing and fittings), that are all part of a circular system of products, components,
and materials [21]. Unlike circular building, the definition of circular technologies is still not well
established but is deduced from the technical and functional specifications of the building in which
those technologies are applied, aimed at enhancing the life cycle of each component and implementing
circular potential.

According to Kanters [22], Circular buildings could significantly reduce environmental impact
and the pressure on natural resources that buildings currently produce, as they are not designed
according to circular economy principles. When considering the metrics by which this enhancement
may be assessed, most literature focused on the lifecycle analysis of buildings and building materials,
but not much is known about the design process of circular buildings [22].

Since design choices strongly jeopardize the subsequent life cycle stages of a building and its
components, the role of the design must be questioned within a system that is no longer linear.
Although extending service lives is necessary, recycling materials alone does not close all the loops,
while more life cycle stages have to be reconnected, leaving virgin material consumption as the last
option and avoiding waste production.
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The circular technologies and design choices meeting these requirements are those making it
easier to close the material loops. Their main features are summarized below:

• Durability: Since the materials can be only recovered if they remain intact during their use
and disassembly, they have to withstand the typical wear and tear of repeated recovery and reuse
cycles. Moreover, durable and hardwearing materials often age beautifully, thus maintaining or
even increasing their value over time. Choosing the right material at the initial design stage is
therefore crucial.

• Compatibility: Building components are compatible if they can be easily reused in different
assembling stages, reconfigured, and recombined time and again. The simple geometry of
the connection devices, versatile fixing systems, and standardized dimensions are the features
maximizing component compatibility to their reuse potential.

• Reversibility: Even durable elements can only be recovered when they can be removed from
their location by technically and economically feasible operations. Reversibility describes this
requirement; the attitude of a component to be easily disconnected from the building elements
that surround them. Dry, mechanic connections such as bolts and screws are thus more effective
than wet and chemical joints such as mortar or glue. The high reversibility of the fixings not
only allows the recovery of the components at the end of their useful life but also facilitates their
maintenance and repair within the operational stage [23].

The notion of service life is in the background of both reversibility and durability features,
as it is the time reference which makes the two requirements measurable, also allowing better
perception of their qualitative connotations. Due to such complex implications, the service life cannot
be established abstractly as just a certain number of expected years of life but must be quantified
when planning the intervention by considering the multiple variables affecting it (economic, cultural,
etc.), with reference to the process under design. Both scientific literature and regulatory measures
often combine terms such as “cost”, “efficiency”, and “sustainability”, which identify the main
challenges the building sector is facing today. They are also the main pillars of the ISO 15686
Standard on Buildings and constructed assets, which is included within the service life planning
series and provides a comprehensive guide to both service life planning and assessment of building
components and systems. The series defines and systematizes methodologies and tools to ensure
the most efficient combination of investment, maintenance, and management costs during the life
cycle of the building. In particular, it introduces the estimation of service life in the design phase (ISO
15686, Part 2), costs, LCC (ISO15686, Part 5), and environmental impacts in the life cycle (ISO 15686,
Part 6) [24].

This is particular for a circular building whose useful life does not end upon its dismantling but
will continue through the programmed removal of its constituents feeding the circular process.

By this logic, the convergence of the above-mentioned areas into a single regulatory instrument
allows for new ways of operating and critical analysis. It is important to underline, however, that
although the main economic and environmental costs are paid during the building management
phase, according to the dominant literature, these costs derive from the repeated inability to plan, from
the project phase, correct life cycle management.

This highlights the key role that the design phase plays in shaping circular building by
implementing effective circular technologies which cause positive effects across the various use
cycles of all the involved.

3. Lack of Innovative Circular Technologies and Indicators for Their Evaluation

From the analysis of the current literature, it is possible to summarize two main aspects that
are particularly relevant: the steady presence of reversibility and durability as a reference point in
the current literature concerning Circular Design strategies; and the key role of the Design for extending
the service life of buildings and closing material loops.
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From these considerations we wish to highlight:

- The difficulty in finding circular building technologies suitable for enhancing the building’s
service life and closing material loops;

- The lack of indicators suitable to assess the circular potential of building technologies.

To support the transition to the circular economy, governance, regulations, and business models
will play a crucial role. According to the research report Circular Business Models for the Built
Environment maximizing value from a circular economy requires several enabling factors. Generally,
these fall into three categories—design, information, and collaboration. As a result, additional value
will be created through the operation, with benefits for asset value and waste production.

The report explores ways Circular Business Models (CBMs) [7] would provide added benefits
throughout the value chain in construction, focusing on three principal models:

- Circular Design Model (development and planning phase of a built asset);
- Circular Use Model (operational phase of an asset);
- Circular Recovery Model (end of the product’s service life).

At each stage of a development life cycle, there are opportunities and challenges which need to be
addressed. Successful implementation of these business models will require action from designers,
suppliers, service providers, contractors, and end-of-life companies by sharing materials, systems,
energy, as well as information and services.

The aim of the paper, with particular reference to the Circular Design Model—as
opportunities—products, and systems, is that the entire built structure should be designed to last
longer with a higher residual value. Therefore, they should be easier to maintain, repair, upgrade,
refurbish, remanufacture, or recycle with respect to traditional ones. Additionally, new materials can
be developed and sourced, particularly bio-based, that are less resource-intensive or fully recyclable [7].
This highlights that design choices, extending the service life of buildings, and fostering closed material
loops can be a key instrument for the transition toward a circular economy [25].

However, suitable evaluation criteria are still lacking, given the limited innovative circular
building technologies identified—with reference to the concept previously given as a set of materials,
products, and processes [9]—despite the urgent need for their implementation into the circular economy.
According to Jawahir and Bradley [26], the technologies that are needed to feed sustainable value
in the circular economy have not yet been given due consideration. As a result, expected circular
economy benefits are not being achieved. Therefore, a large gap needs to be filled between scarce
availability and the large demand for innovative circular technologies, whose expansion is expected in
all industries worldwide [27].

Ensuring the successful transition to a circular economy requires, however, measuring circularity
through suitable criteria, indicators, and assessment tools [28,29], whose development is still at an early
level of definition [30,31]. Ghisellini et al. [32] showed that only 10 out of 155 studies on circular
economy strategies include a focus on assessment indicators.

As the circular economy operates on three systemic levels (macro, meso, micro), the tools
and indicators for measuring the ircular economy differ depending on the level of application (Su et
al., 2013). Among the three levels or scopes at which the circular economy can be observed, some
indicators have been developed for the macro-level (global, national, regional, city) and meso-level
(industrial symbiosis, eco-industrial parks), while the micro-level (single firm, product) is still largely
under-investigated. Although the development of indicators has progressed in recent years, there is
currently no standardized way to measure the circularity at a micro-level [33]. According to Kristensen
and Mosgaard [34], a detailed understanding of how to measure and document progress toward
a circular economy is lacking, especially on a micro-level. This is a barrier for both producers who want
to provide circular products and services and for the consumers who want to know how to compare
products. The authors reviewed 30 circular economy indicators at the micro-level. The 30 indicators
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found in literature and practice were categorized according to the main focal point(s) of each indicator.
This revealed the core circular economy principles considered by the indicators, which enabled
analysis of the current scope of circular economy indicators at a micro-level. Nine circular economy
categories emerged from this data-driven coding: recycling, remanufacturing, reuse, disassembly,
lifetime extension, resource-efficiency, waste management, end-of-life management, and, lastly,
multidimensional indicators, which are indicators that do not fall into the other categories as they
cover a broader circular economy perspective. The majority of micro-level indicators are developed to
assess individual products and materials, and thus function to support decision-making processes
in companies.

The conclusion of their study is that there is no shared way of measuring circularity at
the micro-level, and this lack is a barrier to further absorption and implementation. The development
of standardized criteria suitable for micro-level circularity assessment would be useful, which should
be explored either as industry-specific or circular strategy-specific [31].

In line with Kristensen and Mosgaard’s study, the paper’s focus on micro-level indicators,
compared to other levels, is due to the compatibility of the field of application of the nine categories
of indicators identified. The field of application of building technologies and their requirements are
useful for measuring their circular potential.

4. Results

The result confirms the identification and delimitation of indicators that can contribute to
the advancement of the state of knowledge which is useful for assessing the circular potential of
construction solutions for circular buildings.

This refers to construction solutions that follow the principles of Circular Design, therefore they
concern that set of materials, systems, and products, within the principles of the circular economy,
summarized as circular building technologies. In particular, they identify and delimit reversibility
and durability as possible indicators for assessing circular building technologies suitable for enhancing
the building’s service life and closing material loops.

The study summarized by this paper aimed to discuss whether reversibility and durability may
represent suitable indicators for potential circular building technologies.

A definition is firstly provided of the two terms and their meanings:

• Durability should be understood as the ability of the building system and its materials not to
exhibit significant deterioration that implies the loss of functionality for which they were designed.
The durability of a building must meet, at least, the working life design, and during this period
the necessary maintenance procedures that should be specified for the system must be met [35].
This feature depends on the reliability of the object and its constituents, the environment in which
it is placed, and some conditions related to the socio-economic context, such as user behavior.
Together, these conditions determine how long the building can properly remain in use.

• Reversibility is a feature or a transforming or dismantling process of a building or parts of it,
preserving the maximum integrity of the removed elements and assuring minimum damage to
those kept in place [36]. Reversibility, thus, refers mainly to the attitude of easily disassembled
systems: this means going back step by step through the building assembly process, recovering
most of the elements that had entered the primary process previously. To comply with this
requirement, the dismantled element via disassembly must not be disposed of but re-enter into
a cycle of use.

Once the requirements are defined, some suitable indicators must be identified to measure
the compliance of a technical building configuration. By including these elements within
the sustainability protocols, or tools, currently in use, it should be possible to avoid the proliferation
of further procedures and better integrate the assessment of circular features within comprehensive
and already tested building rating systems.
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This will enhance the effectiveness of those tools in assessing the environmental impact and energy
performance of buildings directly from the design phase and whose adoption has been suggested since
the early 2000s [37] as part of a necessary integrated approach to accompany technical policies. Since
these systems are typically based on a multi-criteria analysis (Criteria Decision Analysis Fines, MCDA),
they are set to manage numerous and contrasting variables, which are considered in parallel then fused
into an overall score which is very useful to quickly and effectively compare different alternatives. This
should allow the addition of some new indicators which specifically refer to circularity requirements,
preserving both the structure and the scoring scheme of each rating system. Among the most adopted
in current practice, the rating systems based on these principles are LEED (Leadership in Energy
and Environmental Design), BREEAM (Building Research Establishment Environmental Assessment
Method for Buildings), and SBMethod.

The integration of circularity indicators within the rating system is the third step of this work. It
is currently a work in progress whose outcome cannot be made available yet.

5. Discussion and Conclusions

The analyzed literature shows great potential for the advancement of knowledge in the field of
Circular Design strategies applied to the construction sector, opening several areas of research which
are yet to be fully explored with reference to circular building technologies. With regard to this issue,
in order to advance knowledge, it is necessary to make a contribution, both to overcome the difficulty
in finding circular building technologies suitable for improving the useful life of buildings and to
close materials loops; the lack of indicators to assess the circular potential of building technologies.
Reversibility and durability, as highlighted in the analyzed studies, are already widely included
in all Circular Design strategies, including those addressing the construction sector in particular.
Nevertheless, no clear definitions are yet available to link these concepts to indicators suitable for
measuring circular economy and, specifically, circular building technologies. The notion of circular
building technologies, however, embodies the need to redefine how materials, processes, and products
are designed and used within circular economy principles. This absence is a barrier which prevents
the extension of circularity assessment of construction technologies to the whole functional complexity
of the entire building (circular building). Reversibility and durability can represent reliable indicators for
this purpose, as they integrate both quantitative aspects related to circular technologies and qualitative
aspects referring to service life and closed loops.

Most literature provides evidence that the building management phase causes most of the economic
and environmental costs of the building process due to the recurrent inability to plan an ineffective
life cycle management from the design stage. The imperatives of service life and closed loops are key
issues which are fundamental for reaching the circular economy targets. They need to be endowed
with reliable indicators to allow their assessment and the strengthening of their mutual relationship.
Providing micro-level indicators for circular building technologies contributes to the advancement of
knowledge on the measurability of circular economy processes, products, and business models applied
to the construction sector.

Integrating the sustainable building rating systems currently in use with circular economy
indicators, with particular emphasis on reversibility and durability at the micro-level, can provide
useful assessment tools to designers to assist their choices early on in the project stages.

Whilst promising, these integrations need further study to develop assessment schemes fit for
the operational level, as a wide application of these schemes would accelerate the market penetration
of circular building technologies, thus acting as a catalyst for the success of the circular economy.
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Abstract: Innovative designs, such as those taking place in nearly zero-energy buildings, need to
tackle Life Cycle Cost, because reducing the impact of use can carry other collateral and unexpected
costs. For example, it is interesting to include the evaluation of end-of-life costs by introducing
future activities of selective dismantling and waste management, to also improve the environmental
performance of the demotion project. For this purpose, it is necessary to develop methods that
relate the process of selective demolition to the waste quantification and the costs derived from its
management. In addition, a sensitivity analysis of end-of-life parameters allows different construction
types, waste treatment options, and waste management costs to be compared. The assessment of
end-of-life costs in the present work is developed by a case-based reasoning. Cost data are obtained
from three actual studies which are part of the H2020 CRAVEzero project (Cost Reduction and Market
Acceleration for Viable Nearly Zero-Energy Buildings). Results show that end-of-life costs are similar
to traditional building typologies. The most influential materials are part of the substructure and
structure of the building, such as concrete and steel products.

Keywords: selective demolition; waste quantification; nearly zero-energy building; End-of-Life Cost

1. Introduction

The study of the life cycle of buildings has generally focused first on the use phase. Studies about
hotels’ performance consider that this phase can represent between 70%–80% of the total life cycle
energy consumption [1] and 80–90% of CO2 emissions [2]; in the case of residential typology, building
operation phase consume between 81–94% of total energy of life cycle and 75–90% of CO2 emissions [3].
Once the use phase analysis is delimited, it is then focused on the construction phase. In this stage,
studies have been centered on the manufacture of construction products and the building construction
itself, which last a relatively short period of time (1–2 years) but cause a very high environmental
impact. This is largely due to the intensive use of concrete and steel for the construction of building
structures, which represent a very high percentage of the CO2 emissions generated [4,5]. For instance,
Du et al. computed embodied energy to be equal 4.9% of the total life cycle energy of building.
This value was due to covering only the initial embodied energy of the building [6].

However, it is also important to evaluate the whole life cycle of buildings, including end-of-life,
mainly related to demolition and waste management. Rosselló-Batle et al. [1] calculated that around
40–50% of the whole energy of this stage is used to demolish the structure of the building, and to
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transport construction and demolition waste (CDW), which is between 16–32%. The authors also
asserted that this result is highly dependent on the distance travelled to the disposal or recycling plant.
In the European Union, Michailidou et al. [7] highlighted the data unavailability to perform end-of-life
studies. Marrero et al. [8] analyzed urbanization and demolition phases and concluded that both
generate 90% of CDW of whole life cycle; the former is due to earthworks and the latter is due to the
elimination of all buildings materials.

A building’s end-of-life takes place when it is considered out of service [9], implies a total
demolition, selective or not, and includes all its processes and waste management [10,11]. Most building
materials are considered waste in this phase [12]. As defined in the EN-16627 standard, End-of-Life
Cost (EOLC) includes deconstruction/demolition, transport, waste processing for reuse or recycle,
and waste disposal [11].

Several studies related to EOLC can be found in the literature. Islam et al. [13] did a complete
review of Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) on residential buildings. Practical
models and systems of LCA and LCC also were analyzed. The main limitation of the case studies was
that EOLC was not studied in detail. Dwaikat and Ali [14] carried out LCC analysis for a sustainable
building and how to identify and use LCC variables to perform the assessment, considering a useful
life of 60 years. In that case, a deeper study about EOLC was developed. Pelzeter [15] tried to
demonstrate that the optimization of the results obtained with the LCC analysis largely depended on
the assumptions that were made during the calculation process of LCC, but in this study, EOLC were
not determined.

EOLC are important for the construction sector because they can incorporate the concept of life
cycle from the design, in order to promote good practices such as reuse and recycling in selective
demolition works or on-site separation processes for the proper treatment of CDW. Recent European
regulations related to the management of CDW include the concept of circular economy, which focused
on the waste hierarchy: Reduce, reuse, and recycle [16]. Dismantling or selective demolition are
therefore promoted [17], for example, through the Green Public Procurement Program developed by
the European Union.

Furthermore, the European legislation about public procurement has considered since 2014
that the LCC evaluation is necessary to find the most advantageous economical tender [18]. In the
most important standards, LCC is normally divided into four stages, that is, construction, operation,
maintenance, and end-of-life [10], thus allowing, in Net Present Value (NPV) terms, different options
of building design to be compared.

To determine the EOLC of new building designs, the definition of a quantification method of the
materials making up the building is required. Furthermore, its corresponding costs should be known.
Other important aspects to incorporate in the assessment of end-of-life cost are the identification of
technological and administrative barriers to adequately manage CDW, which is widely studied by
the environmental community [19–21]. To analyze the waste generation processes in construction,
quantification procedures should be defined. A recent piece of research divides these procedures into
six categories, namely site visit, generation rate calculation, lifetime analysis, classification system
accumulation (CSA), variables modelling, and others particular methods [22].

The cumulative systems are the most used in the literature [23–25]. In these methods, a construction
works classification system is essential; this system is the structure on which the calculations are
developed to estimate the costs and quantities of each construction material. These systems offer a
rigorous way to quantify waste streams, allowing decision-making to define the most appropriate
treatment strategies for each waste stream. They generally combine computer tools with calculation
tables. Akinade et al. [26] studied the environmental evaluation of building design, and described four
quantification tools, which include the demolition stage in the analysis, as well as its corresponding cost
estimation and material quantification. The first tool was Building for Environmental and Economic
Sustainability (BEES) [27], which allows building products to be individually evaluated. The second
tool was One-click LCA, a software that assesses capital costs, LCC, and environmental impacts of 3D
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models of construction materials and systems [28]. The third tool was Demolition and Renovation
Waste Estimation (DRWE), which is focused on the evaluation of material quantification and waste
management options such as reuse, recycle, and disposal [29]. The fourth one was Integrate Material
Profile and Costing Tool (IMPACT), which measures the environmental impact of construction phase
and the LCC analysis of buildings [30].

In this paper, EOLC will be calculated using the ISO 15686-5:2008 standard [10], which is the
main source for the building LCC calculation. According to this standard, the LCC of a building is the
NPV, which is the sum of the discounted costs and revenue streams during the phases of the selected
period of the life cycle. The phases of the life cycle that are included in the calculation are the initial
investment cost (design and construction), the cost for operation and maintenance, and the EOLC [31].

An assessment model is proposed to study the end-of-life phase, including quantification and
management of demolition waste. These assessments are needed in economic and environmental
analyses. This study will be applied to Nearly Zero-Energy Buildings (NZEB), as part of the H2020
CRAVEzero research project, of which the objective is to identify the additional economic costs of
NZEB from the point of view of the complete life cycle, in order to be able to make proposals that
minimize these costs. As part of the project, Pernetti et al. have developed a tool that implements a
global and structured methodology [32]. This tool analyzes a set of NZEB case studies, representing
the most technologically advanced buildings across Europe. The projects data have been provided by
the companies Bouygues, Skanska, Köhler & Meinzer, ATP sustain, and Moretti, which participated
as designers, general contractors, or technology providers in the construction processes of buildings.
NZEB have the challenge of reducing energy consumption in the stage of use of the life cycle of
buildings, the longest and most impacting phase [33,34].

European NZEB are defined as “Very high energy performant buildings with a very low amount
of energy required covered to a very significant extent by energy from on-site or nearby renewable
sources“ [35]. In the European Union, each country can established his own energy consumption
and emissions requirement, e.g., new single-family house in Madrid (Spain) should not surpass
44.6 kWh/m2 of primary energy consumption or 10.1 kgCO2/m2 of emissions per year [36]. Furthermore,
each level of energy performance will be joined to cost-optimality solutions to evaluate the building
energy performance [33,37]. A NZEB typology will be mandatory in new buildings in the European
Union States (EU) by 2021 [33,38]. These improvements achieve an energy demand reduction from
non-renewable energy sources [34,38], e.g., in Spain, a NZEB could reduce approximately 75% of
energy consumption and emissions [36].

In the early stages of the design, the analysis of the EOLC should allow all costs to be estimated.
For this purpose, construction materials, dismantling processes, and waste management should be
quantified. In this work, an EOLC assessment is proposed for the CRAVEzero project, which is
based on the standard classification system of construction work of the Andalusian Construction Cost
Database (ACCD) [39]. The methodology developed by the ARDITEC research group [8,12,25] for the
quantification and environmental assessment of CDW is also implemented.

However, we can say that there are insufficient studies or information regarding the EOLC.
Therefore, one of the objectives of this article is to propose a methodology to estimate the costs
and the quantification of waste generated by this phase because the impact from the environmental
point of view is crucial; consequently, its analysis is pertinent. In addition, a sensitivity analysis of
end-of-life parameters allows for the comparison of different construction types, waste treatment
options, and waste management costs. The estimation model is developed by a case-based reasoning
and cost data are obtained from three actual studies that are part of the CRAVEzero project.

2. Methodology

The proposed model calculates the EOLC through the quantification of demolished materials
by using an indirect estimation method per Kim classification [40]. This method predicts the waste
generated by construction work units and accumulation units. The quantification during the project
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design stage is based on a forecast of the CDW production and is helpful for defining the potential
recycling benefit and disposal costs.

In Spain, a waste quantification method, included in the category of CSA methods, allows the
volumes of waste generated by a building demolition to be known [25,41]. In addition, if this method
is combined with a cost classification method of work units, a waste cost estimation is likely to be
obtained [42]. The ACCD is employed in this work for the work unit definition [39] as it has been
successfully used in previous works on waste quantification [43]. EOLC includes costs of demolition
(TDC), load (TLC), transport (TTC), and waste (TWC) [9]

EOLC = TDC + TLC + TTC + TWC (1)

The structure of the EOLC calculation is divided into three groups (Figure 1). The first group is
demolition costs (DC), the second group is made up of load (LC), transport (TC), and waste management
costs (WC), and the third one is EOLC in terms of NPV. NPV represents the actual value of a future
cost, so the project time analysis and economic factors, such as discount rate and inflation, should be
considered [44]. These costs categories are compatible with the indications of the ISO 15686-5 and EN
15643-4 standards [10,45].

 

Figure 1. Groups and data flow for the end-of-life cost calculation.

2.1. Demolition Costs

The demolition activity is mainly conducted in two ways, massive demolition or dismantling and
selective demolition. The former is not considered in this work because it does not meet European
policies [35,46] about CDW management due to the mixed waste that it produces. In economic terms,
there is no consensus about which demolition (massive or selective) is the best economic option;
on the one hand, Dantata et al. indicate that selective demolition can be 17–25% greater than massive
demolition costs [47], and on the other hand, some studies consider selective demolition more profitable
than massive demolition [12,48,49]. When the demolition method is massive, costs can be calculated
by means of the volumetric or area data of the building. However, if a selective demolition takes place,
detailed information of the building design should be available.

ACCD [39] is employed in this paper for the work unit definition. Its most widespread use is for
estimating costs in the construction sector and is mandatory in public works in Andalusia (Spain) [50].
It uses a hierarchical organization for work units, where the highest level is the construction site, followed
by categories called chapters, each representing a construction process (for example, demolitions,
foundations, installations, waste management, etc.), which then in turn are divided into subchapters.
The base of this structure is formed by the Basic Costs, which correspond to elementary resources
(materials, machinery, and labor), which are added to form Auxiliary Costs, generally mixtures of
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materials such as cement mortar. The aggregation of several basic and auxiliary costs give rise to
Simple Costs, which represent the various construction activities or work units. Putting together
Simple Costs generates Complex Costs, which represent more complicated work units.

In this research, demolition cost is calculated (Figure 2) by assigning Demolition Complex Costs
to each building element (BE). The last are parts in which the building´s project is divided, and they
were used in CRAVEzero project to calculate LCC. Some examples are foundation, facilities, and roofs.
Each of them is expressed in a certain unit of measurement: m2, kg, m, etc. Thirty-nine new Demolition
Complex Costs and thirty-one Simple Costs were defined using ACCD. These costs have been defined
to adapt the demolition process to the work units in the case studies, such as wooden structures and
renewable energy systems.

 

Figure 2. Groups and data flow for the end-of-life cost calculation.
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In many cases, the unit of measurement of BE could be different to the one of the corresponding
demolition work unit, thereby a unit conversion ratio (CR) is required. The demolition cost of each BE
(DCi) is calculated according Equation (2),

DCi = Qi ×
∑

(CRi,j × DCj) (2)

where DCi = Demolition Cost of BEi, and Qi = Quantity of BEi, expressed in its unit of measurement.
CRij = Unit Conversion Ratio. DCj = Demolition Simple Cost j, expressed in €/unit of measurement.
The sum of the DCi that are part of the BE, leads to the total demolition costs (TDC) of the building
according to Equation (3),

TDC =
∑

DCi (3)

Table 1 shows the BE, roof, and, the Demolition Complex Cost generated from the Demolition
Simple Costs, and how the use of CR is necessary to be able to relate the units of both elements (BE and
Demolition Costs). Finally, the cost of the roof with cold attic (DC) is 33.67 €/m2.

Table 1. Example of Demolition Complex Cost of building elements (BEs).

Description Qi umBE

Roof with cold attic 1541 m2

Components Height (cm)

Gypsum board 1.30
Wood/air 2.80

Plastic foil 0.02
Isolation +Wood frames 60.00

Wood 2.20
Bituminous sheet 3.25

TOTAL height 69.57

Breakdown cost calculation

umDCj Concept CRij €/umDCj €/umBE

m2 Selective demolition wood roof 1.00 m2/m2 7.46 €/m2 7.46 €/m2

m2 Selective demolition wood frames 1.00 m2/m2 14.72 €/m2 14.72 €/m2

m2 Selective demolition suspended ceiling 1.00 m2/m2 2.24 €/m2 2.24 €/m2

m3 Selective demolition isolation panels 0.60 m3/m2 15.42 €/m2 9.20 €/m2

TOTAL 33.67 €/m2

2.2. Load, Transport, and Waste Management Costs

Load, transport, and management activities represent the conversion of demolished BEs into
waste and their treatment cost. Previously to cost calculation, waste should be quantified, and waste
management options should be defined. The first part of the calculation process (waste quantification)
is performed with the support of the ARDITEC waste volume calculation [25].

For each BE, a volume conversion coefficient (CCi) is applied to change the unit of measurement
of the BE to cubic meter. This ratio indicates how much apparent volume (m3

a) is contained in a unit
of the BE before being demolished. In example (Table 1), a wooden roof has 0.6957 m3

a/m2. However,
gaps are discounted by measuring the project to obtain a value of 0.6957 − 0.021 = 0.6747 m3

a/m2.
This last figure (0.6747) is what it is defined as CCi.

After BE is demolished, its volume is changed and is transported as bulk volume. This conversion
is made by a bulk volume ratio (CTi). Representative CTi values are in parenthesis, for reinforced
concrete (1.30), walls-partitions (1.30), tiling (1.20), ceiling (1.35), wood doors (1.15), heaters (1.00),
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and glass (1.10) [8,25]. The demolished bulk volume (DBVi) of the BE is defined as the demolished
volume generated by each BE of the project according to Equation (4).

DBVi = Qi × CCi × CTi (4)

In the example of Table 1, DBVwooden roof = 1541 × 0.6747 × 1.30 = 1351.98 m3
b; CTi in this case is

1.30. An average value of CTi is stablished for each BE.
It is necessary to calculate the total waste of each material that can be generated by each Demolition

Complex Cost. Therefore, the next step is to determine the weight of different material components
by nature in the BE. The waste nature is defined by using the classification from the European Waste
List [51], included in Chapter 17 Construction and demolition wastes. The codes are 17 01 01 concrete,
17 01 07 ceramic, 17 02 01 wood, 17 02 02 glass, 17 02 03 plastic, 17 03 02 bituminous, 17 04 07 metal,
17 04 11 cable electric, 17 05 04 soil, 17 06 04 isolation, 17 08 02 gypsum-based, 17 09 04 mixed inert,
17 09 04 mixed non-inert, and hazardous materials.

Firstly, the percentage of each material in the BE, the material volume percentage (VPki), should
be determined according to Equation (5),

VPki = qki × (CCk/CCi) (5)

where qki is the quantity of the material included in the BE per unit of BE. It is obtained from the bill of
quantities of the project. CCk is a conversion ratio that relates the unit of measurement of the material
included in the BE to volume unit (m3). CCi comes from Equation (4).

For example (Table 1), the percentage of wood in BE (wooden roof) will be calculated. CCi is
calculated before (0.6747 m3

a/m2); CCk = 1, since wood is measured in m3; and qki is obtained from the
bill of quantities of wooden roof, in this case 0.039 m3/m2, VPwood, wooden roof =0.039 × 1/0.6747 = 5.78%.
A similar analysis is done with the other materials that are part of the BE. Thus, it is possible to
determine the quantity of demolished bulk volume for each material (DBVki), according to Equation (6),

DBVki = DBVi × VPki (6)

To determine the demolished weight material (DWki), the bulk density (dbki) is employed
according to Equation (7),

dbki = dak / CTi (7)

where dak is the apparent density. Finally, DWki was calculated according to Equation (8),

DWki = DBVki × dbki (8)

In the example (Table 1), the bulk density of wood = 0.5 t/m3 and DWwood, wooden roof =0.0578 ×
1351.98 × 0.5 = 39.07 t. This process is done with all the materials that make up the BE. In this example,
the materials are wood, bituminous, plastic, insulation, and gypsum. This process would be replicated
for all BEs in the project.

After determining all weights, the treatment option percentage can be indicated for each material.
The waste treatment options are chosen by considering the waste treatment hierarchy, reuse (PUk),
recycle (PYk), and disposal (PDk) [16], thus allowing different percentage combinations to be compared.
Quantities are obtained (in weight) of reused (DWUk), recycled (DWYk), and disposed (DWDk) waste
with the Equations (9), (10), and (11) respectively,

DWUk = PUk ×
∑

DWki (9)

DWYk = PYk ×
∑

DWki (10)
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DWDk = PDk ×
∑

DWki (11)

After determining all material weights, the costs of load, transport, and waste treatment can be
established. The total load cost (TLC) includes in situ transport of waste and being loaded on a truck,
according to Equation (12),

TLC = LC ×
∑

(DWUk + DWYk + DWDk) (12)

The calculation is made by multiplying the unitary load cost (LC) per tonne to the waste weight,
after adding the weight of different waste treatment options. The total transport cost (TTC) includes
all the costs incurred from the construction to the treatment site. The calculation is made with the
Equation (13),

TTC =
∑

(TC ×WTDok × DWok) (13)

where TC is the unitary transport cost (TC), WTDok is the distance between the worksite and the waste
treatment site, and DWok is the total amount of waste and waste treatment option (the options are
recycling or disposal). The total waste treatment cost (TWC) includes all the cost related to the waste
treatment site, fees, and special taxes included according to Equation (14),

TWC =
∑

(WCok × DWok) (14)

which is the summation of each unitary waste treatment cost (WCok) per tonne times the total amount
of wasted materials for each treatment option DWok (recycling or disposal).

2.3. EOLC

The EOLC is calculated through the aggregation of demolition, load, transport, and waste
treatment costs (Equation (1)). This cost will be therefore affected by economic factors over time and
indicates the investor’s time value of money [44]. The NPV of EOLC is obtained from Equation (15),

EOLCNPV = EOLC × ((1 + i)y/(1 + dr)y) (15)

where EOLCNPV represents the present worth of an investment, which will take place in the future,
so the period of time (y), the value of discount rate (dr), and the inflation rate (i) that the investor
considered in the LCC assessment should be known. This equation is used for the LCC assessment in
ASTM 917, EN-16627, and ISO 15686-5 [10,11,44]. Additionally, if the data cost is not recent, an updated
cost factor is also required [10].

2.4. Cost Normalization

To compare the results of EOLC of the case studies and to add into previous costs calculated of
NZEBs, a cost normalization should be performed [32], because these case studies come from different
countries in Europe. For this purpose, the European construction cost index is employed [52] to
establish an equivalence value of the EOLC obtained from the ACCD and the CRAVEzero project. It is
defined as EOLCNPVn and obtained in Equation (16),

(EOLCNPV)n = EOLCNPV/icd (16)

EOLCNPV represents the end-of-life cost calculated with ACCD in this research, and icd is the cost
index of Spain where the ACCD is defined.

2.5. Sensitivity Analysis

The main weak point of an LCC analysis are the assumptions that should be made for the input
parameters. The difficult access to data, especially in the case of economic boundary conditions,
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leads to uncertainty in LCC calculation, thus limiting its application. To determine the most relevant
input parameters and to tackle in this way the uncertainty issue, a sensitivity analysis is performed,
so decision makers could concentrate on the analysis of the most critical parameters [53].

First, the set of input parameters and their variation range must be selected. On the one hand,
a fixed range can be adopted from the technical literature, norms, and the data collection of case studies,
i.e., interest rates. On the other hand, if a fixed range is not available, e.g., the price of building features,
the baseline value is arbitrary varied, ±10%.

One of the simplest screening techniques, the differential sensitivity analysis, is adopted. This method
belongs to the class of the one factor at a time methods [54–56]. The impact on the LCC of one parameter
at a time is studied, keeping the other parameters set equal to their baseline value. In spite of the
influence of inflation rate and discount rate, it is very intense in terms of present worth. This affirmation
is widely supported in existing literature [13,44,56,57]. Thus, we focus the sensitivity analysis on
evaluation of parameters related directly with EOL: Recycle percentage (PYk), Recycle distance (DYk),
Disposal distance (DDk), Unitary recycle cost (CYk), and Unitary disposal cost (CDk).

2.6. LCC CRAVEzero Calculation

For the LCC calculation of the other life cycle phases (design, construction, and operation)
CRAVEzero methodology [32] was adopted, which is resumed in this section. The first step for
the calculation of the LCC is establishing the time period. Following the framework of the ISO
15686-5:2008 standard, the largest period possible is 100 years [10] but shorter periods lead to more
reliable assessments as time-uncertainties have a smaller impact. For the phases up to the operation
phase, a period of 40 years was selected. A common discount rate value for all case studies was
adopted to updating future costs over the 40-year life. The selected value was taken from the FRED
Economic Database [58], which provided an average discount rate of 1.51% for the time period going
from 2009 (the year of construction of the oldest case study) to 2017 (time period during case studies
were built). Average values from 2009–2016 (year of construction of the case studies) of interest rate
were used. Interest rate is taken from CRAVEzero project, which is necessary to maintain for further
comparison and aggregation. Inflation rate was not considered in this calculation since it affects all
results in the same way.

In a second step, energy costs related to building operation were obtained from CRAVEzero
project. As the official energy bills were not available in most cases, the evaluation was based on the
energy demand calculated. In particular, the energy consumption and production was analyzed using
the PHPP evaluation tool [59]. Energy prices derived from Eurostat [60], considering the average
values from 2010 to 2017.

The analyzed buildings were built between 2009 and 2016, and there are not enough data for
maintenance cost yet. Therefore, the analysis within CRAVEzero of maintenance and use costs was
based on the standard values from the literature. In particular, the EN 15459:2017 standard [32,61]
provided annual maintenance costs for each item, including operation, repair, and service, as a
percentage of the initial construction cost. For passive construction elements, an annual average value,
representing 1.5% of the construction cost, was taken for the evaluation, and it was verified with
average values derived from the experience of industry partners in the CRAVEzero project.

3. Case Studies Description, Scenario

3.1. Case Studies Description

Three buildings with different construction characteristics were chosen for this study (Table 2).
Their main difference was their structural material, ranging from concrete, wood, and mixed. Also,
they have a high degree of thermal insulation in their envelope, use low-consumption installations,
and have their own system of photovoltaic power production.
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Table 2. Nearly Zero-Energy Buildings (NZEB) case studies description and equipment. Adapted from
Pernetti et al. [32].

   

Name Residence Alizari Solallén Väla Gård
Year 2015 2015 2012
Location Malaunay (France) Växjö (Sweden) Helsingborg (Sweden)
GFA {m2} 2825 2100 1815
Building typology Residential Residential Office building
Floors 5 1 3

Construction features
Concrete structure. Triple
glazing, internal and
external insulation

Wood structure. Well
insulated and airtight

Concrete structure except
wood roof. Well insulated
and airtight

Equipment features
Balanced ventilation with
heat recovery, centralized
wood boiler, photovoltaics

Balanced ventilation with
HR, GSHP, photovoltaics

Balanced ventilation with
HR, GSHP, photovoltaics

Net final energy
consumption 63.90 kWh/m2.yr 28.18 kWh/m2.yr 12.58 kWh/m2.yr

GFA = gross floor area, HR = heat recovery, GSHP = Ground source heat pump

3.2. Scenario

To compare different buildings correctly, economic and geographical estimates were made,
including the normalization of the economic values of the LCC (Section 2). Furthermore, the idealization
of the location of waste treatment plants included the unification of the distances between the
construction site and the plant. In addition, the costs of each type of waste management, such as reuse,
recycle, and/or disposal, for each waste stream were defined by employing current fees in Spanish
municipalities and ACCD [39,62,63]. Reuse did not take place due to the complex factors making it
difficult to define its corresponding costs because of both the opacity in the market of construction
companies and the lack of public data. Recycling and disposal rates at European level were obtained
from the project called Resource Efficient Use of Mixed Wastes Improving Management of Construction
and Demolition Waste [64] as well as from the Institute of Civil Engineers [65]. Main data and its
sources are summarized in Table 3; no estimation has been made in the present work besides the cost
normalization as explained in Section 2.4.

Table 3. Data scenario and assumptions.

Parameter Value Source

Life cycle cost building Various [32]
Time period 40 years [32]
Inflation rate 0 -
Discount rate 1.51% [58]

Cost normalization index Spain 70.52% [52]
Load Cost (LC) 0.65 €/t [39]

Transport Cost (TC) 0.69 €/t km [39]
Demolition Cost (DC) Various [39]

Waste Treatment Cost (WC) Material(k) Recycle (WCYk) Disposal (WCDk) [39,62,63]
Mix non-inert - 70.00 €/t

Mix inert 9.50 €/t 30.00 €/t
Concrete 4.00 €/t 30.00 €/t
Ceramics 6.00 €/t 30.00 €/t

Wood 25.00 €/t 70.00 €/t
Glass 30.00 €/t 70.00 €/t

Bituminous 3.50 €/t 70.00 €/t
Metal −80.00 €/t 30.00 €/t
Cable −900.00 €/t 70.00 €/t
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Table 3. Cont.

Parameter Value Source

Soil 3.00 €/t 30.00 €/t
Isolation 60.00 €/t 80.00 €/t

Gypsum based 60.00 €/t 80.00 €/t
Paper 3.50 €/t 70,00 €/t

Hazardous - 80,00 €/t
Waste Treatment Distance (WTD) 15 km -

Recycle waste percentage
Mixed inert, concrete, ceramic 75% [65]

Gypsum-based 10% [64]
Wood 57% [65]
Metal 80% [64]

Soil, glass, paper 50% [64]
Plastic, bituminous, isolation 25% [64]

4. Results and Discussions

4.1. EOLC Results

The importance of the EOLC is established by comparing it with the rest of the LCC previously
calculated in the CRAVEzero project [32]. The indicator chosen for comparison was the cost per Gross
Floor Area (GFA).

EOLC is divided into demolition, load, transport, and waste management costs. In Figure 3,
EOLC in the three cases is approximately 100 €/m2 and 5% of the LCC.
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Figure 3. Life Cycle Cost (LCC) breakdown and End-of-Life Cost (EOLC) breakdown percentage.

Comparing these results with other research, Banias et al. determined the transport and management
cost is in the range between 31–42 €/m2 [66], but cost normalization or NPV were not applied. In terms of
the importance of the EOLC with respect to the LCC, Islam et al. established those in 2.69% (a discount
rate of 6% and a study period of 50 years) [13], Pelzeter in 1% (a discount rate of 5% and a study period
of 90 years) [15], and Dwaikat in 1% (a discount rate of 0% and a study period of 60 years) [14]. The
difference was mainly due to different discount rates and the number of years employed.

The cost distribution (Figure 3) of EOLC was as follows: Demolition cost from 82 to 84%,
waste management from 8 to 14%; transport cost from 4 to 7%; and load cost, 1%.
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4.2. Waste Streams and EOLC

Table 4 shows the total amount of waste streams obtained in this work and in others [23]. The insulation
material was that showing significant differences, as expected in NZEB.

Table 4. Weight of waste/Gross Floor Area (GFA) (kg/m2).

Waste Alizari
Residential.
Reinforced.
Concrete *

Solallén
Residential.

Wood *
Väla Gård

Non-Residential.
Reinforced
Concrete *

Concrete 810.76 492–840 278.95 137–300 683.50 401–768
Wood 3.08 12–58 92.81 70–275 61.93 20–159
Metal 45.49 9.8–28.4 9.84 4.8–22.5 34.69 28.4–53

Isolation 9.69 0.1–2.2 47.32 0.1–2.2 19.58 0.1–2.2
Gypsum 27.57 10.8–64.3 40.61 10.9–105.4 12.67 10.8–75.7

* [23].

Another work analyzed the construction waste generated during the building life cycle of social
housing projects [8] named P1, P2, and P3; the main streams of P2 and P3 (concrete, plastic, and metallic
waste) were similar to those included in this work, the Residence Alizari project, but P1 was significantly
different due to its urbanization characteristics.

In the three case studies, a detailed analysis of the influence of the materials within the EOLC, in terms
of the percentage per weight and costs of transport and management, is shown in Figure 4. The main
materials were concrete, metallic, insulation, wooden, and gypsum-based materials, representing
between 88 and 95% per weight. Moreover, NZEB buildings increased the amounts of insulation waste,
thus making the recycling of these materials important.
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Figure 4. Waste fraction per weight and its influence on transport and waste management cost.

In the percentage comparison of the material weight, the importance of concrete was stressed as it
represented between 80 and 82% in buildings with a reinforced concrete structure and façade, and 52%
when it was employed only in the foundation.

The cost of transport and waste management represented between 79 and 90% of the EOLC.
In turn, the metallic materials which were sold were between −3 and −10%.
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4.3. Sensitivity Analysis

The sensitivity analysis compared the percentage of variation of the EOLC with respect to waste
parameters, when the parameter studied changes 1%. In terms of the EOLC and the building weight,
the five materials most influencing were as follows (see Figure 5): Concrete, metallic, insulation,
wooden, and gypsum-based materials. Moreover, the three case studies were compared.

The first parameter evaluated was the waste recycling percentage. The results showed that concrete
was the most influential, which was between 4 and 12%, followed by metallic materials which were
between 1 and 3%, and wooden materials which were between 0 and 2%. The second parameter
assessed was the distance to the recycling plant. The waste most influencing the EOLC was also
concrete, which was between 2 and 5%; the remaining waste did not significantly affect the EOLC.

The third parameter analyzed was the distance to the disposal plant. The residue most affecting
the EOLC was also concrete, which was between 1 and 2%; the remaining waste did not significantly
affect the EOLC. The fourth parameter evaluated was the unit cost of waste recycling. The results
showed that the cost of recycling metallic waste varied up to 2%. Then, concrete influenced between 1
and 2%, and finally, the wooden waste reached up to 1%.

The fifth parameter was the unit cost of disposal. Concrete waste was again the most influential,
between 2 and 5%. Wooden, insulation, and gypsum-based materials were up to 2% of EOLC. The results
showed, in general, that the EOLC was mainly influenced by the materials most presented in the
building, and in particular those which were part of the structure and substructure.

Figure 5. Sensitivity analysis. EOLC performance.

Also, it is possible to analyze the differences between concrete and wooden buildings, verifying
that in the latter (Solallén), the influence of wood on the sensitivity analysis is much greater than
in the other two buildings (Alizari and Väla Gård). The uncertainties in the main material volume
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calculations (i.e., concrete) were low because this material was an essential part of the building structure
and was always precisely defined in construction projects due to safety issues.

5. Conclusions

This work defines an assessment model for the evaluation of the EOLC of buildings, based on
a cost model that implements selective demolition. It is aimed at designing stage decision making,
by knowing in advance what type of waste is to be generated at the end-of-life and its economic
impact. These aspects could be considered during the materials selection in the building design stage.
In addition, the influence of the distance to the recycling plants is also assessed in economic terms,
as well as the influence of waste management fees.

Firstly, the results showed that the EOLC represented approximately 5% of the total of the LCC.
That percentage significantly changed with modifications in time span and discount rate, thus making
the comparison to other results difficult. Furthermore, among the elements describing the EOLC
(i.e., demolition, load, transport, and waste management costs), demolition costs were those most
influencing the EOLC as they constituted between 82 and 84% of the total. In addition, these percentages
were not affected by the typology of the structure or by the number of floors.

Secondly, the results showed that the waste generated was mainly from the foundation and
structure. In particular, concrete, wood, metals, insulation, and plaster-based materials. Also, the indicator
of weight per floor area obtained in the three case studies was in line with those calculated with
other methodologies in the scientific literature. Moreover, NZEB buildings increased the amounts of
insulation waste, thus making the recycling of these materials more important than in conventional
projects. The presence of waste that generates income, such as metallic waste, showed the importance
of the recycling market.

Thirdly, the sensitivity analysis indicated that the parameters most influencing the EOLC were
the percentages of recycled waste and disposal unit cost. In this regard, it was clearly shown that if
the difference between disposal costs with respect to recycling costs increased, then recycling would
be an economic advantageous. So, the sensitivity analysis confirmed, as previously mentioned,
that those materials constituting the building structure and foundation were the most influencing,
and consequently, recycling policies would be focused on these materials.

In future works, the complete LCC of the building will be calculated for a bigger sample of
building typologies.
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Abbreviations

Equation Parameter List

CCi Volume conversion ratio of building element {m3
a/umBEi}

CCk Volume conversion ratio of material {m3a/umMk}
CRij Unit conversion ratio. {umDCj /umBEi}
CTi Bulk volume ratio {m3

b/m3
a}

DCi Demolition cost of building element {€}
TDC Total demolition cost {€}
dak Apparent density of material {t/m3

a}
dbki Bulk density of material {t/m3

b}
dr Discount rate {dimensionless}
DBVi Demolished bulk volume of building element {m3b}.
DBVki Quantity of demolished bulk volume for each material {m3b}.
DCj unit demolition cost {€/umDCj}
DWki Quantity of demolished weight for each material {t}
DWUk Demolition waste reuse {t}
DWYk Demolition waste recycle {t}
DWDk Demolition waste disposal {t}
EOLC End-of-life cost {€}
EOLCNPV End-of-life cost net present value {€}
(EOLCNPV)n End-of-life costs net present value and normalized. {€}
i Inflation rate {dimensionless}
icd Cost index {dimensionless}
Pok Treatment option percentage {dimensionless}
PUk Reuse percentage {dimensionless}
PYk Recycle percentage {dimensionless}
PDk Disposal percentage {dimensionless}
Qi Quantity of building element {umBEi}.
qki Quantity of the material included in the BE {umMk/umBEi}.
TLC Total Load costs {€}
TTC Total Transport cost {€}
LC Unitary load cost {€/t}
TC Unitary transport cost {€/t·km}
TWC Total Waste treatment cost {€}
Vki Volume percentage of material k in building element i.

{dimensionless}
WCok Unitary waste treatment cost {€/t}
WTDok Waste treatment distance {km}
y Period of time {years}
Measure Unit List

m3
a Apparent volume.

m3
b Bulk volume.

umBEi Unit of measurement of building elements {m, m2, m3 . . . }
umDCj Unit of measurement of demolition work unit {m, m2, m3 . . . }
umMk Unit of measurement material {m, m2, m3, t . . . }
t tonns
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Abstract: Abandoning rural areas requires promoting their repopulation. In Europe, wealth and life in
these enclaves are valued. However, the current state of these houses does not meet actual needs and
requires interventions to actualize current standards. Therefore, decisions in the design and execution
of the works will generate a volume of construction and demolition waste (CDW), which must
be managed sustainably out of respect towards its origin, the architecture, and the surrounding
environment. This paper examines the prevention and management of CDW, providing control
strategies and actions to monitor and plan them from the rehabilitation project itself. Some of the
interventions carried out in recent years on this type of housing have been analyzed and the existing
management protocols within the European Union have been reviewed, specifying their application
in Mediterranean popular housing. As a result, we herein show a representative case that observes
the existing reality regarding the destination of generated CDW and delves into their possibilities
for use. We present these findings in order to reduce the energy cost resulting from manufacturing
new materials and meeting the established sustainability and energy efficiency parameters.

Keywords: disinvestment; popular housing; rehabilitation works; sustainable construction; waste
management; circular economy

1. Introduction

The year 2020 began by recognizing the end of an era. More specifically, this era was marked by
important scientific and technological advances, such as the expansion of communications, interesting
archaeological, astronomical, or biological findings that tackled challenges in medicine, biotechnology,
or nanotechnology. Moreover, new discoveries supported technological progress in the information
age. Likewise, this era made room for relevant decisions regarding greater social awareness on aspects
as diverse as gender equality, quality of life for the elderly, or environmental deterioration and its
consequences. However, the year 2020 will be remembered most for the international health and
economic emergency caused by COVID-19. However, there may be an opportunity in which new
habits with concern for the future of human health now take center stage. It is obvious that our social,
labor, and habitat habits require reviewing (with environmental criteria), especially with regard to
certain models of architecture, urban planning, environment, and city-life [1].

For years, the growth of large European cities has caused depopulation in rural areas. Although the
origin of this important demographic imbalance is located in the middle of last century, when cities
housed factories and needed abundant and unspecialized labor, these areas today still have the lowest
population densities in the entire continent, and the rural exodus continues to grow. Likewise, in Asia,
cities have grown exponentially in the face of attractive city living. Opportunities across the Asian
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continent are better compared to the isolated and resource-poor rural environments of Europe. As will
be seen in many cases, perhaps life is not as hopeful as promised. As a novelty, during the pandemic,
rural areas have been able to defend themselves during different stages of this pandemic and this
favors possible future changes in population dynamics.

On the other hand, rural areas have a significant proportion of the population aged 65 years
or older. The continued decline in birth rates and the increase in elderly life expectancy distorts
the population pyramids. (Europe has 20% of its population above the age quoted and there is no
generational replacement.) Italy, for example, has the highest median age in Europe [2]. Considering
that in the next 50 years demographic forecasts will triple these figures, the level of depopulation to
which these municipalities are subjected has not yet ceased and its consequences are aggravated [3].

With this concern, Spain can serve as an example of high depopulation [4]. As in other European
Union countries like France or Italy, 40% of the municipalities are classified as having a severe risk of
depopulation. The growth with which abandonment develops in these zones is one of the essential
lines of study in order to enact possible solutions in the next decade [5]. In recent years, initiatives have
emerged that seek to revitalize rural environments at the economic, demographic, and social level [6].
In 2017, Spain confronted the demographic challenge as state policy. Thus, in 2018, the 2018/2021 state
housing plan [7] launched aid to rehabilitate housing for general interventions and promoted energy
efficiency in rural areas, bringing its offer closer to young people and those aged over 65. In 2019,
general guidelines were established as the 2030 Agenda and National Strategy, which constructed a
plan to fight against depopulation in rural areas [8].

At present, administrations are implementing improvement policies in infrastructures and
transport systems, betting on new lines and models of production and trade, defending sustainable
agriculture and livestock, or rural tourism. Thus, technological advances are being considered that
could make field work more efficient, present work alternatives in the case of an economic crisis,
improve telecommunications (which have made telework possible during the period of coronavirus
confinement), or, simply, the approach to a more natural life [9]. In the incoming decade, a new
repopulation phenomenon is to be expected that, fueled by the wealth of these enclaves, demands the
rural world as a habitat option. Now, the rural era will take center stage. The year 2020 is a decisive
time to promote actions that slow down the isolation and review living conditions in these locations.

Principles of Action and Objectives

Residence rehousing options are divided between new work (i.e., visual alteration of the
environment that surrounds them) and the occupation of existing and currently unoccupied homes
(i.e., as a consequence of the abandonment process). However, the buildings available in these places do
not respond to the needs of a new population, who will be forced to adapt buildings to the regulatory
requirements and European guidelines on comfort, energy efficiency, and environmental sustainability.
From an architectural point of view, the requirements that are demanded, at a typological, constructive,
or technological level, are not considered in the original home [10]. Thus, any proposal will be
accompanied by essential adaptation works (punctual or comprehensive) to achieve these objectives.
In this regard, the environmental impact that the construction and demolition waste (CDW) generated
deserves a study on the control of its production, the promotion of prevention, or any other recovery
formula according to the current legislation.

In 2017, the construction industry consumed 36% of the world’s energy, which represents almost
40% of gas emissions and contributes to the current greenhouse effect and climate change. According to
the Green Building Council (UKGBC) [11], more than 400 million tons of materials are used each year,
15% of fresh water and 25% of the world’s wood. Annual global demand for sand and gravel is
between 40 and 50 billion tons per year. On the other hand, construction produces a quarter of global
waste with materials such as cement, metals, glass, or asphalt that end up in landfills or incinerators.
This exorbitant expense is far from what is dealt with in international protocols. The term sustainable
development (Brutland Report of the year 1978) is a concept that implies a very important change in
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the idea of guaranteeing an ecological attitude over time, within a framework that also emphasizes
economic and social development. “Our Common Future” is the World Commission on Environment
and Development’s report that addresses such concerns (United Nations Headquarters, August 1987).
In the years after the report was published, there were other world-renowned actions such as the famous
Kyoto protocol, (Japan, December 11, 1997), whose March 2005 implementation led to an emission
reduction of at least 5% between 2008–2012, compared to emissions reported in 1990. This action and
other subsequent ones highlight the global situation regarding gas emissions due to the release of
polluting emissions into the atmosphere. The effects have manifested themselves through a progressive
phenomenon of global warming, in addition to representing uncertainty about the residual availability
of non-renewable resources, with all of the consequent potential environmental risks [12].

If this disproportionate level of consumption continues, the planet is headed for an energy and
pollution crisis of irreparable consequences. The construction industry should be closely examined
to prevent such consequences, given its material manufacturing waste propagation. The European
Directive on Energy Efficiency [13] supports the revitalization of the market for the renovation of existing
buildings: Member States must renovate at least 3% of their building stock through rehabilitation and,
if necessary, demolition and reconstruction. Likewise, to reach the goal of zero emissions before the end
of the 21st century [14,15], all buildings, regardless of the country in which they are built, must produce
not only the energy they consume but also the energy needed to build, maintain, and dismantle them
via recycling their components.

Because existing rural homes lack attractive technical and comfortable conditions, we decided to
study building intervention and observe the construction and demolition waste (CDW) impact on
planned rehabilitation works. Thus, we propose the generated use of CDW, betting on recycling and/or
reuse to incorporate materials and components back into buildings.

2. Materials and Methods

There is a clear antecedent to our work: to raise awareness for partly abandoned and depopulated
heritages. Different seminars and congresses, such as the “Small Towns Conference” (STC-19) held in
Salerno, Italy, emphasized the habitat situation that addresses sustainable strategies for the valorization
of construction and the landscape/cultural/architectural heritage in inland areas [16]. Currently, the
University of Seville’s Higher Technical School of Architecture TEP 954-IN FACT (Investigation Factory)
research group in coordination with professors from the Polytechnic University of Valencia’s (Spain)
Higher Technical School of Building Engineering and the Faculty of Engineering of the University
of Salerno´s, (Italy), are taking the opportunity to share and promote interventions that defend and
protect the visual beauty of the rural environment.

In this work, we reviewed the European Union’s existing management protocols, specifying their
application in the example of popular architecture in the Mediterranean area. Our final task was
to create actionable guidelines that guaranteed the sustainable quality of these interventions and to
develop a monitoring guide that benefited the management and treatment of the indicated waste.
This objective encompassed different stages differentiated into research phases according to their
purpose and temporal state (Figure 1).

1. Phase 1: Studying risk locations. The scope of the intervention was specified by selecting locations
of interest and going deeper into their architecture and recovery possibilities.

2. Phase 2: Producing CDW and studying the nature of CDW and its typology.
3. Phase 3: Managing CDW. Protocol for action in the rehabilitation of housing in small towns.

After the data was collected, we analyzed the final destination of CDW in the cases studied.
4. Phase 4: Possibilities of taking advantage of the generated CDW. Reuse and study new recycled

construction products. Currently, this work is still in the process of development. We continue to
set new goals in this last phase.
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Figure 1. Outline of contents and defined stages in the research process.

2.1. Study of the Municipalities and Identification of Affected Locations

The history and evolution of rural area populations throughout the 20th century facilitates the
understanding of what factors have led communities to their present situation. In the cases of warfare
and agricultural production crises (i.e., labor force mitigation caused by the mechanization of working
mediums), massive migrations can occur, which give rise to abandonment in many locations [17].
Young people flock to cities for job opportunities. Cities grew and benefited from the post-war
baby boom, leaving rural areas forgotten. In the years 1960 to 1970, population growth in rural towns
paralyzed, streets were empty, and inhabitants began aging and dying. In the 1990s, the abandonment
dynamics to which many municipalities in the Mediterranean area are subjected to, led to alarming
statistical data.
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To specify the scope of the intervention, different levels of risk were identified to locate the
affected municipalities according to the number of inhabitants, causes of abandonment, context,
and opportunity for recovery. The study was enriched with intrinsic values (i.e., landscape, culture,
gastronomy, and architecture) and other parameters, such as an area’s geography, economy, and current
activation policies [18].

The scope of this study covers the following municipalities: Andalusia, Levante, and Catalonia
(Spain); Occitania and the region of Provence-Alpes-Côte d’Azur (France); and Emilia-Romagna,
Piedmont, Sicily, Tuscany, and Campania (Italy). All of these regions had less than 1000 inhabitants
and highlighted the need for a recovery process. Currently, they have improvements in accesses,
infrastructure, and services, so the need to provide a solution to the possible rehousing is immediate
and requires a detailed study and an empty housing stock.

2.2. Study of the Existing Housing

In an area as extensive as the one proposed, architecture and construction vary as a consequence
of geographical location, topography, climatology, and the various impacts incurred to these locations
over centuries. This section identifies existing homes within the canons of vernacular architecture.
We can deepen our knowledge of traditional architecture and thus learn to reactivate these areas by
understanding construction valorization, landscapes, and cultural heritage [19].

Similar models have been observed in the Mediterranean area. Although the origin of some
populations date back to prehistory and Roman times, the buildings examined in this study are largely
from the 18th and 19th centuries. However, the poor evolution of the rural house verifies that there are
no outstanding innovations and thus proves that surviving constructions steeped in history deserve
consideration and respect [20]. In any of the analyzed cases, housing reflects rural life, as it is not far
removed from the idea of comfort many people in the developed world have today [21]. Tradition and
environment tend to justify the predominance of these functions in existing housing prototypes.

As a starting point, we examined each houses spaces and constructive solutions to determine their
evolution and deficiencies. For data collection in the different locations, we developed a visit plan,
which was not always successful. These visit plans have limited our inspection of the surrounding
environment and architectural enclosures. To complete the study, the sample of dwellings was
expanded to include homes with similar typological and construction characteristics (belonging to
the same, or neighboring municipality). Although some of these were not abandoned, collecting data
was more accessible.

In this study, three types of properties were observed according to their constructive typology,
their walls, and their roof coverages and claddings, allowing for a first classification summarized in
Figure 2.
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Figure 2. Typology of existing houses. Classification made according to the constructive solution and
family of representative materials in each case.

2.3. Proposed Interventions on Existing Housing

The study of the original housing, its state of conservation, and the needs of new users,
have confirmed the necessity of intervention. Since we did not use normative criterion (perhaps because
these homes did not exist in their origins), the need for a formal study can hence be observed [22].
During the time period investigate in this study, the paradigm of environmental sustainability was
hardly taken into account, which was an inevitable requirement when intervening in this type of
construction. Knowledge of traditional architecture guided the search for sustainable strategies to
guarantee respect for future interventions. We herein combined its technical adaptation and the value
of the existing buildings.

From a construction point of view, the study of materials, products, techniques used, and plastic
solutions allowed us to understand the evolution and responses over the years in comparison with
their current state and nature of the CDW. Likewise, progressive location abandonment and their
consequent lack of maintenance accelerated deterioration, causing defects and injuries that affected
stability, habitability, and decoration. As can be extracted from Figure 3, the criteria followed in the
Catalog of Constructive Rehabilitation Solutions [23] made it possible to decide which intervention
was necessary. In this respect, the vertical supporting elements were scarce; thermal deficiencies
detected in the surrounding elements of the property should be improved in 56% of the cases analyzed.
However, solutions should be transferred and the original element was hardly affected). In 70%
of houses, it was necessary to review the stability of the horizontal structure and roof. Moreover, it
was necessary to guarantee the tightness of the roof in 68% of the cases. The intervention proposals
included pavement revision and of interior patio conditioning in 76% of cases. When renovating the
vertical cladding (interiors and exteriors), we needed to replace the carpentry and replace the majority
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of the facilities. The layout of the interior spaces and routes were affected by 50%. In this regard,
the intervention measures were grouped into three levels according to economic, technical, and social
character and criteria [24]: basic level (i.e., elementary actions that affect installations and vertical
finishes), medium level (i.e., redistribution of interior spaces, pavements, and thermal comfort),
and intense level (i.e., action planned on structural elements, their renewal or reinforcement). In the
required interventions, cleaning and sanitation of walls and leveling of floors were included.

 

Figure 3. Description of the original state of the houses and the character of the interventions.
The reflected identification codes corresponded to the geographical location (country, province,
or region and municipality of the locations). The type of dwelling (a, b, c) is recognized from the
classification shown in Figure 2. The selected dwelling will be the protagonist of the application and
results described in Point 3.

In order to adapt the house to the required technical and comfort needs, the proposed interventions
contemplated sustainable strategies that improved habitability, indoor air quality, and energy
efficiency [25]. Passive thermal conditioning was sought whenever possible as an energy saving
functionary. As part of prevention, the choice of materials and products with low environmental
impact in their management was done to minimize CDW production [26].

2.4. Construction and Demolition Waste Management Protocol CDW

The CDW management protocol was drawn up on behalf of the European Commission as part
of follow-up measures and served as a starting point in this study. This document is part of the
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Construction Strategy 2021 and the proposed measures will contribute to achieving the objective
of the waste framework directive of recycling 70% of construction and demolition waste by 2020.
These results will thus close the life cycle of products by increasing recycling and reuse, and obtaining
benefits for both the environment and the economy [27,28].

By applying the CDW management protocol to different case studies, the conclusions and
particularities detected allowed us to review its content and write a simplified action guide that files,
orders, and classifies the CDW with the hope of rehabilitating houses in uninhabited towns.
Tracking sheets were configured in a simple content format in which different sections related
to the work data and description of the planned works favored the circular economy and the
global competitiveness of the resulting products, i.e., CDW identification (origin and typology),
CDW quantity estimation, the preventive measures to be adopted (to minimize the generation of CDW),
the exploitation operations (on-site or its external management), and the final destination of the CDW
surplus (specifying the place of discharge if necessary).

3. Results: Application of the Protocol on Case Studies

For the review of the CDW management protocol and its application, one of the representative
cases when rehabilitating homes in southern Spain was typological; its construction characteristics
made it representative in this study (see Appendix A: Figure A1). The house belonged to the
municipality of Vejer de la Frontera, in the province of Cádiz (Spain). This municipality is part of the
route of the White Towns in Andalusia and includes buildings defined by typical mountain locations.
In this specific case, the position of the municipality gave it proximity and ease of access to the coast,
which facilitated its activation in recent years. Today, it is part of the recovered villages moving away
its prior status as an abandonment area. The planned interventions were developed mainly inside
the house. We checked the stability of the horizontal structure, access to the rooftop, the renovation of
vertical cladding and pavements (interiors), carpentry, and the facilities (see Appendix A: Figure A2).
Considering waste management, the process allowed us to draw interesting conclusions about the
intervention circumstances.

In compliance with RD 105/2008, the preparation of the waste management study during the
drafting of the rehabilitation project [29] was carried out by a designer prior to the start of the work,
which allowed us to check the veracity of the results and the greater or lesser success in the typology
forecasts, quantity, and CDW destination. As part of this process, the adequacy of the prepared
monitoring sheets was checked. We deduced deficiencies inherent in the data collection, such as the
derived decisions and the incidents suffered during the execution of the work.

3.1. Type and Characteristics of the Waste Generated

In accordance with the European waste list [30], the study and identification of the generated waste
allowed us to classify origin and place of production, stage of the process, danger, adhered contaminants,
and alternatives in recovery [31]. As observed in the tracking sheets (see Appendix A: Figure A3),
the planned CDW mostly came from the demolition/dismantling of existing elements in the original
construction and, to a lesser extent, from the execution/replacement of the new proposed elements.

Figure 4 shows that the highest percentage of expected CDW was included in the inert group
(a name that encompasses those products that do not cause environmental contamination over time).
In total, 85% came from masonry, bricks, mortars, and other materials from the family of ceramics
or stone. Within this percentage, ceramic waste (belonging to the elements of coverage, interior
partitioning, and cladding) was found to have greater presence in the stony houses, even though it was
a type of dwelling (type “a”) with good supporting elements. Despite the initial classification made
on the housing typology, the results obtained allowed us to unify the ceramic CDW in this type of
construction. The CDW composition considered ceramic waste as a consequence of other materials and
pastes with which it was in contact with. In the cases studied, the presence of lime, mortars, plasters,
and paints attached to the pieces was inevitable. Although they occurred in a smaller proportion,
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they were considered as pollutants because they altered their original characteristics, quality, and posed
a problem for new uses, i.e., plaster.

Figure 4 shows the important presence of wood as a consequence of the deterioration and rot
of beams, demonstrating the need for new carpentry, glass, and metals/alloys. Unlike new construction,
there were no remains from the demolition of concrete elements. Its only detection resulted from the
removal of the compression layer from the original floors.

 
Figure 4. Proportion and nature of the generated construction and demolition waste (CDW).
Coded housing application ESCAVEJ 03.

3.2. Current Management of Generated CDW

The final destination of the generated CDW in ESCAVEJ 03 (see Appendix A: Figure A4) was
chosen as the only option for use. We made a first selection for waste, incorporating them almost
immediately into the building. In this type of construction, due to its heritage value, the reuse of
original materials/products turned out to be an inquiry demanded in many cases by the user himself,
resorting to those materials and products whose state of conservation was worth incorporating. During
the execution of this study, the lack of storage space made reuse impossible.

The CDW was initially considered as waste with no possibility of use. The final destination was
the rubble dump in Chiclana de la Frontera (32 km). Given the volume and nature of the remaining
CDW, the review and management dynamics for the generated waste was considered unsuitable for
direct reuse. It was necessary to study CDW characteristics for a possible assessment that allowed for
the possibility of recycling.

4. Discussion of Results and Progress on the Possibility of Recycling

The information obtained in the set of case studies provides an interesting perspective when
considering the management tools relevant to decision-making. In the cases studied, i.e., the ESCAVEJ
03 application, the reuse of original construction materials and products (e.g., ceramic tiles, old bricks,
glazed tiles, clay tiles, stone tiles) was considered as the only option for use. The treatment and
recycling of the generated CDW was not considered in any of the studied cases. Furthermore, as in
other EU countries, rural communities are exposed to illegal CDW removal, controlled discharge
points, and, sometimes, reduced CDW volume, inviting bad practices on roadsides, riverbanks,
easily accessible farms, or abandoned lots [32]. Trying to avoid this practice, our research reviews final
destinations and regulatory positions. In this regard, it is recommended to manage the future of inert
CDW within the municipality itself (specifically within the intervention itself).

This study defends the on-site use of generated CDW, as it tries to incorporate CDW back into
buildings, which extends its life cycle unlike anything else. To propose a reliable recycling option, it is
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necessary to consider it in advance of the rehabilitation project. Therefore, it is essential to specify the
classification, separation, and on-site collection (selectively) of the generated CDW [33].

The nature and possible contaminants of the main house with which it was in contact allowed us
to take a first approach to the existing waste properties that facilitates final decision-making. To do this,
the study and characterization of a representative sample of granular material (MG) obtained after
crushing the initially discarded CDW began. We sought simple and effective treatments that would
allow them to be managed in on-site facilities. The MG obtained must be valued and, always consistent
with the nature of the waste, it must reduce the current lack of confidence in the quality of the recycled
materials. Logically, the costs derived from its management must also be added. Based on the
characteristics obtained and, at a later stage, a new construction product obtained from recycling may
be proposed. Figure 1 summarizes the full content of this investigation.

Although still in process, the laboratory of the Department of Architectural Construction I of
the ETSA at the University of Seville is studying the characteristics of the planned MG according to
the requirements and recommendations required to form the aggregates projected on coated pastes,
whether vertical, graveled, or terrazzo pieces, for flooring and baseboards [34]. Obviously, given
the nature of the materials and products that are part of the original construction systems, their low
reliability is deduced and their use for other purposes is ruled out (such as aggregates a part of concrete
or road sub-bases) [35].

In the case studied, the MG obtained presented a high percentage of hollow brick and tiles (from
partitioning and cladding elements). In its larger pieces, this origin reflected a geometry of laminar
aggregates with frequent edges that limited their use in construction. The shape coefficient and its
index of flagstones and needles was reduced for sizes smaller than 4 mm, which allowed the MG
to be used as an for the proposed uses. In general, in other locations in the Mediterranean arch,
with a greater presence of natural aggregates and/or solid brick, there was a higher percentage of
rounded aggregates and the proportion of peaks and ridges was reduced, benefiting their final use
for other uses. In any case, among its physical characteristics, the MG did not soften or decompose
with water. Due to its ceramic nature, this value was innate to the selected material. Regarding their
chemical characterization, the CDW selected for the sample contained a high percentage of clays
(this result was expected during poor firing of old bricks and possible contamination of clay soils, sand,
or gypsum, which, other than clays, were able to decompose and crumble during the test). Freezing
was a quality offered by the studied MG for its resistance to chlorides or sulfates, which indicated its
low aggressiveness towards metallic elements with which it could be in contact.

Based on the obtained results and future application of aggregate for terrazzo pavements, we can
deduce that with correct selection and planning, the selected MG, after a cleaning process, would reduce
the clay content and fines detected in its composition (Table 1). Likewise, the previous removal of the
gypsum coatings influenced the results for certain coating solutions that were limited by the percentage
of clays and light particles, which would confirm their suitability as MG.
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Table 1. Recycling possibilities of the granular material (MG) obtained after crushing the planned
CDW. Application and evaluation as MG. Coded housing application ESCAVEJ 03.

GRANULAR MATERIAL CHARACTERIZATION

REGULATORY REQUIREMENTS GRAVEL
SUBFLOOR

AGGREGATES
AGGREGATE

FOR FINISHING

PARTICLE SIZE
COMPOSITION TMA Accepted Accepted

GEOMETRY
FORM Accepted Accepted

FRACTURE
FACES, UNEVEN,

SHARP EDGES,
ELONGATED

Accepted with
diameter

limitations
Accepted

CONTENT THIN AGGREGATES Initially rejected Initially rejected Initially rejected

WATER ABSORPTION Accepted

LIGHTWEIGHT PARTICLES Accepted

PLASTER CONTENT Initially rejected Initially rejected

ORGANIC MATTER Accepted Accepted Accepted

SOFT PARTICLES Accepted

CLOTS OF CLAY Rejected

JELIVITY

FIRE RESISTANCE Accepted

CALCIUM OXIDE CONTENT Accepted Accepted

LOSSES THROUGH CALCINATION Accepted Accepted

SULPHUR COMPOUNDS Accepted

RATING Accepted 1 Accepted 1 Rejected for its
geometry

1 Accepted by requiring excessive removal of finish and plaster.

Some of the obtained results could improve by recycling the MG obtained from CDW. Collections
should be organized on-site on a selective basis, with protected storage, classification (labelling), origin,
and CDW recoverability. Moreover, they must be located out of contact and access to the neighborhood
to ensure the absence of organic waste from domestic rubbish. This prior selection would allow for
the consideration of CDW organization, cleaning, and subsequent management. With regard to the
manufacturing of terrazzo pieces, the product must be subjected to corresponding tests that guarantee
its suitability for use in pedestrian traffic inside homes or patios. Moreover, it must have resistance to
wear and tear, slipperiness, finish options, and textures, according to the envisaged area, insulation
against impact noise, resistance to simple compression and flexotraction, resistance to certain chemical
agents, etc.

It is well known that recycled products have to compete with traditional building materials. Thus,
it is essential to achieve adequate levels of quality, a quality that derives directly from their origin and
composition. If we consider these improvements as MG treatments, new results could be deduced to
allow for betting on a new construction product that could be incorporated for building improvements,
as reflected in Figure 5; Figure 6.
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Figure 5. Tracking sheet. Proposal for the management of CDW generated on coded housing ESCAVEJ
03 (Section 4 on strategies for the use of generated CDW).

 

Figure 6. Results obtained after the planned use on-site for generated CDW. Comparison in the
proportion and nature of the generated CDW: (a) surplus CDW (total); (b) surplus CDW after reuse;
(c) surplus CDW after the management of reuse and recycling. Final result on CDW without the use
option foreseen on-site. Coded housing application ESCAVEJ 03.

5. Conclusions

One of the great challenges of today is to better understand the vicissitudes of rural environments
and building rehabilitations, specifically the prevention, reuse, and recycling of CDW in planned
intervention works. The European Union’s CDW protocol should be implemented in order to
promote the specifications of data accumulation and decision-making surrounding housing recovery
in uninhabited villages. Once we analyze our object of study, possibilities and advantages of this type
of action were noted, especially for promoting a sustainable strategy beneficial to the environment
(compared to new works, energy savings and environmental benefits are notable). With this type of
intervention, we also pursued profitable economic and social sustainability.

Waste management provides a viable and guaranteed solution. Moreover, the historical regulatory
framework represents unprecedented support. Many years have passed since the inception of Directive
91/156/CEE [36] and this process undoubtedly had a double environmental benefit. On the one hand,
waste dumping should be avoided and on the other hand, the exploitation of natural resources,
which in countries like Spain, has reached truly exaggerated levels, should be reduced. However,
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establishing an economy of rotation requires strategies specifying in recovery, recycling, and reuse,
as well as timely assessments for agents in the process, whether they are of a legislative, technical,
regulatory, or business nature.

Lastly, and in relation to the effective and convenient good building practice, “deconstruction”
(i.e., demolition following the opposite process of construction) must be taken into account in order
to demolish or selectively take down and make the most of a building’s materials. In this work,
we verified the process of acting on representative examples of popular architecture, which allowed
us to adjust its content and structure while also guaranteeing its operation. In this respect, special
emphasis was placed on identifying the origin and nature of waste, as well as the on-site measures and
operations needed to minimize waste. Cumulatively, this provides sustainability benefits and a better
quality of life, given the uniqueness of the housing types.

In recent years, the industry initially linked to the land has suffered a radical shift due to
social changes, new materials, and new practices. Today, the capacity for pollution, contamination,
energy expenditure, environmental deterioration, and resources scarcity is enormous. Therefore,
it is necessary to consider new awareness programs aimed at minimizing and controlling waste.
Thus, the “use” of popular architecture—which is often abandoned and in danger of becoming
demolition waste—is becoming a first-rate alternative for achieving the maintenance and appreciation
of architectural heritage. There is also an environmental benefit in the return of life to places with a
privileged environment. This return of life offers a sense of authenticity, welfare, and positive future to
its inhabitants
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Appendix A

Tracking sheets. Action protocol. Coded housing application ESCAVEJ 03.

1. Figure A1: Follow-up sheet. Section 1: Identification and recognition of the original state.
2. Figure A2: Follow-up sheet. Section 2: Data collection of the intervention.
3. Figure A3: Follow-up sheet. Section 3: CDW forecast.
4. Figure A4: Follow-up sheet. Section 4: Strategies for the use of generated CDW.

Data corresponding to an example of application on a real case without considering recycling.
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Figure A1. Follow-up sheet. Section 1: Identification and recognition of the original state.

 

Figure A2. Follow-up sheet. Section 2: Data collection of the intervention.
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(Coming from the original housing and from the new intervention works) 

Figure A3. Follow-up sheet. Section 3: CDW forecast.
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Figure A4. Follow-up sheet. Section 4: Strategies for the use of generated CDW.

References

1. Ren, S.Y.; Gao, R.D.; Chen, Y.L. Fear can be more harmful than the severe acute respiratory syndrome
coronavirus 2 in controlling the corona virus disease 2019 epidemic. World J. Clin. Cases 2019, 8, 652–857.
[CrossRef] [PubMed]

2. Eurostat. Eurostad Stadistics Explained 2020; European Commission. Available online: https:
//ec.europa.eu/eurostat/statistics-explained/index.php?title=Population_structure_and_ageing (accessed
on 28 February 2020).

3. Circle. La Despoblación de las áreas Rurales. Circle J. Ecoembes 2019, 8. Available online: https://www.
revistacircle.com/2019/02/22/la-despoblacion-de-las-zonas-rurales (accessed on 22 June 2019).

4. Atienza, J. Empty Spain Map and Southern Sparsely Populated Areas, SSPA. ETHIC J. 2019, 23.
Available online: https://ethic.es/2019/04/el-mapa-de-la-espana-vacia (accessed on 12 September 2019).

5. Fiore, P.; Blandón, B.; D´Andria, E. Smart Villages for the Sustainable Regeneration of Small Municipalities.
In Proceedings of the 3◦ International Forum on Architecture and Urbanism, IFAU 2019, Tirana, Albania,
21 November 2019; Available online: https://fau.edu.al/home-1-2/ (accessed on 4 February 2020).

6. Moore, P. The Challenges Small Towns Face. In The Importance of Small Towns. The European Council
for the Village and Small Town; ECOVAST, 2014; Cranbrook, England: by Stationery Express UK Ltd;
Stationery Express Uk Ltd: Kent, UK, 2014; Available online: http://www.ecovast.org/papers/ECOVAST%
20Importance%20of%20Small%20towns.pdf (accessed on 1 June 2019).

7. Gobierno de España. Real Decreto 106/2018, de 9 de marzo, por el que se regula el Plan Estatal de
Vivienda 2018–2021. Sección: I. Disposiciones generales; Publisher: Ministerio de Fomento. «BOE»
núm. 61, de 10 de marzo de 2018; pp. 28868–28916. Ref. BOE-A-2018-3358. Available online: https:
//www.boe.es/eli/es/rd/2018/03/09/106 (accessed on 15 December 2019).

8. Gobierno de España. Directrices Generales de la Estrategia Nacional Frente al Reto Demográfico; Ministerio de
Política Territorial y Función Pública, Comisionado del Gobierno Frente al Reto Demográfico: Madrid, Spain,
2019; Available online: https://www.mptfp.gob.es/dam/es/portal/reto_demografico/Estrategia_Nacional/
directrices_generales_estrategia.pdf (accessed on 30 January 2020).

9. INE. Informe del Instituto Nacional de Estadística y Cartografía 2019; Consejería de Economía, Hacienda y
Administraciones Públicas de la Junta de Andalucía: Andalucía, España, 2019; Available online: www.
epdata.es (accessed on 20 February 2020).

10. Carrasco-Sáez, J.L.; Careaga Butter, M.; Badilla-Quintana, M.G. The New Pyramid of Needs for the Digital
Citizen: A Transition towards Smart Human Cities. In Sustainable Smart Cities and Smart Villages Research.
Sustain. J. 2018, 9, 2258. [CrossRef]

210



Sustainability 2020, 12, 5629

11. Global Alliance for Buildings and Construction (GlobalABC). 2019 Global Status Report for Buildings and
Construction. Towards a Zero-Emissions, Efficient and Resilient Buildings and Construction Sector; IEA, United
Nations Environment Programme: Paris, France, 2019; ISBN 978-92-807-3768-4. Available online: https://
wedocs.unep.org/bitstream/handle/20.500.11822/30950/2019GSR.pdf?sequence=1&isAllowed=y (accessed on
20 February 2020).

12. European Commission. A Roadmap for Moving to a Competitive Low-Carbon Economy in 2050; Communication
from the Commission to The European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Region: Brussels, Belgium, 8 March 2011; Available online: https:
//eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0112:FIN:EN:PDF (accessed on 3 April 2020).

13. European Parliament and the Council of the European Union. Directive 2012/27/EC of the European
Parliament and of the Council of 25 October 2012 on Energy Efficiency, Amending Directives 2009/125 / EC
and 2010/30 / EU, and repealing the Directives 2004/8/CE y 2006/32/CE. Off. J. Eur. Commun. 2012. No. L 315/1.
Available online: https://www.boe.es/doue/2012/315/L00001-00056.pdf (accessed on 15 March 2020).

14. Sicignano, E.; Di Ruocco, G.; Melella. Mitigation Strategies for Reduction of Embodied Energy and Carbon,
in the Construction Systems of Contemporary Quality Architecture. Sustain. J. 2019, 11, 3806. [CrossRef]

15. Spenser, T.; Pierfederici, R.; Sartor, O.; Berghmans, N. State of the Low-Carbon Energy Union: Assessing the EU’s
Progress towards its 2030 and 2050 Climate Objectives; Study 2016, N◦ 08/2016; Institut du développement durable
et des relations internationals IDDRI: Paris, France; Available online: https://www.actu-environnement.com/
media/pdf/news-27832-rapport-iddri.pdf (accessed on 2 April 2020).

16. Fiore, P. Small Towns...From Problem to Resource. Rehabilitation of Abandoned Villages, Proceedings of the Abstracts
Small Towns Conference, Fisciano, Italy, 19–20 September 2019; Fiore, P., D’Andria, E., Eds.; Coopetativa
Universitaria Athena CUA: Salerno, Italy; ISBN 978-888944245-2-2. Available online: https://www.verderosa.
it/wp-content/uploads/2019/09/STC2019_BOOK-OF-ABSTRACTS.pdf (accessed on 15 February 2020).

17. Instituto de Estadística de Andalucía (IEA), Junta de Andalucía. La transición demográfica hasta 1975.
In Un siglo de demografía en Andalucía. La población desde 1900; Informes de la Junta de Andalucía: Andalucía,
España, 2000; Available online: https://www.juntadeandalucia.es/institutodeestadisticaycartografia/sid/pub/
UnSigloDeDemografiaAnd.pdf (accessed on 1 September 2019).

18. Blandón, B.; Rodriguez, R. Recovering of Abandoned Towns. A Sustanaible Strategy for Construction
and Demolition Waste Management. In I centri minori . . . da problema a risorsa. Strategie sostenibili per la
valorizzazione del patrimonio edilizio, paesaggistico e culturale nelle aree interne; Nuova Serie di Architettura
FrancoAngeli; Plataforma FrancoAngeli: Milano, Italy, 2019; pp. 175–185. ISBN 978-8891798428. Available
online: https://iris.unibs.it/retrieve/handle/11379/527112/112010/Passamani%20I-Fasolini%20S_Pasini%20A-
Ghidinelli%20N_GAVARDO_STC%202019.pdf (accessed on 10 May 2020).

19. Cillis, G.; Statuto, D.; Picuno, P. Vernacular Farm Buildings and Rural Landscape: A Geospatial Approach
for Their Integrated Management. Sustain. J. 2020, 12, 4. [CrossRef]

20. Carrascosa, G.I. Caracterización constructiva de edificaciones vernáculas de carácter doméstico en Valverde de
Burguillos: Catalogación, análisis, recomendaciones de mantenimiento y reparaciones en muros de tierra cruda y
mampostería; Trabajo Fin de Grado; Departamento de Construcciones Arquitectónicas I, Universidad de Sevilla:
Sevilla, Spain, 2018; Available online: https://hdl.handle.net/11441/79494 (accessed on 10 September 2019).

21. Flores López, C. Arte y arquitectura en la vivienda española. Cap. III in La casa popular en España;
Fomento de Construcciones y Contratas, S.A. D.L.: M-40308-1996. 1996, pp. 163–321. Available online:
https://dialnet.unirioja.es/servlet/articulo?codigo=6738859 (accessed on 1 October 2019).

22. Gobierno de España. Real Decreto 314/2006, de 17 de marzo por el que se aprueba el Código Técnico
de Edificación (CTE) en que establece las exigencias que deben cumplir los edificios en relación con los
requisitos básicos de seguridad y habitabilidad establecidos en la Ley 38/1999 de 5 de noviembre de
Ordenación de la Edificación LOE; Ministerio de Vivienda «BOE» núm. 74, de 28 de marzo de 2006
Ref. BOE-A-2006-5515. Available online: https://boe.es/buscar/pdf/2006/BOE-A-2006-5515-consolidado.pdf
(accessed on 10 March 2020).

23. Instituto Valenciano de la Edificación. Catálogo de Soluciones Constructivas de Rehabilitación; 1st ed.;
DRD 07/11; Consejería de Medio Ambiente, Agua, Urbanismo y Vivienda: Valencia, Spain, 2011;
ISBN 978-84-96602-72-4. Available online: http://www.anerr.es/images/stories/pdf/catalogo-soluciones.pdf
(accessed on 10 December 2019).

211



Sustainability 2020, 12, 5629

24. Barrios Padura, A. Criterios de intervención de la rehabilitación arquitectónica y urbana para la promoción
del envejecimiento active. In (Re)Programa. (Re)habilitación+(Re)generación+(Re)programación. El reciclaje y
la gestión sostenible del parque edificado andaluz. Gestión de entornos habitables desde criterios de envejecimiento
activo, género y habitabilidad urbana; Fondo Europeo de Desarrollo Regional, Consejería de Fomento y
Vivienda, Junta de Andalucía: Andalucía, Españ, 2015; pp. 58–65. ISBN 9788460813825. Available online:
https://dialnet.unirioja.es/servlet/libro?codigo=576336 (accessed on 15 December 2019).

25. Di Ruocco, G.; Melella, R. Evaluation of environmental sustainability threshold of “humid” and “dry” building
systems, for reduction of embodied carbon (CO2). Vitruvio. Int. J. Arch. Technol. Sustain. 2018, 3. [CrossRef]

26. Llatas Oliver, C.; Osmani, M. Development and validation of a building design waste reduction model.
Waste Management. Int. J. Integr. Waste Manag. SCI. Technol. 2016, 56, 318–336. [CrossRef]

27. European Parliament and the Council of the European Union. Directive 2008/98/EC of the European
Parliament and of the Council of 19 November 2008 on Waste and Repealing Certain Directives (Waste
Framework Directive). Off. J. Eur. Commun. 2008. Available online: https://eur-lex.europa.eu/legal-content/
EN/TXT/?uri=celex%3A32008L0098 (accessed on 20 February 2020).

28. European Commision. Protocolo de Gestión de Residuos de Construcción y Demolición en la UE.
European Commisión and ECORYS. 2016. Ref. Ares (2016) 6914779 - 12/12/2016. Available online:
http://aridosrecicladosdercd.es/wp-content/uploads/2018/06/ES-TRA-01.pdf (accessed on 1 October 2019).

29. Gobierno de España. Real Decreto 105/2008, de 1 de febrero, por el que se regula la producción y gestión de
los residuos de construcción y demolición; Ministerio de la Presidencia «BOE» núm. 38, de 13 de febrero
de 2008; Ref. BOE-A-2008-2486. Available online: https://www.boe.es/buscar/pdf/2008/BOE-A-2008-2486-
consolidado.pdf (accessed on 5 November 2019).

30. European Commision. European List of Waste (LER). Commission Decision of 18 December 2014 amending
Decision 2000/532/EC on the list of waste pursuant to Directive 2008/98/EC of the European Parliament and of
the Council. Official Journal of the European Communities 30.12.2014, No L 370/44. Available online: https:
//eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32014D0955 (accessed on 20 February 2020).

31. Barroso Domínguez, V.M. Análisis de la Gestión de Residuos de Construcción y Demolición en la Comunidad
Autónoma de Andalucía; Trabajo Fin de Carrera, Escuela Técnica Superior de Ingenieros, Universidad de
Sevilla: Sevilla, Spain, 19 July 2013; Available online: http://bibing.us.es/proyectos/abreproy/30186/fichero/
Cap%C3%ADtulo+0.pdf (accessed on 2 April 2020).

32. Florín- Constantin, M. Construction and Demolition Waste in Romania: The Route from Illegal Dumping to
Building Materials. Sustain. J. 2019, 11, 3179. Available online: https://www.mdpi.com/2071-1050/11/11/3179
(accessed on 15 January 2020).

33. Villoria Sáez, P.; Del Rio Merino, M.; Porras-Amores, C.; Astorqui, J.S.C.; Pericot, N.G. Analysis of Best
Practices to Prevent and Manage the Waste Generated in Building Rehabilitation Works. Sustain. J. 2019,
11, 2796. [CrossRef]

34. Centro de Estudios y Experimentación de Obras Públicas (CEDEX), Ministerio de Fomento, Gobierno
de España. In Catálogo de Residuos Utilizables en la Construcción; Ficha Técnica RCD actualizado, 2014;
Monografías of Ministerio de Agricultura, Alimentación y Medio Ambiente; Dirección General de Calidad
y Evaluación Ambiental: Madrid, España, 2007; p. 125. Available online: http://www.cedexmateriales.es/
(accessed on 15 April 2020).

35. Rolón Aguilar, J.; Blandón Gonzalez, B.; Huete Fuertes, R. Posibilidades de aplicación del material granular
obtenido a partir de residuos de construcción y demolición de hormigón y cerámica. Res. J. 2005, 15, 32–36.
Available online: https://dialnet.unirioja.es/servlet/articulo?codigo=1262253 (accessed on 3 March 2020).

36. Council of the European Communities. Directive 91/156/ EEC of 18 March 1991 amending Directive
75/442/EEC on waste. Off. J. Eur. Commun. 1991. No L 78/32. Available online: https://op.europa.eu/en/
publication-detail/-/publication/b2f0989d-59ec-426b-9ace-ef16e8494fc4/ (accessed on 15 May 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

212



sustainability

Article

Towards a Circular Economy for the City of Seville:
The Method for Developing a Guide for a More
Sustainable Architecture and Urbanism (GAUS)

Milagrosa Borrallo-Jiménez 1,*, Maria LopezdeAsiain 2, Rafael Herrera-Limones 1

and María Lumbreras Arcos 1

1 Instituto Universitario de Arquitectura y Ciencias de la Construcción, Escuela Técnica Superior de
Arquitectura, Universidad de Sevilla, Avd. Reina Mercedes 2, 41012 Seville, Spain; herrera@us.es (R.H.-L.);
maria.lumbreras.arcos@gmail.com (M.L.A.)

2 Departamento de Arte, Ciudad y Territorio, Escuela de Arquitectura, Universidad de Las Palmas de Gran
Canaria, 35017 Las Palmas, Spain; mlasiain@ulpgc.es

* Correspondence: borrallo@us.es; Tel.: +34-954556591

Received: 27 July 2020; Accepted: 4 September 2020; Published: 9 September 2020

Abstract: The article outlines the creation of a method for the development of tools to incorporate
sustainability criteria in the field of architectural design. The aim of the research is to provide society
with scientific knowledge related to sustainability, evaluating the environmental impact of their
actions within the building sector, in a simple and direct manner through specific and contextualised
tools. A specific tool is experimentally developed for the context of Seville, called Guide for a more
Sustainable Architecture and Urbanism (GAUS), in its first document, GAUS-D1. Based on national
and international documentary references, the method principles are defined, and an approach
is adopted that prioritises communicative actions with the aim of reaching citizens, professionals,
and researchers in the building sector. The specific experiment is developed with GAUS-D1, and an
initial evaluation is made of its suitability and the validity of the proposed method. The approach
followed ensures that the experience of developing this type of tool is internationally transferable to
any other place. Further statistical verification of the use of the tool (which implies a defined testing
strategy) is necessary so that the method can be consolidated as a national and international reference.

Keywords: sustainability; Seville; guide; circular economy; decarbonisation; construction

1. Introduction

Nowadays, a large volume of documentary reference is available on sustainability and architecture;
many researchers are currently developing multiple aspects within this framework that should be
studied in depth and, academically, the discourse is clear, concise and increasingly rigorous. However,
the transmission of this approach to professionals who have to implement it and/or to society is still
scarce [1]. Multiple current tools and directives for the assessment and certification of architecture,
from an energy efficiency point of view, as well as environmental and sustainability ones [2–7], are
studied and applied in specialised areas such as universities, but their professional practice and social
perception, above all, are very scarce. Environmental and sustainability issues related to architecture
and urban planning are still a pending challenge [8] whose doctrinal corpus has been considerably
strengthened and rigorously defined, but whose professional practice and social perception are still
deficient. Many authors [1,9,10] have been demanding for decades the need to incorporate this
knowledge into the teaching of architecture [11], and with it, into the profession itself, but it is not
clear that this has been put into practice. It may be due, partly, to the difficult relationship between the
conceptualisation of sustainability and the physical architecture practice. In this sense, the affirmation
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of the academic Albert Cuchí [12], according to which, in the specific field of architecture, sustainability
inexorably implies the completion of material cycles in construction [13], could be enlightening.

This approach is directly related to the field of energy efficiency and decarbonisation, which is
currently under development and in the process of being transferred from the scientific to the regulatory
level and even to professional practice. However, it goes further, as it includes the rationalisation
in the use of materials and construction systems according to their complete life cycle. That is to
say, considering the energy consumption and the environmental impacts involved in their use (from
their extraction process, production, transfer, and installation, as well as their useful life and reuse or
recycling as new raw materials), closing the cycle and encouraging a circular economy. On this basis, it
is sufficiently clear that methodological access from the environmental point of view, on the one hand,
and from the economic, on the other, are essential. This means efficiency from the energy point of view
and, at the same time, effectiveness in construction.

As the scale expands, it becomes essential to address architectural design, both on a building
and urban level. In this case, while maintaining the implicit requirement of sustainability through
the effectiveness and efficiency in the management of materials’ life cycle, it is also required in the
management of information (understood as one of the three aspects of sustainability, when it is
approached from a management perspective: Matter, energy, and information [14]).

On the other hand, the exchange of information reveals the degree of physical and psychological
comfort achieved by a certain architecture in relation to its occupants. Therefore, from this approach,
it is also necessary to address the effectiveness and efficiency of information management. Thus,
the bioclimatic knowledge provides it from the technical environmental area, and the involvement of
the user or citizen (in the building or urban level) provides it from the social area. If the scale is again
extended, the dimension of urban planning and territorial management appears, but, in addition, other
non-architectural disciplinary aspects (from disciplines such as politics, geography, history, sociology,
and social work) become more relevant. For this reason, in the context of this research, a contribution
is made to the field of urban management, policy, and urban governance by introducing, as far as
possible, the connection between resource management in architecture [15] and the concept of circular
economy [16] applied at the city scale. This relationship is not only beneficial in terms of environmental
sustainability, but also brings economic advantages in terms of revaluation of resources, along with
new business opportunities [17] and job creation.

Seville is a city committed to sustainable development and climate change, as demonstrated by its
adherence to all actions related to Agenda 21, Agenda 2030, and the achievement of the Sustainable
Development Goals (SDG), which makes it a suitable case study for the experiment in question. In order
to fulfil this commitment, the interrelationship between research, business, and local government [18] is
key, as well as the need to disseminate, educate, and train society in this field, generating a framework
of “science-informed decision environment” [17]. Therefore, Academic institutions must be put at
the service of institutions to facilitate and guarantee the transfer of knowledge to society in areas
of major concern at present, such as circular economy and low-carbon economy [19], among others.
Scientific knowledge and experience are particularly important for the development of European
environmental policies [20], which, at the same time, have an impact on the social level and transcend
it. For this purpose, the development of tools such as the Guide for a more Sustainable Architecture
and Urbanism (GAUS) are of great importance, since they can represent a key reference in processes of
citizen governance that involve the transmission of knowledge in an adapted form, correctly translated
for society. Therefore, the aim of this research is to define a method that will allow the development of
reference and transferable tools in terms of structure, approach, systematisation of information, content
type, and communication capacity, for the introduction of sustainability requirements in architecture
design at local level.

The transmission of specialised knowledge to society requires a significant, complex,
and meticulous effort to simplify and clarify the means of dissemination so that it is useful
and comprehensible. Based on significant references of working with society in the transfer of
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architectural and urban concepts [21], not only the applied methodologies are outlined [22], but also
the communication tools are generated for this purpose and the need to connect and involve society in
general, as well as the productive sector and public administration [18].

Therefore, this research focuses on the necessary transmission of knowledge to society, starting
from the broad existing doctrinal framework, with the aim of summarising and producing an approach
to the knowledge required, addressing architectural aspects from sustainability on a local scale, taking
Seville as an experimental reference. Thus, the aim is to bring technical knowledge closer to citizens,
emphasising, on many occasions, the tacit knowledge that they possess in the management of domestic
and urban architecture, transforming one into the other [23].

In this sense, the GAUS guide, in its first document, GAUS-D1, used as an experiment, represents a
mediating tool in this process, and its development involves extensive research in both communicative
and technical terms. For this purpose, it undertakes an extensive analysis of the state of the art in terms
of methodology and then proposes a sustainability approach at the scale of materials and construction
systems (with a significant impact on circular economy), proposing other different scales of architecture
such as: Bioclimatic design, public space design, and urban design for further experiments.

The doctrinal corpus on the subject under study is very extensive, so an exhaustive reference to it
would not be meaningful in this article. Subsequently, documents of all types (articles, theses, research,
online platforms, and publications in general) that have been of special interest to this research in
terms of content, review of literature itself, documentary organization, and/or transference capacity,
given their graphic or textual expressive characteristics, are referenced.

The potential references analysed for the design and development of the guide are local, as well
as national and international. Among the local relevant documents analysed, the following may be
mentioned: The report ‘Estimation of the Ecological Footprint of Andalusia and its application to
the Seville Urban Area’ [24], the ‘White Paper—guide for the application of energy efficiency criteria
in urban planning and local public construction, province of Seville’ [25], or the guides published
by SODEAN, the forerunner of the Andalusian Energy Agency, on the integration of solar collectors
in buildings [26] or in the urban environment [27]. It is also necessary to refer to the research work
developed by the project ‘System of Sustainability Indicators in Residential Buildings for Andalusia’ [28],
a precursor of this research in terms of contents, and a fundamental technical reference complemented
with international reference proposals [29–32], as well as the recent guide published earlier this year on
life cycle analysis (Renovation LCA), for renovation [13]. These works, despite being of great interest
at a technical level, are nevertheless extremely complex for the general public, which is why, from
research, the type of communication this proposal was intended to address has to be redirected.

In addition to the experiences, tools [33], and specific scientific–technical documentation from
Seville, other national or international cases have been considered as references [34–36], which could
complement what has been locally referred in terms of strategies, tools [37], and methodologies. There
are several systems of indicators [38–49], which both at building and urban level have been of significant
interest as references. They have been objectively analysed to establish the priority issues, scales,
and fundamental references. Some international guides [50] have also served as a reference in terms
of content, but above all as a reference for structuring the transmission of knowledge. Additionally,
several educational strategies that allow working on sustainability issues in architecture have been
studied and experienced by many European universities [1,51]. Finally, other related publications are
also considered: Guides on sustainability in other cities and Autonomous Communities [52], doctoral
theses [53], national and international conference proceedings on sustainability, and even reports on
the adaptation of future European regulations [54] to the situation in Spain.

Finally, it must be admitted that sustainability in absolute terms for buildings, and even on
an urban scale, is a utopia: It is impossible to meet the specific requirement of closing all material
cycles at the local level. For this reason, this proposal is framed within the objective of improving
architecture in terms of sustainability and seeking to move towards promoting a greater circular
economy for any city, with Seville initially as a case study. The method proposed for the development

215



Sustainability 2020, 12, 7421

of transference tools such as the present GAUS tool in general, and GAUS-D1 tool in particular, also
aims to make it a reference in terms of structure, approach, systematisation of information, content
type, and communication capacity. Thus, the method constitutes an opportunity of development of
this type of tool that can be transferred—as already indicated—to other local situations at both national
and international level.

The full document that will constitute the GAUS guide will cover all scales of action, from the
urban environment to the construction area, including architectural design. However, this article
only describes the experiment of the development of “Document 1: Guide for a more sustainable
construction in Seville”. Starting from this document and checking the results obtained in terms of
use and management, the subsequent documents will be developed, and the method will be finally
statistically confirmed.

2. Materials and Methods

The specific objective of the research presented in this article is to define a method for the
development of tools that are capable of correctly and effectively transmitting scientific knowledge
to society in technical, appropriate, and practical terms for its understanding and application in the
field of sustainability in architecture. To this end, an experimental case study is developed, GAUS-D1,
in the local area of Seville, which, after verification, will consolidate the method for its subsequent use
in future complementary documents, both for the experimental case study under consideration and for
other similar scenarios that can be extrapolated nationally and/or internationally.

The developed GAUS-D1 tool is therefore part of a set of tools that comprises the potential
practical application of scientific knowledge in the field of sustainability to architecture at all scales.
This set of tools is defined as GAUS and represents the framework of the experiment.

2.1. Research Methodology

The methodology of the conducted research includes the following phases:

• Definition of the theoretical conceptual framework linking the concept of sustainability in
architecture with its technical implications in terms of circular economy and its practical application
in terms of scientific transfer to the professional field.

• Study of the scientific literature related to this framework as well as previous national and
international experiences in transferring such information to society.

• Study and definition of agents involved in professional technical processes as generators of
knowledge and information as well as potential users of the tool to be developed following the
method defined by this research.

• Establishment of possible connections between agents, information, scientific knowledge,
and knowledge transfer tools.

• Determine what type of tool is more appropriate for the transfer of knowledge on sustainability in
architecture to society, and what features should define it.

• Proposal of method for the development of such a tool.
• Experimental development of the tool for a local, specific, and defined case study within the

framework of action.
• Identification of the features that define this tool as useful, concise, and rigorous in scientific terms.
• Verification of results from the use of the tool.
• Review of the proposed method based on the results of using the experimental tool and

consolidation of the outcomes.

2.2. Justification of the Case Study for the Experiment

The city of Seville, as a region that is highly committed to sustainable development, climate
change, and circular economy, demands such tools to improve governance, bringing together citizens,
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government institutions, and private companies, using the academic and scientific network as a
mediator between these areas. The case study for the experiment, constituted by GAUS-D1, is
developed within the framework of the “Local Regulation for Energy Management, Climate Change
and Sustainability” [55], issued in 2012, and reinforced in 2018 by the “Urban Agenda for Andalusia
2030” [56]. This first document is based on the need to achieve the commitments adopted for the city
of Seville in three specific areas: Sustainable development (as a result of signing the Aalborg Charter in
1994 and joining the European Sustainable Cities and Towns Campaign [57]), climate emergency (having
signed the Covenant of Mayors against Climate Change [58]) and, finally, continuous improvement in
energy management at local level, a task that had already been carried out since 1997, but which requires
adaptation of standards and regulations [56]. In addition, it is worth noting that Seville is closely
committed to Agenda 21, the global programme of action in all areas related to sustainable development
of the planet, approved at the United Nations Conference on Environment and Development, held
in Rio de Janeiro in June 1992. The Agenda calls for changes in economic development activities,
based on a new understanding of the impact of human actions on the environment. Nowadays, these
commitments acquire even greater relevance following the appearance of Agenda 2030 (New Urban
Agenda of the International Habitat Conference III [59]), approved in September 2015, together with
the SDG [60], a roadmap to fight poverty and inequality [61] with a centred approach on people,
the planet, prosperity, peace, and partnership [62]. For all this, the city must begin to develop tools for
its management and urban transformation.

Similarly, the Local Administration of Seville has signed the “Declaration of Principles on Circular
Economy” (Paris 2015) [63], which stresses the importance of Local Governments for its implementation.
According to this commitment, the involvement of the scientific community in the awareness and
transfer of programmes that promote this cyclical economy and the development of local strategies is of
considerable importance. Therefore, this guide has been designed and conceived as a fundamental tool
to achieve, among others, the SDG and the principles of circular economy in the local area of Seville.

3. Results

The conceptual theoretical framework has been developed as described in the introduction,
connecting the concept of sustainability in its broadest conception with its implications in the field of
architecture and the promotion of a circular economy for our cities. Similarly, the suitability of certain
tools for the transmission of scientific knowledge to society has been studied, and those that represent
a more valuable reference for this research are specified, although the documentary analysis has been
much broader than what is specifically mentioned in this article.

A research of agents involved in the processes of construction and architectural and urban design
has been undertaken, defining the connections between them and the contributions that they can make
in terms of knowledge. The requirements in terms of knowledge transfer have been determined through
consultation with managers and representatives of the different groups, including businesspersons,
technicians and government officials, gathering and determining the practical focus of the required tool
to be developed. Afterwards, the type of tool needed has been defined, which meets the expectations
and requirements specified, named in the case study developed as GAUS. The results are explained in
the following graph (Figure 1).
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Figure 1. Diagram representing the relationship between agents, knowledge, and technical information
in architectural processes. Defining Guide for a more Sustainable Architecture and Urbanism (GAUS)
potential contribution in terms of circular economy and sustainability at a local level. Source:
The authors.

3.1. Proposed Method

• The proposed method for the development of transference tools is based on the following actions:
• Definition of the approach, scope, reach and objectives of the tool based on the criteria and

needs defined in collaboration and agreement with the different local agents involved in the
process of consultation and development of the tool. This phase is key and decisive since it is
essential to properly define the scope of the tool in order to guarantee its conciseness as well as its
scientific rigor.

• Exhaustive documentary research based on the search for tools, methodologies, and strategies in
the field of sustainability in architecture as well as strategies and tools for dissemination and/or
transfer to society in different contexts: International, national, and local, applicable to the case
study. This will enable well-founded decisions to be made, both in terms of form and substance,
for the tool being developed, meaning the suitable format it should have, as well as the simplified
but rigorous content required.

• Development of local specific climate characterisation determining the potential bioclimatic
strategies to be implemented. Understanding local climate conditions is essential to provide
adequate passive solutions for comfort, as well as energy efficiency improvements within
the framework of sustainability. This allows us to decide the type of actions in the field of
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architectural design, construction, and management to be included in the tool, based on the
potential development of bioclimatic strategies in specific passive design systems.

• Historical, cultural, and anthropological analysis, from the field of architecture and limited to
the scope of work previously defined according to this method, to determine which architectural
cultural references should be considered. In order to do this, a sample of these references is
compiled and prioritised according to their traditional use over time, excluding solutions that are
unlikely or unusual due to the context, thus simplifying the number of specific proposals to be
included in the tool.

• Once the context has been fully defined, the specific architectural references would be identified
and their properties studied in terms of sustainability, taking into account their bioclimatic
performance, their potential contribution to decarbonisation through their use and the potential
improvement of the local circular economy that they could represent. This phase requires an
important in-depth study of the architectural references involved and the scale considered. In the
experimental case being developed, these would be the traditional materials and construction
methods of Seville. Regarding architectural design, it would be required to study the bioclimatic
performance of the most common building typologies for Seville and their defining characteristics,
as well as the management in their design and construction that would involve the use of local
resources and therefore, an improvement in terms of circular economy.

• Selection of cases that are justified and documented as proposals to be promoted by the tool,
clearly defining the qualities that they should have, and that guarantee both their best bioclimatic
performance and their contribution to the decarbonisation and/or improvement of the circular
economy for the city.

• Definition of the most appropriate features and graphic format of the tool for the transmission
of information and its dissemination. Finally, all this information must be transferred to the
dissemination tool and its content with a well-studied graphic design that is capable of reaching
users, in this case both citizens and technicians.

• Development and publication of the tool proposing the appropriate social and technical
dissemination of the document with the aim of testing results, developing a specific planning
for this purpose that enables it to be addressed to the appropriate and required agents for
its verification.

• Adjustment and improvement of the tool after its final verification, and development of a
management plan for its update and maintenance that consolidates it as a local reference tool in
the long term.

This method has been experimentally developed using GAUS-D1 for Seville, and the results and
features of the tool are described in detail in the next section.

The GAUS guide is a tool under development, created by different groups of professionals, each
group responsible for the experiment of the method for diverse scales of action in Seville (D1–D5).
We have initially applied the method to one of them, document D1, at the scale of building construction,
and it will be progressively applied to every scale through the rest of documents once the first one has
been completely tested. This article defines the method used for this first document and sets out the
results obtained from the experiment.

3.2. Development of GAUS-D1 for Seville

Once the need for a specific tool has been determined for the case of Seville, thanks to the
contribution of all parties involved, the approach, scope, and features of this tool are defined in order
to meet the goal of being a concise, clear, precise, and objective tool for technicians and citizens when
dealing with sustainable construction in our cities.
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3.2.1. GAUS Scope

As previously mentioned, the full document that will constitute GAUS will cover a broader scope
than the merely material and constructive one and, therefore, will extend to other areas and scales prior
to the actual construction of buildings. However, the experiment developed uses this first document
“Document 1: Guide for a more sustainable construction in Seville” (GAUS-D1) to experiment the
method proposed from the research in order to control accurately the multiple parameters involved.

Therefore, the guide GAUS, once completed by replicating the method proposed by this research,
will be comprised of the following documents:

• D1. Guide for a more sustainable construction in Seville (scale at materials and construction
methods level): Analysis of the predominant construction techniques in Seville and a protocol for
selecting and designing them from a sustainable approach.

• D2. Guide for a more sustainable building design in Seville (scale at place and building level):
Protocol for the design of bioclimatic architecture, including water cycle and materials management.

• D3. Guide for a more sustainable urban design in Seville (scale at urban space level): Protocol for
the design of urban spaces according to the context of Seville and ensuring their habitability.

• D4. Guide for a more sustainable urban planning in Seville (scale at urban planning level): Urban
planning procedures design in terms of sustainability.

• D5. Guidelines for a more sustainable territorial planning of Seville and its surroundings (territorial
scale): Guidelines for future territorial plans.

3.2.2. GAUS-D1 Objectives

The tool developed for the experiment presents the following objectives, which have been
previously defined together with all the agents involved:

• Promote the culture of sustainable construction, which respects the environment and the
ecosystems’ energy cycles, applied at the local level, in the experimental case, Seville, according to
its morphology, historical and cultural background, geographical location, and particular climatic
parameters; offering a common long-term vision of Seville as a Sustainable City.

• Involve and engage governments, technicians (designers, architects, and builders), and citizens
(energy consumers), contributing to the development of awareness and transfer strategies to
society in order to “support the generation of more responsible users/consumers/citizens, who can
make daily decisions focused on preserving resources throughout the production, consumption
and waste process and who are better informed about their own consumption patterns”, in the
words of Jordi Segalás [64].

• Be a reference document for technicians, organisations, and citizens, with scientific and
technical endorsement, and equivalent to similar actions under development in other European
Union countries.

• Contribute to the development of architectural strategies that generate more efficient products
and services and promote the reuse of existing ones, providing a scope of implementation
for both new build and renovation projects, and contribute to the goal of reducing energy
consumption in buildings, including embodied energy in materials, in order to achieve the highest
possible decarbonisation.

• Become a recommendation protocol in all stages of the architectural project (design, choice of
materials, and construction techniques), construction (waste), and subsequent maintenance of the
building. The legislative development, in terms of requirements, should progressively lead to the
implementation of these measures, and could even become a subsequent legislative regulation.
It must be continuously reviewed in order to be consistent.

• Do not have a prescriptive or regulatory nature, although it does have an incentive value for
citizens to be qualified and certified by the competent government agencies (in the case of the
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local study, the Energy and Sustainability Agency of Seville [65]). These incentives, such as tax
benefits on urban licenses or property-related taxes, are a real claim for their application.

• Promote the achievement of SDGs in the local area of Seville, specifically concerning the
development of sustainability indicators in relation to circular economy based on those proposed
by the European Union, with the capacity to transfer technical knowledge to society.

3.2.3. Documentary Research

An exhaustive study of both local and national or international tools potentially applicable has
been conducted: From research documents and reports, decrees, manuals, guides, etc., to relevant
projects and experiences. The selection procedure for the analysis of these documents has been based
on the following criteria:

• Be a recognised, rigorous, and scientifically referenced document.
• Constitute an administrative document with a legislative character, whether it is mandatory or not.
• Respond to the previously mentioned sustainability aspects from an architectural and urban

approach, either from an environmental, economic, or social point of view.

From all these local, national, and international documents analysed, the following contents
and/or methodological references of interest for the design of GAUS-D1 are extracted as the main
references finally used:

• Contents and local characterisation of architectural references from a cultural, climatic, constructive,
and urban point of view [26,27,66].

• Referencing relevant applicable regulations [25,55,67].
• Specific contents related to the framework of sustainability in architecture and

decarbonisation [1,13,25,29–32,35,36,39,50,53,67–69].
• Specific contents related to the framework of sustainability for territories, cities, and the circular

economy [24,27,35,38,70,71].
• Definition of scales of action for decision making in each construction process [68].
• Methodological references of appropriate graphic representation and written expression for the

transmission of knowledge to society [1,26,50].
• References regarding information structure and its summarising, expressive, and communicative

capacity [50,52,68].

3.2.4. Climate Characterisation and Potential Bioclimatic Strategies

Understanding local climate conditions, particularly in Seville for this case, is essential to provide
adequate passive solutions for comfort, as well as energy efficiency improvements and/or refurbishment
within the framework of sustainability.

Passive architecture, defined as an architecture that adapts to surrounding climatic conditions,
has existed since antiquity [72]. Based on the experience of traditional architecture, it aims to ensure
hygrothermal comfort in buildings based on their own architectural configuration. It is also a close
definition related to bioclimatic architecture, which takes into account the environment, health,
and well-being of people [73].

Seville is located in southern Spain and Europe, at latitude 37.3881, belonging to the region of
Andalusia, with an inland climate classified by Strahler (1951) as “Mediterranean climate”, within the
group of “Mid-latitude climates controlled by tropical and polar air masses”. Moderate temperatures
and a rainy regime with warm and dry summer periods, presenting significant seasonal variations,
define this climate, between the parallels 30◦–45◦ N and 30◦–45◦ S. The annual fluctuation of
temperatures is moderate [73]. The “Energy Saving Regulations” applicable in Spain [74] classifies it
as climate category B4 (with B being the second in order of increasing severity up to E, corresponding
to winter climate severity, and 4, the highest summer climate severity).
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It is clear that for centuries, each region has developed unique local passive strategies for comfort
and conditioning, which are difficult to standardise, as they depend on many climatic and functional
factors [72]. More specifically, in the warm or tempered climate of southern Europe, the use of
vegetation and water as shading and cooling strategies for outdoor spaces, seasonal window protection
systems against solar gains, natural ventilation at night, or thermal mass as a construction strategy to
regulate heat flow, are common local strategies (Figure 2).

Figure 2. Typical interior courtyard building in Seville. Reference for passive strategies to achieve
thermal comfort in hot weather considered in GAUS-D1: Awnings, vegetation, and solar control
on facades.

Consequently, all of them have been conveniently identified and considered when developing
proposals for construction solutions or improvements.

3.2.5. Specification of Local Construction Techniques Related to Building Envelopes

“Local architecture is the architecture of a specific location, defined by the particular use of forms,
construction methods and materials” [75], and it is a value in the field of sustainability. Therefore,
it is important to identify local construction solutions, of a cultural nature [76], related to the scale
of intervention.

In the construction field, technicians can decide which constructive systems to use in order to
minimise environmental impact or maximise comfort conditions. However, in the renovation field, it is
essential to identify the original state of the building in order to propose improvement solutions based
on the existing conditions, with the introduction of new materials and systems. This identification, in
the case of major construction works, is guaranteed through compliance with technical requirements
imposed by regulations. Furthermore, in the case of minor construction works, without a legal
requirement for a competent technician to design the project, the developer lacks objective technical
information (not from commercial companies) to adopt effective measures in order to improve energy
efficiency within the framework of sustainability. This means improvements such as use of materials
with a low environmental and economic impact, produced from local industrial and material resources,
and committed to a circular economy.
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Some details on the study of the traditional and commonly used construction techniques in
Seville are presented below, with the aim of clarifying the level of deepening of the subject undertaken
by GAUS-D1.

Concerning the definition of local construction methods in Seville and, more specifically, regarding
roof design, there are both flat roofs that can be walked on (typical flat roofs, which recover an elevated
free space within a complex urban network in some areas such as the city centre), and sloping roofs
with an Arabic tile finish, mixing tradition and innovation (Figure 3).

Figure 3. Seville rooftop landscape. Reference for the characterisation of roofs in terms of local
construction methods (flat and sloping roofs with Arabic tiles). Source: The authors.

In terms of predominant façades in the city of Seville, there are several typologies, with one or
more layers, and made up of diverse local materials, such as ceramic bricks, wall tiles (or rammed
earth walls), stone, or lime plaster. Usually, they lack insulation in their original state, based mainly on
thermal mass as a resource of thermal control. In most cases, façades work as supporting structures as
well as envelopes (Figure 4).

Figure 4. Traditional external wall build-ups in Seville. Example of façade characterisation in terms of
local construction methods (GAUS-D1). Source: The authors.

GAUS-D1 includes the most common types of roofs (Figure 5) and façades in the local area
of Seville, with all their layers and approximate thermal transmittance values, in order to propose
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solutions for improving energy efficiency, mainly by incorporating insulation, through new façade
cladding, waterproofing, etc. Hence, initial construction solutions of the properties to be renovated are
recognised by users and developers as their own, and their improvement proposals are also recognised
as adjusted to a technical reality.

Figure 5. Traditional sloping roof build-up in Seville. Example of roof characterisation in terms of local
construction methods (GAUS-D1). Source: The authors and www.hispalyt.es.

3.2.6. Proposal of Actions for Improvement

Given that the building envelope is a key element in the passive conditioning and energy saving
of buildings, the proposed actions are mainly focused on façades, with special emphasis on windows,
roofs, natural lighting, ventilation, and air quality. It also proposes solutions for water and waste
management and the integration of renewable energy systems into architecture (e.g., thermal and
photovoltaic solar collectors).

It is assumed that buildings that require renovation are of a certain age, especially in historical
cities such as Seville, where useful life of buildings ranges from 50 to 100 years. Some of them were
built according to proper construction standards, but lacking the protection of any recognised legal
regulation. As a result of this, and the lack of maintenance, the state of conservation is often deficient,
with problems of water filtration, air, humidity, deterioration, etc. In this sense, the choice of new
materials and products to implement solutions requires specific advice in the field of sustainability.
We are referring to ecological and low environmental impact values through Environmental Product
Declarations (EPD) in all phases of their life cycle, fundamentally, which can be obtained from
prestigious databases such as those of the International EPD® System [33] or the Institut Bauen und
Umwelt (IBU) [77], among others.

The most sustainable construction solutions are offered based on quantifiable data obtained
from specific bibliographical sources. This facilitates decisions on the choice of a particular paint, for
example, justifying in this case the advantages of a mineral or natural product over a synthetic one,
for its application on façades. Another example can be related to the advantages of certain insulation
materials from renewable sources (cork, hemp, or cellulose), which may be less commercially advertised
compared to others of a polymeric nature or based on foams, which are responsible for damaging the
ozone layer and global warming. It also offers access to local business databases committed to circular
economy that may provide some of these resources.

Therefore, GAUS-D1 tool offers a database of construction solutions and proposals for improvement
adapted to local climate, materials, and construction methods. It makes it easily recognisable and useful
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for local users and building developers who are willing to contribute to environmental preservation
and sustainability through their construction activities.

3.2.7. Graphic Design and Structure

GAUS-D1 is structured with “Consultation Cards” focused on both the non-specialised user and
the trained technician. It is a tool that, at the same time, can be consulted by the owner of a property to
be renovated, as well as by the technician who is going to implement such improvements. That is,
it can be used both by the citizen or developer who wants to invest in a new property construction,
and by the designer, not an expert in sustainability, who wants to implement it in their project, beyond
the exclusive energy efficiency.

Each card responds to an action type, easily located through an exhaustive index. Thus, a clear
division into fundamental parts of the building’s envelope and into aspects of usability and energy,
provides an easy location for the card that describes the intended improvement action.

This method ensures, on one hand, that scientific knowledge, research, and innovation benefit
the entire scientific and professional community and, on the other, that citizens are nourished by its
results and can use them to improve their quality of life [41]. This means improving the impact on the
environment in a simple and direct way and causing a clear action of knowledge transfer.

It is particularly relevant to be concise in order to be accessible to the local citizen, who is committed
to the environment, climate change, and sustainability, compared to the conception of an excessively
technical document, which is only aimed at professionals in the sector.

The intention of the design chosen for this guide is to approach the user, both technical and
non-technical, through explicit, clear, and structured graphics that are intuitive and easy to understand.
It is intended that both the graphics and the language used are close, although precise and rigorous;
the structure, clear and organised; and the design, chromatic, attractive, and amusing.

This double user-technician approach is directly reflected in the structure and design of each card,
where a first more visual part, with adequately defined initial concepts and the fundamental support
of the use of representative iconography, is complemented by a second part of a more technical and
specific language where the given prescriptions are completed. The guide has a double qualitative
and formative reading of concepts related to sustainability. In addition, the local approach allows for
specific solutions for particular strategies determined by the climate.

The guide provides referenced data and results of Life Cycle Assessment (LCA) from Environmental
Product Declarations (EPD) within the more technical part, which enable professionals in the
construction sector as well as citizens and users committed to sustainability, to make decisions related
to environmental impact of products. It also incorporates a database of local companies involved
in the circular economy and related to products and materials recommended in the construction
solutions provided.

Each card is identified by an acronym and a colour corresponding to the block of the table of
contents to which it belongs. A simple 3D scheme allows us to locate, within the building, the specified
construction element/system; creating a visual explanation that helps us to understand the action that
is going to be described. This 3D model is developed using the BIM (Building Information Modelling)
methodology, applied to relevant existing examples of sustainable architecture in Seville, functioning
as a laboratory or a virtual model of the aspects studied and developed for this guide.

The following approach to the content of each Action Card is developed using simple yet
meaningful graphics that highlight the impact on sustainability, in terms of energy, materials, health,
or pollution (Figure 6).
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Figure 6. Example of Action Card contained in GAUS-D1. Definition of its graphic design and
content structure. In this case, the card explains potential actions to improve building façades. Source:
The authors.

The main content of the first part of each Action Card is focused on its definition and objectives.
These objectives directly propose a series of improvement actions that are briefly described together
with photographs to easily identify the element or system on which a construction, design, or usability
proposal is presented.

3.2.8. Social and Technical Dissemination of the Tool

GAUS-D1 is conceived as an open database on sustainability (construction scale) and within the
reach of society (tool). Although the design originally proposed is graphic in paper format, the need
for continuous updating of databases, regulations, and other sources raises a complementary required
development in web or digital format.

4. Discussion

The partial conclusions reached following the development of GAUS-D1, and in accordance with
the objectives set for it, are as follows:

• The need for this type of document is currently unquestionable in Spain. The multiplicity of
tools compiled in continuous development by numerous professional and educational entities of
international scope corroborates this and also shows the need for transference to society.

• It is a relevant contribution that promotes the perception and commitment of Seville as a
sustainable city.

• It becomes a reference document and tool for technicians, organisations, and citizens, with
scientific and technical endorsement, comparable to similar initiatives being developed in other
European Union countries.
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• Given the specific measures it provides to reduce environmental impacts and energy consumption,
including the energy embedded in materials, it represents an important contribution to the goal of
near-zero-energy buildings to achieve the highest possible decarbonisation.

• It is a practical and concise guide that allows both organisations and users to evaluate and quantify
renovation and construction activities within the framework of sustainability, in order to apply
incentives and subsidies.

• It represents an important progress in terms of transfer to society from the field of architecture to
sustainable development and the circular economy. The methodology and development criteria
allow the tool to be transferred to another local context of similar scope.

• GAUS-D1 can be considered a basic and solid tool that brings together the technical knowledge
needed to achieve the SDG and the transmission of that knowledge to society, getting involved in
the daily actions defined by lifestyles.

4.1. Defining Successful GAUS-D1 Features

A subsequent analysis of GAUS-D1 allows us to identify the features that make it a useful, direct,
and concise tool, as well as rigorous in scientific terms, which is the objective of this research. These
characteristics have been defined during the methodological process of development of the proposed
method and will allow us to corroborate its initial validity. They can be summarised as follows:

• Definition and contextualisation of a large part of the parameters due to the selection of a specific
local case study, which makes it possible to limit the range of possible construction situations and
avoid unjustified simplifications that would make the tool less rigorous.

• Detailed definition of the local context under consideration and all its physical (climate, orography,
topography, urban form, etc.) and cultural (traditional building systems, traditional and/or
common materials, historical and patrimonial chromaticism, etc.) conditions from the architectural
point of view, in order to develop an accurate local analysis.

• Adaptation to the requirements in form and content, either practical, educational, or technical,
defined by the local government, social, or business agents according to the analysis of the
parties involved.

• Adaptation to the European developments regarding qualification of the construction industry in
terms of sustainability, gathering updated regulations, recommendations, and/or methodological
proposals, being a reference recommended as an action protocol by the local authorities. Its
monitoring can be used to objectively justify the achievement of incentives.

• Contribution and promotion of building improvement strategies that use more efficient methods
from an energy and material point of view.

• Conceived as a tool that allows the approach and practical translation of some of the SDG to
specific construction design decisions that improve the environmental impact of cities, their
habitability, and their local management; contributing to the improvement, at the same time, of
the circular economy.

• The exhaustive documentary research on tools, methodologies, and strategies in the field of
sustainability and their transfer to society in different contexts provides a database and important
background for other studies to be developed along the same path.

All these features, which achieve the objectives initially set by the tool itself, demonstrate the
initial validity of the method for the development of practical, precise, and rigorous tools that allow
the promotion and incorporation of sustainability principles in architectural construction design for
specific local contexts.
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4.2. Results Verification and Method Review

The initial theoretical–conceptual verification performed is not sufficient to establish the validity
of the proposed method. It is therefore necessary to conduct practical checks on the results of the
actual use of the tool by its potential users, both citizens in general, and government technicians and/or
professionals in the construction sector. Currently, a campaign is being undertaken to disseminate
the tool, from its presentation at congresses and technical meetings to the promotion of its use among
professional technical associations and local public authorities. However, relevant statistical data on its
use and results will not be available for several years so, despite its initial validity, it will be necessary
to perform a subsequent study of its practical relevance in terms of use and results obtained. The terms
and indicators of this future study are currently being developed in collaboration with the agents and
groups involved.

Once the proposed future study has been completed, it will be required to review the method in
depth in order to determine potential changes and adjustments that will guarantee the development of
tools that are even better suited to local needs regarding the incorporation of sustainability aspects in
architectural construction. However, the method, theoretically proven, although not statistically, can
be used for the development of parallel documents related to different architectural scales. This would
allow a greater possibility of later statistical verification of the method and thus, its potential transfer
to other local contexts that require it for the development of their own specific tools.

The current need for this type of document is unquestionable. The variety of certification
and regulation tools [2–6,15,16,29–36,50,54,68], in continuous development by many professional and
educational entities corroborates this, and also highlights the need for transfer to society [18,19] in terms
of improving the empowerment of citizens and ultimately local resilience and global social sustainability.

5. Conclusions

The presented tool-guide, developed as an experiment by this research, is an important advance
in this sense, since it addresses all the required conceptual and technical issues, and it adapts to the
user profile and constitutes a major step in terms of knowledge transfer from the field of architecture
and circular economy to society.

On the other hand, and here perhaps lies its relevance, it constitutes a validation guarantee of
the method proposed by this research and its objective, promoting the use of the proposed method in
other similar studies, both for the Seville case study and for other local contexts, while its rigorous
statistical validation is being developed.

In this sense, the method defined and developed by this research is useful for the development of
reference and transferable tools in terms of structure, approach, systematisation of information, content
type, and communication capacity; for the introduction of sustainability requirements in architecture
design at local level. Moreover, this method is valid for its extrapolation to other situations, although
it can be improved and adjusted, as previously indicated, after a subsequent detailed study that is
desirable but not currently scientifically feasible.

The fundamental contribution of the proposed method implies its capacity to develop precise
tools useful for citizens and/or technicians that are at the same time scientifically rigorous for the
incorporation of sustainability aspects in architectural design, becoming a tool itself for the development
and transfer of scientific knowledge to citizens, in a transparent, simple, direct, and rigorous manner.

This contribution is key to the specific development of urban improvement actions based on
architectural sustainability principles that result in the improvement of the circular economy in our
cities and their resilience.
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Abstract: This article discusses the approach adopted by the researchers into citizen participation in
urban regeneration actions and projects. It describes the concepts of sustainability and habitability
in relation to the urban environment and architecture within the framework of improving the
resilience of our cities through the circular economy and decarbonisation processes in architecture.
The authors review the participatory dimension of different urban regeneration actions carried out
in Spain and the impact of this dimension on the results obtained by environmental, economic
and social urban improvements. They then define possible strategies and methodological tools
for integrating this dimension into traditional urban regeneration processes. The article presents
case studies and their specific characteristics, and draws conclusions about their effectiveness and
relevance. It also compares citizen-led interventions with interventions led by public administrations.
Lastly, the authors analyse the potential reasons for success in these processes and projects, identifying
weaknesses and proposing possible strategies for future development by researchers.

Keywords: citizen participation; resilience; urban regeneration; bioclimatic refurbishment;
sustainable city

1. Introduction

The concept of integrated urban regeneration is defined in the Toledo Charter as “a planned process
that must transcend the partial areas and approaches that have been commonly adopted until now,
instead addressing the city as a functional whole and its parts as components of the urban organism,
with the aim of fully developing and balancing the complexity and diversity of the social, productive and
urban structures while simultaneously driving greater eco-efficiency” [1] (p. 7). As an umbrella concept
bringing together the numerous city refurbishment aspects and approaches developed during the last
half-century, including both urban spaces and buildings, it prioritises vulnerable neighbourhoods over
the traditional classification of historic centres defined in numerous European urban plans in the last
20 years [2]. Adopting a European approach and based on specific programmes to strengthen and
support the improvement of cities, it aims to address the environmental and economic crisis triggered
at the beginning of this century and greatly exacerbated since 2008 [3]. Integrated urban regeneration
prioritises a coordinated approach to the three dimensions of sustainability (environmental, economic
and social) in a territorial framework with a global vision from the local perspective and bearing in
mind the future determinants imposed by climate change. It places the emphasis on achieving the
objectives of the Europe 2020 strategy [4] by improving the economic performance, eco-efficiency
and social cohesion of cities to improve quality of life for citizens, underlining the need for their
involvement in urban development through citizen participation [1]. In short, it recognises and
highlights the importance of participatory processes as a tool for ensuring that citizens are involved
in city improvement processes, from urban, territorial and building perspectives as well as from the
perspective of the neighbourhood as a unit of identification and identity.
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The urban regeneration processes promoted by Europe, which under the last edition of the
Integrated Sustainable Urban Development strategy (ISUD, 2014–2020) allocated 730.917 billion Euros
to integrated urban development in Spain [2], present a significant shift in the priorities of urban
interventions, placing a greater focus on objectives that no longer apply solely to aspects of physical
development but also include the social and economic improvement of towns and cities. These urban
regeneration processes highlight the need to adopt new methodological approaches to solve some of
the difficulties encountered in integrated projects, such as “obtaining results in the long term, changes
in budget allocations, governance and coordination between the different actors (public, private, social
groups, etc.), and managing different public scales (state, regional in the case of Spain, municipal)”,
as pointed out by Fernández-Valderrama et al. [2] (p. 37).

At best, these projects, which often involve both building refurbishments and the redesign of urban
spaces or modernisation of urban infrastructures, include poor or incipient participatory processes led
by institutions. These weak processes threaten to undermine the collaborative capacity of citizens to
take part in urban environment improvements.

1.1. The Sustainability Concept

From a sustainability point of view, the urban regeneration processes carried out in our cities
should include an environmental dimension, related to the bioclimatic design of the urban space
and buildings; an economic dimension, related to the efficient and effective management of material,
energy and information resources; and social management, related to satisfying the needs of citizens
and improving their quality of life. That is, it is necessary in terms of urban regeneration “to find a
balance among preservation instances, economic development, urban quality and the well-being of
the population” [5] (p. 1). Effective social management demands the definition and development of
the participatory dimension of the urban regeneration processes and its inclusion in specific actions,
consolidating citizen involvement as a fact as well as a need, and developing the necessary tools to
implement these processes. This way, citizen participation can be a positive turning point between the
economic interests of business entities around urban development and governmental objectives related
to urban space qualification and the improvement of citizens’ life quality, which may tip the balance in
the conflict between these two forces [6] (p. 47). It is also necessary to make the most of these conflict
of interests situations [5], promoting their role of articulating and catalysing improvement in the city.

To be able to talk about urban regeneration, it is necessary to first contextualise the concept in the
field of sustainable development and the future sustainability of our cities, based on the European
approach included in the Toledo Charter [1]. Without this wider perspective, there would be no point
to urban regeneration because it would be presented as a change, perhaps a development, but not
necessarily as forward-looking regeneration capable of improving local and global resilience, both of
the city itself and the territory in which it is situated. Our premise is therefore a concept of urban
regeneration that is directly linked to and developed on the basis of the concept of sustainability,
fulfilling and implementing its requirements.

We therefore take the initial reference of the concept of sustainable development that includes
the economic, environmental and social dimensions. When we address the environmental dimension
in architecture, we are referring to aspects related to bioclimatic architecture [7], to understanding
the place, harnessing the benefits of its characteristics and designing in response to them, controlling
both the flow of the materials and the flow of energy, using nature as a reference, attempting to
close all material and energy cycles through the architectural processes. Numerous authors have
recently examined this area, directly linked to decarbonisation processes in architecture related to the
energy distribution and generation system [8–12], energy efficiency, life cycle analysis and, in general,
the management of the design, use and construction of buildings from the perspective of energy
and materials.

The concept of decarbonisation initially applied by the European directive [13] to the global
energy generation and distribution system of a country also has applications for architecture since
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energy is required in every architectural process, during construction, use and even, it if comes to
that, demolition. Nearly zero-energy buildings [14] are a reference in this aspect. They are based on
minimal energy consumption and a level of self-produced energy that permits a zero or nearly zero
balance. Some studies highlight the importance of understanding the energy requirements of each
building, not only during its use [11] but also related to the energy employed in its construction [8].
Other studies prioritise the global energy approach related to generation and distribution systems at
the territorial level [9,11,12], defining the degree of decarbonisation assumed and developed by each
country in relation to the use of energy in construction. On occasion, strategies based on polycentric
and decentralised governance policies have proven to be very effective in these types of processes [10],
which clearly demonstrates the necessary link between greater sustainability and political approaches
based on improving governance at every level of society.

When we speak about sustainability in terms of the economic aspects, in the field of architecture
and urban planning it makes sense to view it as understanding the need for a certain economy of
resources: material, energy, human capital, information, et cetera. This enables us to focus on what
is meant by efficient architecture and urban planning, which use materials chosen for their specific
characteristics to cover the comfort and operational needs of buildings and urban spaces. In other
words, we are referring to the construction logics but also the local logics, the use of the appropriate
local materials that will last over time according to the needs or requirements of both the building and
the urban space. It is also necessary to refer to the correct and efficient management of information as a
resource, to the need to maximise the use of existing architectural knowledge in order to propose better
and more appropriate designs, designs that work better and are better suited to the needs of future
users. This implies efficient information management [15–17] of the information the architect needs
to propose an appropriate response, and the management of information to genuinely understand
citizens’ needs, whether of those who will live in our buildings or those who will use the urban space
that we are designing and characterising.

Meanwhile, the concept of the circular economy, developed by pioneers of ecological economics
like Kenneth Boulding [18], can be directly adapted, albeit with a certain complexity [19], to architectural
processes related to construction as well as the design of urban space [20]. This concept broadens
the approach related to efficiency and effectiveness in resource management and applies it in greater
detail to the field of environmental sustainability, insofar as it is intrinsically related to the closure of
material cycles. In terms of the social field studied here, the aspects that may bear a direct relationship
to the concept of the circular economy are those that are closely linked to citizen management and
community [21] as a space for mutual cooperation and the sharing of goods and services. For example,
some networks based on the circular economy [22] have developed their own type of currency that is
used in very controlled and relatively small local areas and has had fairly positive results, although
very few scientific data are available.

When we look more closely at the social dimension, the matter becomes more complicated
because in recent years we have seen a paradigm shift in how architecture addresses the social aspect.
Earlier studies have focused somewhat timidly on this matter, introducing certain aspects or relevant
indicators [23]. But this has been insufficient, and in practical terms, there are only a handful of
experiences that confirm its genuine application in urban regeneration projects. Barely analysed,
in the urban regeneration encouraged by the institutions (mainly, European Urban Plans), this social
dimension has occasionally generated major weaknesses in terms of social sustainability, sometimes
leading to gentrification processes, accentuated by the actual regeneration strategies implemented [24].

Furthermore, the social dimension is not only referenced to the concept of sustainability but to
understanding and defining the concept of quality of life, which has also been defined, analysed and
developed in some studies through the use of indicators [25]. This article is based on the premise
that the environmental and economic aspects related to sustainability have been fully defined by
researchers, leading to a large body of knowledge on the subject, and we therefore focus mainly on the
social aspects. Participatory processes are an appropriate dimension for this purpose.
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We must also define the last objective of urban regeneration. The Toledo Charter [1] emphasises
the need to improve the quality of life of citizens, but after analysing the possible tools [25] for defining
this concept, and in view of its complexity, we believe that it is more accurate to use the term habitability
as a desirable objective of urban regeneration actions. Accordingly, “ . . . the spaces necessary for daily
human life must be habitable, offering the necessary characteristics to ensure the appropriate level of
physical, psychological and physiological comfort and allow activities to be carried out” [26] (p. 72).
This statement is key to our proposition that, if urban space and architecture in general must comply
with the habitability condition regarding the ability to carry out activities, this habitability is therefore
also necessary for addressing the real and specific needs of citizens as users of these architectural urban
spaces [27].

In this respect, we must ask ourselves how we can possibly resolve urban issues without
understanding citizens’ real needs. As María Álvarez Sainz [28] (p. 5) says, “In the world of architecture
and urban design, the key question resides in the ability to listen, to understand the needs and lifestyles
of those who are going to live in the space designed.” This demands an understanding between the
technicians behind the proposal [29] and the ultimate users and their needs [30]; between the more
technical urban design and the field of citizen participation to gain a genuine insight into the context of
the issues in the urban space subject to improvement. However, the aim is not only to understand,
but to build and check whether the regeneration proposed through specific actions, will have a high
probability of success [31].

Accordingly, the proposal must provide a real response to the user’s needs as expressed by
the user; in other words, decisions regarding urban architectural design must take into account the
user’s experience and judgement. For this purpose, the development and adaptation to participatory
practices of certain multi-criteria analysis [5] and multi-criteria assessment tools [32] is of great interest,
although rarely explored.

From the point of view of social sustainability, improving urban resilience [33] is partly directly
related to actions or processes associated with the development of citizen governance [34] and
participatory processes in neighbourhoods, towns and cities, in line with a governance model
which Pierre [35] first described as “corporate” and which Tomás Fornés, M., and Cegarra
Dueñas, B. [36] subsequently developed and renamed “participatory”. In addition to being beneficial
for decision-making and the development of improvement strategies through urban regeneration,
these inclusive processes are highly instrumental in community building. As such, they are essential
for encouraging collaboration between citizens who identify as neighbours [37], establishing a positive
bond between them. Insofar as it generates citizen exchange and support networks, this collaboration
guarantees a better global response as a community to situations of scarcity or calamity.

We can best understand the relationship or enrichment of governance through participatory
processes when they involve relations of power and the ability of non-governmental agents to influence
the redistribution of resources, as well as in government processes. This prompts debates about the
rights and obligations of all social groups, and about their responsibilities and demands, encouraging
access to institutions where they can negotiate and regulate social conflicts [38]. There are different
participatory models, some of them one-dimensional, based on a technocratic vision that imposes
on citizens a specialist’s analysis of their needs and evades citizen participation initiatives. Other
multi-dimensional models are obtained from studies of certain urban movements [38] and, according
to Castells [39], from demands for urban services and spaces more rooted in the local identity and
therefore with a greater capacity for local self-governance. These are developed through contentious
interaction between urban actors, a necessary characteristic for developing participation as a meeting
between different positions in search of a consensus. Based on the focus of this article, it is these
multi-dimensional models that are starting to lead to more successful experiences in Spain, and therefore
provide the reference for a more interesting participatory approach.
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1.2. The Place of Participatory Processes

The aforementioned arguments clearly demonstrate the need to rethink all actions in the city
from the perspective of citizen participation. This refers to the need to analyse, develop, work and
build with social and citizens’ groups when it comes to improving the habitability of their cities and
neighbourhoods, as advocated by María Álvarez Sainz [28] (p. 18) in relation to her commitment to
“user-centred urban design and citizen participation as a collaborative model”. The starting point for
this will always be the need to improve quality of life and even address it from the subjective and
perceptive dimension [31].

This need is examined by authors like Borja [40], who explains how the social movements
of the latter decades of the 20th century (mainly referring to the 1960s, 1970s and 1980s) made
enormous contributions to urban management and development, with significant achievements such
as “the revaluation of public space as a place of gathering and social interaction, the social demand for
quality of life in cities, the demand for democracy, dialogue and participation by local citizens, and the
recovery of urban politics led by local governments”. Borja [40] goes on to say that this transforms
the concept of citizens as passive subjects into active subjects from the moment they intervene and
participate in the construction and management of their city.

It is plain to see that, nowadays, there are more and more situations in which certain citizens’
groups that demand the right to the city, are achieving success and social support [22], to the extent that,
government recognition of the participatory dimension has been translated into a specific requirement
of the rules for obtaining European grants for integrated sustainable urban development strategies
(ISUDS) [2].

In certain cases, these citizen demands have laid the foundations for partnerships with local bodies
and have led to specific actions carried out in the city. Although these cases have not always been
successful, we are beginning to glimpse a possibility for change in the approach to urban regeneration
in the city. They are usually initiatives that adopt new values [41], make local demands and form
part of a logic that is perfectly integrated into the concept of improving the sustainability and local
resilience of cities, linked to the dynamics proposed through a strategy based on encouraging the
circular economy. In general, they tend to be defined from the perspective of citizen empowerment,
prioritising micro initiatives and relationships on a human scale to rescue the molecular dimension of
the social fabric [42].

This reflection demonstrates the potential of participatory processes for the success of urban
regeneration programmes, and yet relatively few authors [43] have defined the specific reasons that
guarantee this success in each case. There is clearly a need to identify successful representative
cases that can serve as a guide regarding the dynamics of processes, actors, timeframes and methods,
and what makes them successful: their management, the tools used, the actors involved or the
socio-political context.

In the case of Spain, there are glaring weaknesses in the citizen participatory tradition apart from
that related to the improvement in the urban fabric promoted by the state during the Franco period [28].
In fact, citizen participation started to emerge again in the 1990s. Based on a series of representative
cases, we analyse the aims of these early projects as well as their characteristics, methods and tools,
and the results achieved, in order to define opportunities for action, successful methodologies and
useful tools for ensuring their efficient implementation and encouraging the proliferation of successful
cases in the future.

The goal of this article is to define which aspects, strategies and tools can help to guarantee success
of participatory processes in the Spanish context. For this purpose, an analysis of European and
international methodological and strategic references is carried out, from which reference situations
and characteristics are drawn to be valued for our case studies. Some Spanish cases known for being
considered successful by citizens are taken into account. The criteria for the selection of specific case
studies are defined, as is the methodology to be used in their analysis. A comparative analysis of
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the cases is carried out. Finally, the strategies and tools that can be potentially extrapolated to other
situations are pointed out, shaping the conclusions of the research.

2. Material and Methods

Having defined the conceptual framework for our research and justified the importance of
participatory processes in urban regeneration actions in cities, we now develop a non-exhaustive,
inductive process based on selected case studies that offer clear guidelines, methods and tools that
may serve as the basis for successful participatory processes in the future.

We examine a selection of Spanish cases, chosen for their specific innovative characteristics,
and analyse the general context, dynamics, agents involved, timeframes, and the method and tools
used. Next, we draw conclusions about the explicit opportunities and weaknesses presented by each
case, and finally we highlight the lessons that may be extrapolated to other situations according to the
terms and dynamics analysed.

2.1. Analysis from the International Perspective

There are public administration initiatives that attempt one way or another to involve social
groups and residents of certain neighbourhoods in the development and improvement of areas of their
city, but their approach is always partial, failing to recognise the real value and potential scope of
participatory processes [38].

Today, the debate is focused on citizen participation cases that have emerged from the
proposals of concrete social groups [44] related to specific needs, and that have been developed
outside the margins of public institutions and have sometimes even been much more successful.
The survey of numerous “bottom-up regeneration processes” carried out in Europe [3,44–46],
which heterogeneously focus on the principles of the progressive redistribution of resources, ecological
sustainability and social responsibility [44], highlights both the fundamental aim of these types of
processes and the characteristics that set them apart from traditional processes promoted by public
administrations. According to Squizzato [3], the fundamental aim of these projects is to improve the
urban environment through non-governmental private projects and for a non-speculative purpose.
Developed spontaneously by citizens, they are innovative because they not only include physical
improvements of the urban space but social improvements as well, using different models of social
interaction, appropriation and possession of the space as well as alternative financing [47].

The conclusion drawn from the analysis of European cases is that the success of each individual case
depends on numerous local factors related to the specific characteristics of each situation, and the scope
of this article, therefore, focuses on an in-depth analysis of some interesting Spanish cases. However,
this analysis of European cases also reveals interesting defining circumstances and characteristics [3]
that must be analysed in the Spanish cases examined here, in order to determine whether these
characteristics influence the degree of success. These circumstances and characteristics are as follows:

1. They incorporate the use of new economies and values, including identity ones, which in turn
define a new method of intervention sustained by its own development [45].

2. They use strategies based on very limited financing, promoting realisation through
creativity [46,47].

3. They use urban activists, entrepreneurs, or both, as catalysts for the social potential [48].
4. They address the changing role of professionals and technicians [45,48].
5. They involve citizens as the true actors in the city self-organisation process [45].
6. They include the active participation of the community in the design process [45].
7. They include the innovative use of graphic, technological and digital tools for management and

active communication during multiple phases of the process [45,48].
8. They benefit the community involved in several ways, not just by improving physical aspects of

the space [44].
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2.2. Situation in Spain

Our investigation involved numerous cases at the national level in which the participatory
dimension has played a prominent role. Examples of projects led specifically by citizens’ groups without
any input from the local authorities include the following: “Playa Luna” in Madrid, where Ecosistema
Urbano [49] and local residents carried out a protest action concerned with the construction of an
artificial pseudo beach in a disused square, Plaza Luna, in the centre of Madrid; the occupation of “Can
Batllo” [50] in Barcelona, with assistance from the Lacol group, and its subsequent partial refurbishment
as a civic space for local residents; the famous “Campo de la Cebada” [51] project in Madrid, with
input from a number of citizens’ groups, including Basurama y Zuloark; and “Oasis” [52] at the Ruedo
de Moratalaz housing development, in partnership with GSA Madrid and Asociación Caminar. All of
these cases represent landmark demands by certain social groups that have defined a modus operandi
based on self-organisation and self-management. They have mainly arisen out of neglect by the public
administration and actions that were “extralegal” a priori but were subsequently agreed with by the
administration following social and media pressure.

There are also interesting cases in which the public administration has been involved and has
worked closely with citizen groups. These examples include “Vamos a hacer la calle” (Let us build the
street) by eP espacio elevado al público group [53], carried out in the 3000 Viviendas and Martínez
Montañés area of Seville’s Polígono Sur district. The aim of this action is to highlight the importance
of local residents’ abilities to improve the public space, enabling them to participate in and own the
project. Another example is “El Ejido Elige” (El Ejido Chooses) in Málaga by Fundación Rizoma [54],
Paisaje Transversal [55] and the Omau (Urban Environment Observatory), a participatory process
in which the financial resources are used to build designs agreed with the local residents. In these
cases, it is the public administration that activates the participatory aspect with the aim of generating
preliminary processes that can then be continued through self-development.

As a particularly interesting complementary aspect of our research, we have been able to glimpse
the possible links between citizen-led strategies and projects and their formal institutional support
through different local, national and international programmes, although in practice the technical and
administrative requirements sometimes prevent their implementation and even access [3] to European
funds, as in the case of the Community Led Local Development instrument proposed by the European
Commission [56].

After a preliminary analysis of the cases, we can affirm that, in general, a high percentage of the
actions undertaken through citizen initiatives achieve a considerable degree of success [31]. However,
their subsequent maintenance and development demands committed involvement from a local group of
residents or citizens to ensure that they evolve and also to fill them with activities and uses. Otherwise,
many of these improvement actions constitute a fleeting moment in time with no real continuity,
and we therefore cannot conclude that they improve the local resilience of the community, although
they do improve the short-term habitability of the space.

Meanwhile, the actions undertaken through public administration initiatives tend to develop the
participatory process on a partial level (with specific exceptions such as “El Ejido Elige”). They achieve
a notable success in the initial stages but if they are not redirected properly, they may not fulfil citizen
expectations and may even undermine citizen trust in these types of processes. Sometimes, this leads
social groups to deliberately exclude public administrations in their processes and the change and
improvement actions they undertake.

All the cases studied offer enormous scope for extracting lessons but we have limited our in-depth
analysis to a small selection to determine which of their characteristics are potential reasons for
success, according to the European cases previously analysed, and to be able to draw more specific,
substantiated conclusions. The cases chosen for our study fulfil the following selection criteria:

1. They represent landmark successes, corroborated by the awards received, express academic
recognition or express acceptance by citizens.
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2. They represent landmark cases as pioneers in citizen participation in specific areas of Spain.
3. They represent landmark cases in terms of research and academic education as reference models

for social service-learning and transfer strategies.
4. They represent landmark cases that challenge the role of architects as professionals and trigger

debate about their responsibilities and abilities.
5. They represent landmark cases that exemplify the different roles that a local administration and

a group of citizens or professionals can play as the drivers of a participatory action, whether
self-managed or collaboratively managed.

2.3. Case Analysis Methodology

The case analysis methodology developed is based on the following points:

1. Analysis of the project technical information, plans, timeline, regulations, academic publications
and dissemination in the media, awards and distinctions. This information is decisive in order
to carry out an in depth study of the case, and in case it did not exist, the case study would be
dismissed in this research work.

2. Mapping of actors involved, citizens’ and government groups, public administrations,
and technical and professional teams. This is a key tool for understanding the process and
it must include, not only the actors involved, but also the relationships among them and the
collaboration dynamics developed, if any.

3. Interviews with technicians and mediators, as well as with the accessible groups, citizens and
administration technicians. Deep understanding of the processes can be clarified by documenting
opinions, preferably from different types of stakeholders to have a broad and complete perspective.

4. In depth analysis of the development of the process, focusing on timescales and schedules,
actions, strategies and tools used. This analysis has been done in great depth, using all the data
initially extracted. In the first stage, the analysis is carried out individually, and is later used
in a comparative way with other case studies, providing a wider perspective for the drawing
of conclusions.

5. Extraction of conclusions about the characteristics and circumstances predefined as possible
catalysts for the success of these projects. They will respond initially to the circumstances
and characteristics observed in the international cases as potentially successful. In a later stage,
conclusions will be drawn from the case studies and their circumstances and specific development.

6. Identification of interesting tools used. Beyond those referred to by international cases such as the
map of actors or the graphic, technological and digital tools for management and communication,
another type of interesting tools is found.

7. Identification of possible guidelines or management methods used in the process that may
provide a reference for future cases. The possible use of specific methodologies with a previously
established scientific basis is considered, against the construction of new methods.

The four cases analysed in depth are briefly described below.

2.4. Case Studies

2.4.1. Moret Park, Huelva

This case is a pioneer in Spain insofar as the citizens’ demands were addressed by the public
administration and there was a participatory process for the design of a public space. The case began
around 2000 and the initial phase was completed in 2005 with an official inauguration. Huelva city
council was interested in recovering the so-called Moret Park in the centre of the city, a 50-hectare area
that had been neglected for decades and was in an advanced state of decay.

Local residents had already been demanding use of this public space and had set up the
Moret Park Platform to campaign for the recovery of the park as the “green lung of Huelva”. The
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platform, which brought together numerous groups (see Figure 1), succeeded in persuading the public
administration to invite tenders for the project based on a set of specifications that both parties
(platform and administration) had previously agreed during a series of workshops.

Figure 1. Moret Park citizen group. Source: Own elaboration.

A set of activities were carried out throughout the process (Figure 2) with the ultimate aim of
developing an agreed design with the community platform:

1. Regular meetings to establish objectives and contents.
2. Contact with groups, political parties and organisations to involve them in the meetings.
3. Talks, exhibitions, educational, artistic and environmental routes, and a panel of experts to

provide a greater understanding of the Moret Park Complex.
4. Briefing on the history of the area to contextualise the Moret Park phenomenon.
5. Proposals for the design of Moret Park.

   

(a) (b) (c) 

Figure 2. (a–c) Different activities carried out to design Moret Park. Source: Own elaboration.

The design of the park was finally undertaken by the architecture studio Seminario de Arquitectura
y Medioambiente, based on bioclimatic and environmental criteria and with the innovative inclusion
of a professional mediator between the public administration and citizens. Thanks to the participatory
process, the park was officially opened (Figure 3) to great success and with mass attendance by citizens.
In spite of being an incipient urban regeneration action, the initial participatory dimension led by
citizens was key to the successful execution of the project and its subsequent acceptance by the public.

The design process for the park has won several awards and distinctions: first prize national
competition for the Moret Park, Huelva; first prize of the Andalusian Federation of Municipalities as
an example of citizen participation with the Moret Park Platform, 2005; and being selected at the Dubai
International UN-Habitat Best Practices Awards, 2008, earning the classification “Good Practice”. The
dynamics involved in the project have been analysed and disseminated extensively in research articles,
at academic meetings and through postgraduate programmes.
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Figure 3. Official opening of Moret Park. Source: Own elaboration.

2.4.2. Arraijanal Park, Málaga

Arraijanal Park is a vast urban space on the edge of Málaga with a history of enormous social
pressure as the subject of numerous demands. The only remaining virgin piece of coastline belonging
to the city of Málaga, it is extremely picturesque as well as boasting great ecological, historical and
archaeological value. Numerous projects have been proposed for the space but to date none have been
approved. Within the scope of our research, we examined the preliminary proposal commissioned by
the Regional Environment, Climate Change and Land Management Ministry in 2015. In spite of the
approach envisaged by the regional ministry, this proposal does not constitute a design project as such,
but rather the design of a participatory process. During the development and execution, it would allow
a preliminary in-depth analysis of the characteristics of the context subject to intervention, such as
the participatory design of the future park with residents’ and citizens’ groups, and the collective
construction of the parts of the project that are physically feasible and buildable with the groups and
citizens. This is the first time that a public administration has ever allowed the transformation of a
project into a participatory design process, although in light of the recent political changes, the project
currently under way, has been awarded by tender under the traditional terms of architectural design.

The specific interest of this proposal as a case study is the analysis of the systematisation and
design of a concrete process, which may provide a reference for the development of a specific method
or tool for designing participatory processes (Figure 4). The key aspects have been analysed, classified
and characterised to serve as a basis for the proposal included in the scope of this research.

2.4.3. Pepe Dámaso Cultural Centre, Las Palmas de Gran Canaria

This is a case of the encouragement of citizen participation without the existence of a prior explicit
demand by local residents. The initiative emerged in La Isleta, a neighbourhood of Las Palmas de
Gran Canaria, as part of the “La Isleta Participa” research project carried out between 2008 and 2010 by
the University of Las Palmas. At the time, the neighbourhood did not have any adequate spaces for
community building and partnerships. In the context of a severe economic crisis, during which Las
Palmas City Council made concerted efforts to encourage citizen participation, the project furthered
the demands for greater participation in the fields of architecture and urban planning.

One of the most resounding successes of the project was undoubtedly the fact that it capitalised on
the existence of different national investment plans (known at the time as “Zapatero plans”) to secure
a budget for the construction of a cultural centre as a reference point for participation and cultural
creation in the neighbourhood.
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Figure 4. Collaborative design process for Arraijanal Park. Actor tree. Source: Own elaboration.

The Pepe Dámaso Cultural Centre occupies a plot in a public space designated for educational use,
bounded to one side by a residential building and to the other by an infant and primary school. This was
once the site of an old fighting ground, and in the 1970s it was used for student assemblies. The building
has three storeys and a basement. The ground floor contains the entrance hall, a triple-height courtyard
forming a visual connection with the adjacent building, the toilets and a large hall. The basement
comprises an exhibition hall, a courtyard and various storage areas. The debating hall or Tagoror,
which is also used as an exhibition space, occupies the first floor. Lastly, the second floor contains the
quadrangle that forms the rooftop space, with access to the adult education centre next door.

In 2018 this was selected as one of the top five new builds of the last 10 years in Gran Canaria,
but its merits also include the variety of excellent activities that are conducted inside the building.
It is used by the children from the adjacent school, by residents’ groups and by the city council for
district meetings. Theatre rehearsals, concerts, exhibitions, workshops, courses, social gatherings,
et cetera, all take place in the cultural centre. It has been used as a polling station for a referendum,
commercials have been filmed here, and it has been the venue for miscellaneous events, political rallies
and meetings. No programme of uses could ever have anticipated the enormous variety of events
(Figure 5) that have been hosted at this centre. In fact, in his book “Architecture Depends”, the theorist
Jeremy Till [57] discusses how the dependent nature of architecture often makes it difficult to envisage
the uses that a space should provide. In recent years we have witnessed a procession of technical,
professional and artistic profiles that have discovered these spaces as places in which to carry out a
whole range of extraordinary activities. This clearly demonstrates that citizen participation does not
only concern social or residents’ groups but impacts society as a whole.
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What was originally planned as a building for citizen participation, more related to debate and
discussion, has become a place for the participation of the entire neighbourhood, on every level.
This invites us to reflect on the need to recover the ambiguous nature of spaces that architecture
undoubtedly offered until the 19th century. It also prompts the demand for participation spaces in
every neighbourhood, whether explicitly proposed by citizens or not. This proposal highlights the
importance of the role that other sectors of society can play, in this case university researchers, teachers
and students, as mediators between citizens and technicians to enrich citizen participation.

2.4.4. Majanicho Citizen Participation Programme, Fuerteventura

Our last case concerns the application of a citizen participation tool in an action led by the public
administration, but precisely at a time when the European Commission is questioning interventions in
the ecosystem that lack an impact assessment and citizen participation.

The case is centred on the town of La Oliva, in the north of the island of Fuerteventura, specifically
a space that has been impacted by the construction of a housing development that contained multiple
irregularities from the outset. Between 2000 and 2002, the town council of La Oliva approved the
Partial Plan (“SAU 12 Houses Majanicho”) and the urban development project and granted permission
for the construction of 748 homes and a commercial area. That same year, 2002, the approval was
refuted by the Canary Islands government for the first time and an environmental association lodged
the first complaint. In 2006, during the completion stage of the project, two important events occurred:
the Canary Islands High Court of Justice (TSJC, after its Spanish initials) declared the Majanicho
Partial Plan null and void (ratified by the Supreme Court in 2011), and the Canary Islands government
established a new series of special bird protection areas (SPBAs) affecting part of the area comprising
the housing development. It was precisely the invasion of part of an SPBA, among other factors,
that prompted the European Commission to send a letter to the Spanish government in 2018 calling for
the adoption of measures to mitigate the effects of the Majanicho Partial Plan. The measures finally
proposed include the execution of an ex-post environmental impact assessment (i.e., conducted after
completion of the housing development) and the preparation of a citizen participation programme
(Figures 6 and 7).

 

Figure 6. Image of citizen protests due to the development of Cotillo and Majanicho urban plans, in La
Oliva Town, Fuerteventura. Source: Own elaboration.

This case therefore provides the opportunity to turn a participatory process, as part of an
ex-post environmental impact assessment (encouraged partly by citizens and partly by the public
administrations involved), into a programme: “Citizen participation programme in the framework
of the Environmental Impact Assessment for the Majanicho housing development project—SAU
12, La Oliva (Fuerteventura)”. In the short term, this could contribute to the design and adoption
of the appropriate compensatory measures, and in the medium to long term, it could result in the
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coordinated management of the present and future of the island’s northern coastline. In this case,
citizen participation should help to raise the level of debate and restore the trust of the residents
of La Oliva, and by extension those of Fuerteventura as a whole, in their institutions, particularly
regarding sensitive issues like interventions in the natural heritage and landscape.

 

Figure 7. Image of the citizen participation workshop carried out during the development of the
Citizen Participation Programme within the frame of the environmental impact assessment. Source:
Own elaboration.

Scale has been an important dimension in this process. It was necessary to incorporate global
issues like the climate emergency and the UN Sustainable Development Goals [58], and reconcile
general laws with the various plans affected (SPBA, island plan, general plan, land management plans,
special plans, etc.), while at the same time, taking into account local and even individual interests.
The clearest example of the importance of scale is that one of the reasons that has led us to this point
is the Kentish plover (Charadrius alexandrinus), a small bird that visits this area and whose defence
and protection has led us to rethink the use and enjoyment of this place from a more sustainable and
resilient perspective.

On a technical level, the circumstances surrounding this citizen participation project have led to
the sharing of space and time with a very broad and experienced technical team, mainly with expertise
in the environmental field. Lastly, technicians have sought to reconcile the analysis and diagnosis tasks
with the desire to draw up a series of compensatory measures for the environmental impacts detected.

In view of the unique nature of this entire process, the institutions and the technicians involved in
the work and the discussions, as well as citizens, firmly believe that the project should culminate in
decisions that effectively change the way in which these environments are used and enjoyed. The SAU
12 Houses Majanicho project has been halted for technical and legal reasons for years, and today there
is a certain degree of consensus about the importance of taking action. The priority is to implement
compensatory measures as a means of starting to regain the trust of citizens.

Lastly, this case has demonstrated the importance of participation education, insofar as it should
not only reach the local citizens, but professionals, technicians and politicians as well. Each actor
must climb up the “ladder of citizen participation” that Sherry Arnstein [59] proposed more than
50 years ago. Getting past the non-participatory rungs (manipulation and therapy) and involving
more people on the intermediate rungs (informing, consultation, placation) or even on the top rungs
(partnership, delegation, citizen control) are tasks for which we all share responsibility.

3. Results

In this section, we present the data resulting from the analysis of the characteristics of the
participatory processes studied, from the approach and layout of the study to the results obtained.
A synthesis of such results is presented in Table 1.
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All four projects highlight relevant aspects for citizens, both cultural (historical, anthropological,
artistic, etc.), natural and ecological. They enhance both group identity and citizens’ memories on the
one hand, and attention paid to ecological and systemic dynamics on the other, both approaches being
key issues for the improvement of resilience in our communities and towns. It should be pointed
out how environmental approaches are changing chronologically and are more and more ambitious.
Whereas in the case of Moret Park the focus is centred on maintaining the existing ecosystem adequately,
in Majanicho the inappropriate use of a natural protected area is claimed. In Arraijanal, on the other
hand, the focus is on the potential values of the ecosystem that they want to restore and maintain,
taking into account the effects that climatic change may bring to it on the basis of a specific study on
the matter.

Whereas three of the projects emphasise the need to make use of architectural and urban spaces
flexible (Pepe Dámaso, Moret and Arraijanal), as well as the benefit coming from a certain reversibility
of some projects; the fourth project (Majanicho) provides answers to the deficiencies resulting from the
lack of flexibility of one-sided urban projects. The introduction of inclusive participatory dynamics
strategically develops into a need for flexible architectural and urban spaces and land use, as well as
for a flexible management of such spaces, as they are heritage of all citizens.

The four projects follow an inclusive approach from a gender and cross-generation perspective,
at least as far as the development of the participatory process is concerned. However, the actual
dynamics of every process, their characteristics, timing and circumstances, cause the results to be
distinctive. In the cases of Moret and Pepe Dámaso (already completed) the benefits for the whole
community resulting from the actions are clearly seen. Regarding Arraijanal and Majancho, they are
still to be studied when the works are finally carried out. In any case, the greatly important gender
aspects related to participatory processes could not be studied in further depth in these cases, due to
the lack of objective data available. It is clear that the approach followed in the processes has aimed to
be inclusive in gender terms, although it is not possible to provide clear evidence of it, at least in the
frame of the this research.

Two of the projects (Pepe Dámaso and Arraijanal) have been developed in a context of poor
financial resources, without this implying a cause or an excuse for its abandonment. The other two
projects (Moret and Majanicho) were developed according to traditional economic dynamics, noting
that there are sufficient public resources for well-managed participatory projects, despite the fact that
in the case of Majanicho the context was that of a solid economic crisis. Beyond what they may seem
at first sight, the participatory processes are economically affordable, if compared to the building
processes involved in any urban qualification project. Besides, they can use social resources, which
make them even more affordable if well managed. However, it is also true that it should be taken into
account that the participatory processes take longer to develop than traditional top-down processes.

The actors acting as catalysts in each case are very different, from the citizens themselves in the
case of Moret Park to the technicians appointed by the public administration in Arraijanal, as well as
environmental groups and researchers of the public university. This reality implies that organised
groups of citizens are no longer the only potential activists of participatory processes; such processes
are starting to be seen as necessary and convenient by the government and their professionals and
technicians themselves. The next step would be to transfer this need to the political agenda.

In all four cases, the changing role of architecture professionals is posed and developed, more linked
to mediation rather than to the design of architectural spaces in the participatory processes. Nonetheless,
their technical abilities (graphic, communicative and in media terms, as well as in constructive terms)
continue to be necessary for a correct development of such processes, regardless of the fact that they
may or may not lead to the design and construction of specific architectural spaces. In case where they
do, architects can also develop their traditional technical roles and associated responsibilities.

The role of citizens in the different cases is very diverse; in three of them (Moret, Arraijanal
and Majanicho) citizens directly or indirectly trigger the participatory process itself. In the case of
Pepe Dámaso, they are collateral beneficiaries of it. In the case of Arraijanal, the citizens are called to
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empower themselves and be the true actors of the process as ultimate historical claimants, the process
understood as self-pedagogical. That is, the process is seen as an opportunity for social learning
linked to the different actions and professions involved in the design and construction of the urban
space. The process can thus be also defined as a deep educational, emotional, environmental and even
technical practice.

In general terms, the participation of the different social actors in the design process is scarce.
It was initially proposed in Arraijanal, but was dismissed when the approach of the project changed
and the participatory process was cancelled. Numerous cases exist (some previously mentioned yet not
selected as case studies) in which the involvement of citizens as actors in the design and construction
of the architectural project is a reality. This leads us to think that such participatory dimension is an
opportunity for the progress of this kind of process, despite the fact that it has hardly been addressed
in the reference cases.

The use of innovative graphic, technological or digital tools is not known in any of the projects
except for Arraijanal, where they were proposed but not used. In the case of the Pepe Dámaso
Centre, some graphic instruments were used at the beginning of the process to inform the authorities,
but they were traditional ones. This circumstance is despite the fact that in many references previously
analysed as possible case studies such tools were seen as an interesting asset for the success of certain
participatory processes. We can deduce that they are desirable tools still little developed in this sort of
process and which are not decisive for its success.

It is clearly seen that all four cases provide different kinds of benefits to the community, not only
in terms of space but also in ecological, social, educational, cultural, political and even economic
terms. In environmental terms, this sort of process implies a step forward as they follow a serious
and rigorous approach, demanding conclusive results regarding the respect for the ecosystem, a good
bioclimatic performance of both indoor and outdoor spaces and, ultimately, an answer to climatic
change through the improvement of resilience of environmental communities. They also imply an
educational opportunity from the perspective of social inclusion and following a cultural approach,
which is attractive as a communication strategy to involve different types of actors from the social sphere.
In the political and economic spheres, the benefits emerging from these sorts of processes include a sense
of belonging to a political community capable of making decisions in terms of citizen empowerment
and improvement of urban governance; an improved management of economic resources; and the
involvement of citizens, which become responsible for their correct management.

Two of the participatory projects have been developed and are in the process of later management
and the other two are currently being developed. One, the Arraijanal case study, can be considered a
failure in participatory terms due to the government’s rejection of the continuous action taken by the
citizens to defend their rights and because no technical solution was achieved. The other, the Majanicho
case study, is being developed at the moment and we may expect that it will be carried out successfully.

The strategies used for the correct development of the process are diverse and have been defined
according to the characteristics of each case study, as can be observed in Table 2. The importance of
multidisciplinary teams and the mediation work among administrations, technicians and citizens is
noteworthy. The latter, has sometimes been developed by the architects themselves, exploring this
new role of their profession, and other times directly by researchers of the participation field, therefore
being more flexible in their functions and methodological skills.
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In the four cases under study, generating a climate of trust among the actors involved has proved
to be greatly important, allowing the development of actions with a constant involvement of all parts,
and at the same time narrowing down the expectations linked to the process in real terms.

On the other hand, the processes ought to be flexible in terms of adaptation to administrative
times, which are radically different to those of social management in participatory processes.

With regards to the tools used, they are numerous, depending on each case and the specific needs
of citizens’ involvement, communication and technical and administrative management of the process.
It should also be noted that in those processes led by the government, cultural strategies aimed at
calling people’s attention are used, whereas in those processes led by citizens peer communication
attains greater significance, using graphic, audiovisual and any other means which are adapted to
the common language of citizens. The proposal of defining a “motor team” is highlighted, with the
involvement of actors from all the spheres (public administration, technicians, citizens, university).
This team will be responsible for the management of the participatory process and embraces the
following functions: coordination; communication and dissemination; design and production of the
necessary material; stimulation of activity; and legal-economic management. This tool, although only
proposed in one of the cases, should be further investigated in the light of its potential relevance as an
opportunity to improve management within the processes.

As far as the participatory phases of the method are concerned, it is not possible to define an
organisational tendency beyond the existence of three main distinct phases: a phase of proposal
(by citizens, university and institutions); a phase of design and construction of the project (with different
degrees of participation in each case); and a final phase of use and maintenance of the project
(sometimes managed by the administrations and other times self-managed by the citizens). Every case
is unique and its circumstances mark the way it is used through time.

4. Discussion

Transferable Opportunities and Learning

Following the case studies carried out, some learning can emerge from them which can later be
useful for future situations:

In this sort of participatory process, the figure of the technician as mediator and translator is greatly
important; an agent of citizen participation “ . . . creating a dialogue between divergent and often
opposing perspectives, of transforming citizens’ claims into proposing strategies, and of implementing
new tools and communication channels that speed up the processes and prevent lack of coordination
between different governmental areas, as well as between them and the citizens.” [61]. This ultimately
poses the need of new professionals and new working opportunities around citizen participation.

We can confirm, as commented before that, in general terms, a high percentage of actions
developed by citizens’ initiatives achieve considerable success [31]. However, for them to continue
and evolve through time they need some additional factors that favour them, such as involvement
of local social or neighbourhood organisations; their usefulness and link to existing dynamics that
provide activities and use. Otherwise, many of these actions will represent a specific moment in time
and improved habitability of a space in the short term, but will not last in time and will not improve
local community resilience.

On the other hand, the actions proposed by the administration usually obtain partial participation.
They are successful initially in their approach, but without a good management method, they may not
fulfil citizens’ expectations and could even undermine citizen trust in this sort of process. In some cases,
this provokes rejection from certain citizen groups that deliberately exclude public administrations
from their processes and actions for change and improvement.

As well as the instruments that nowadays provide a greater transparency in public management
and bring institutions and people closer to one another, the rise of citizen participation and its
quality, without a doubt, leads to a greater degree of involvement on the part of citizens in common

251



Sustainability 2020, 12, 7305

issues and in public management, at least at three different levels: at the urban-land level, at the
technical-environmental level and at the social-political level. In the urban-land level we can point out,
firstly, the centrality of participation, that is, the importance of including citizen participation in the
early stages of any urban planning instrument, achieving a highly qualified degree of participation,
defined by Pretty as active participation [62] and closer to the two upper rungs of Pretty’s ladder. The
coming together of citizen participation and urban planning is providing both concepts with new
dimensions. Architecture and urban planning are proving they have a lot to offer to participatory
processes, given their ability to anticipate through projects or forward thinking, on the one hand,
and their approach to complex thinking through a skilful use of scaling, on the other. The field of
urban planning conveys an opportunity to all kinds of participatory processes, while at the same time
such participatory processes are an opportunity for improvement in urban regeneration processes that
aim at being successful in the medium or long term. In this sense, it would be interesting to apply
the new paradigm proposed by Mussinelli et al. [63] (p. 66) that “combines two levels: the long-term
strategic vision and the short-medium term experimental vision”.

In the political and social sphere, the map of actors becomes a key tool to determine the place of
citizen participation. Given the complexity of our societies, sometimes it is difficult for the different
actors involved in a territory or in a given issue to be aware of the multiple dimensions at play. One
of the goals of the citizen participation project and particularly the map of actors (or sociogram) is
to increase the numbers of variables involved. In the case of Majanicho, we have found that from
the macro scale of the European Union to the micro scale of Majanicho’s neighbours, all parties have
something to say.

The dialogic process starts when the higher number of possible actors has been identified and
the chance to participate in each case is balanced. Not all actors can or wish to participate in every
case, as sometimes not all actors should or need to participate. It is from the moment when the map of
actors is established that we can start planning the fieldwork, implying a higher or lower degree of
participation in the participatory project designed. In this sense, the definition of a “motor team” for
the management of the participatory process can also be a useful tool as long as it implies a previous
selection of those actors and agents capable of involvement, management and communication within
the participatory process. It is necessary to go deeper into the research of the potential of this tool.

Similarly, the importance of teaching the mechanics of participation has also been stated. That is,
the pedagogy of citizen participation should reach the citizens, the professionals, the technicians and
the public representatives. Every actor should in their own way move up in the ladder of participation
as proposed by Sherry Arnstein [59] half a century ago. Overcoming the non-participatory rungs
(manipulation and therapy) [62] and getting as many people as possible involved in the intermediate
rungs (informing, consultation, placation) and even in the higher rungs (partnership, delegation,
citizen control) [3] is a task that we are all responsible for.

In this research, the existence of appropriate tools which are common to different fields and help
participatory processes, adapting to different scales, is clearly stated. These tools should be further
studied to determine in which cases they can be used and their scope in each kind of process. This way,
as in the case of Majanicho’s Citizen Participation Programme, they can become a minimal agreed cell
for citizen participation to be applied in all aspects related to the town and its safeguarding. It should
also be pointed out that the complex nature of public policies that take social and cultural values into
account, as well as their participatory dimension, call for the development of adequate tools capable of
dealing with large databases and decision-making systems. Some research works [64] have developed
a work frame for the use of analytics in supporting the policy cycle. This progress is a key reference for
the further study of the potential of certain tools.

In particular, in the legal administrative sphere, the existence of Bologna Regulation for the Care
of Urban Commons is a very relevant tool to support these participatory processes [65]. This regulation
regulates partnership between citizens and governments for the care and regeneration of the urban
commons. It sets off from an organisational model based on partnership instead of the struggles
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between citizens and the government. Here, citizens are not considered mere users and recipients of
the State, but are finally acknowledged as key actors in the treatment and management of the common
goods. It regulates the terms of collaboration for the safeguarding and management of urban commons
through ”Collaboration Pacts” based on mutual trust and a relationship of equality. This approach,
developed by laws, is a very important step forward and a reference for the development of local and
national legislation based on the same terms.

To sum up, successful participatory processes are characterised in general terms by the following:
Understand the territory as a common good; work from the understanding of residents as active citizens
to improve governance through shared management; work with proposals of inclusive, cross-generation
and gender-sensitive processes, including all phases of analysis, design and construction. This process
should at the same time respond to the environmental dynamics of the land and provide an
environmental, flexible and reversible project (fostering conservation rather than building) that
is also social, self-pedagogic and that stands for the right to the city and spatial justice for all citizens.

As a consequence, this sort of process is expected to provide proposals that are built on an increased
level of creativity thanks to collective work, that enhance the territory safeguarding habitability of urban
spaces, increasing investment on green areas and, with an adequate design, increasing its biodiversity.

We could also expect that these proposals work with a certain critical mass of population and
enough activity in order to be representative in real terms; that they generate a certain degree
of self-sufficiency in terms of energy, water and material resources, as well as in the provision
of self-managed facilities, fostering improved alternative means of transport such as public or
non-motorised transport. And it could also be expected that this dynamics builds on urban resilience
in terms of social cohesion and adaptability to climate change.

There are still no predefined methods to guarantee the success of this kind of process and
subsequent positive consequences, only some strategies and opportunities such as the ones elucidated
by this research work.

5. Conclusions

It is clear that the processes of citizens’ involvement linked to urban regeneration are still at an
early developmental stage. We can also prove their important roles for improvement in terms of urban
resilience from a social point of view. A number of tools exist [66] that can help the development of
such processes (coming from different fields), but the processes are currently so diverse and unique
that there is no specific pattern or methodology to follow for guarantying their success.

However, taking as a starting point the unique character of each of these processes and of the
partial generic tools from other fields (and gradually also from the urban planning field) it is indeed
possible to establish a series of criteria, strategies and opportunities that can guide such processes.

The precise definition of these opportunities, strategies and processes has been outlined in this
research work (as has been described in the partial conclusions of the different chapters) and should be
further developed in future investigations. In any case, the opportunities more clearly defined by the
present research are listed below:

5.1. Citizen Participation and Environmental Sustainability

The participatory processes imply an opportunity to include aspects of environmental sustainability
linked to the preservation of ecosystems, to establish social-systemic synergies [67] and ultimately to
mitigate climatic change. For this purpose, an approach based on flexibility as a strategy and action
criteria is necessary, adapting every action to include the needs, actors and specific local situation.
The advantages of developing reversible actions from an environmental and social point of view
also imply a decisive advantage for the correct development of these processes whose context and
conditions often change through time.
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5.2. Citizen Participation and Economic Sustainability

In the participation processes studied, we have clearly seen that its low economic cost in relation
to the number of actions developed or the use of human resources could well compensate the economic
cost derived from longer building times. This issue must be subject to further scientific study in
any case.

5.3. Citizen Participation and Social Sustainability

Concerning the complex map of participation processes, we have stated how the different
dimensions involved in citizen participation demand the use of useful tools to deal with them.
Thus, creating a map of actors becomes one of the first necessary actions to be taken in participatory
processes. This map should be able to show the social, economic or political complex picture that we
are going to face in any participatory process. Trying to introduce to the discussion “the interests,
goals and logics of action that the various categories of actors have, but also the dimension, from a
local to global scale, of the interests themselves, since it has important consequences on the solution of
collective problems” [68] (p. 53).

The catalysts of participatory processes are more and more diverse and closer to political
management, potentially improving governance processes with the inclusion of citizens. This could
imply a chance to come closer to political power through a meaningful and solid approach, allowing
citizens and government to work hand in hand naturally and on the basis of agreement in urban
planning and improvement processes.

The involvement of citizens in the design and even more so, the building stage of urban
improvement projects, is still at an early stage and lacks a specific legal framework. This involvement
means a great opportunity for the development of participatory processes that needs to be studied in
further detail. Similarly, the potential of a rigorous gender approach to these processes has still not
been sufficiently studied and needs further attention.

5.4. The Spanish Case

This article is only a starting point for the scientific study of such processes in the Spanish context.
The results of the research carried out are of great interest, although they need to be further developed
due to the complex nature of the issue, as has been stated throughout this article.
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Abstract: This original research paper analyses the actual and important topic of the implications
of BREEAM sustainability assessment on the design of hotels and it is a personal response to “The
Agenda 2030 for Sustainable Development” and its influence on the Tourism and Hospitality Industry.
The paper aims to examine the influence of the sustainable assessment method BREEAM on the
design of hotels by using seven case studies and studying the changes that were implemented in
order to achieve their targets. Qualitative data were obtained by conducting in-depth interviews and
analyzing the supplied documentation. The authors notice that the results revealed that a BREEAM
approach might limit the design of the hotels but, including the right measures at the early design
stage of the project, the target can be easily achieved.
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1. Introduction

Over the past decades, sustainable development has become very important in every economic
sector but especially in the Construction and Tourism sectors [1]. Tourism is one of the most powerful
drivers of development for the world economy and in particular, international tourism has been
considered as a tool for development in emerging economies. Developing countries are leaders
in including sustainability procedures for building and hotels are becoming more eco-friendly by
including environmental standards in their design, architecture and management [2,3].

Hotels are key in this process of sustainability; in places where tourism is the main contributor to
GDP (Gross Domestic Product), the addition of a sustainable design and sustainable certifications for
new buildings and renovations is crucial [3]. For a decade, the Hospitality sector has been pressured to
include environmental strategies and reduce the carbon footprint by government legislation, in order
to minimize its impact on the environment [4,5].

Despite its involvement in sustainability, there is not much research on what is the best way to
approach a “green hotel” and how the design can be affected by including sustainable measures [6].
This article is organized into three main sections. The first offers a brief overview of the impact of the
Agenda 2030 on Tourism. The second exposes the existing literature about the importance of sustainable
certificates on the Hospitality Industry and the background of one of the first sustainable European
building assessment methods applicable to residential and commercial buildings, the Building Research
Establishment Environmental Method (BREEAM) [7]. The last part aims to analyse by a qualitative
method the impact of BREEAM on the design of hotels.

Sustainability 2020, 12, 6550; doi:10.3390/su12166550 www.mdpi.com/journal/sustainability259
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Impact of 2030 Agenda on the Tourism

In 2015, the Heads of State and Government of 193 countries met at the 70th General Assembly
of United Nations and approved the resolution of “The 2030 Agenda for Sustainable Development”.
This plan is call to action to protect our planet, end poverty and improve the lives and prospects of
everyone. The 2030 Agenda sets out 17 Sustainable Development Goals (SDGs) and 169 targets to be
achieved by 2030 that are considered at the moment a global emergency to mitigate and balance the
three dimensions of sustainable development, the economic, social and environmental [8,9]. This plan
must be implemented entirely and as a whole, as all the different goals and targets are related to each
other. The United Nations Resolution states that in order to achieve the completion of the SGDs, all the
nations must take responsibility. The European Union has played an active role and will implement
the 2030 Agenda internally and globally in cooperation with partner countries [10].

The UNWTO (World Tourism Organization) establishes that tourism contributes directly or
indirectly to the achievement of all SDGs and in particular, it is included as a target in the Goals 8,
12 and 14 [8,11].

• SDG 8. Promote sustained, inclusive and sustainable economic growth, full and productive
employment and decent work for all. According to a study from WTTC (World Travel and Tourism
Council), Travel and Tourism was the sector with the fastest growth in 2018 (3.1%), ahead of the
Construction (2,8%) and Banking (2.6%) sectors. In addition, Travel and Tourism sustained a total
of 319 million jobs across the world and induced 10% of all jobs, exceeding the impacts of the
Financial, Health and Banking sectors, among others [2,3]. The contribution of the Tourism sector
is specified in Target 8.9 “By 2030, devise and implement policies to promote sustainable tourism
that creates jobs and promotes local culture and products” [8].

• SDG 12. Ensure sustainable consumption and production patterns. Tourism can play an important
role in the evolution of a green economy and inclusive growth [2]. If the tourism sector adopts
sustainable consumption and production practices (SCP), it can significantly accelerate the shift to
a more sustainable planet [11]. The One Planet Sustainable Tourism Programme has the objective
to improve the sustainable development impacts of tourism by promoting SCP that use natural
resources and produce less waste [12]. The inclusion of “green hotels” is key for this goal. Clients
are experiencing an awareness of environmental damage and the addition of sustainable measures
in hotels is becoming a very important factor for their design [13].

• SDG 14. Conserve and sustainably use the oceans, seas and marine resources for
sustainable development.

Coastal and maritime tourism are tourism’s biggest segments. It is specified in target 14.7 that “by
2030, increase the economic benefits to small island developing States and least developed countries
from the sustainable use of marine resources, including through sustainable management of fisheries,
aquaculture and tourism” [8]. Small Island Developing States (SIDS) rely on healthy marine ecosystems.
Integrated Coastal Zone Management must include tourism development to preserve fragile marine
ecosystems and promote a blue economy [11].

2. Literature Review

2.1. The Importance of Sustainability Certifications for the Hospitality Industry

In 1993, the World Tourism Organisation (UNWTO) put forward the concept of Sustainable
Tourism Development. In 1995, United Nations Educational, Scientific and Cultural Organization
(UNESCO), United Nations Environment Programme (UNEP) and UNWTO held in Spain the first
World Conference on Sustainable Tourism and the Charter for Sustainable Tourism was adopted
in this meeting. Since then, Sustainable Tourism has occupied a dominant position in the Tourism
industry [14,15]. Although the UNWTO has established that tourism contributes to the completion of
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the SDGs [10], the Hospitality industry faces the challenge of determining which of the 17 SDGs and
associated targets are its priority [16].

Widely, the building sector accounts for one third of energy-related carbon emissions [17,18].
In the UK, buildings are responsible for half of the carbon emissions, half of the water consumption, one
third of the landfill waste and one quarter of all raw materials used in the economy [19]. Hotels’ users
consume a great amount of water and energy at the same time that generates an important amount of
solid waste and effluents on a daily basis [20], but hotels may have a significant and positive impact
on the environment by changing some of their management and design aspects. Customers have
radically changed their attitude towards adopting environment-friendly practices and as a result,
hotels cannot ignore their environmental and social responsibilities [13,21]. For this, many hotels are
now in the process of becoming “green hotels”, but it has been demonstrated that most of them only
focus on small changes such as reusing linen and towels [22,23]. A green hotel must operate according
to the principles of green hospitality; this does not mean planting some trees in front of it, but being
environmentally friendly, implementing waste management systems, recycling, and saving in water
and energy, among other procedures [24].

The guests expect the implementation of more sustainable and eco-friendly practices such as
water conservation, energy efficiency and proper waste division [25,26] and this approach should be
incorporated from the planning stage to the demolition phase of the building. A green building must
be designed as a whole and covers all the phases such as design, construction and operation [27].

As it has been studied before, the term smart tourism is closely related to the application
of new technologies [28,29]. They propose to rethink the traditional approach to tourism and
include the latest technology such as smartphones and tablets in its planning and programming.
New technologies can enhance tourism in different ways; several studies demonstrate that hotels display,
on the internet, their certificates and environmental practices to show their customers their awareness
of the environment [30,31]. Studies indicate that the application of environmental procedures and their
consequent certifications can improve the image of the company and its operating performance [32].
As a consequence, environmental assessments of buildings have become one of the most important steps
in the sustainable built environment [5,7,33]. The European Union Energy Performance of Buildings
Directive (EPBD) [34] and the UK Climate Change Act of 2008 set sustainable buildings on the UK
policy agenda; since then, a wide variety of tools have been developed to assess and help construction
projects, and BREEAM is one of the most successful of these tools [35].

2.2. Background of BREEAM Assessment

At first in the UK and now worldwide, BREEAM is leading the list of sustainability assessments;
between 2013 and 2017, over 10,800 certified assessments were issued at both the Design and
Post-construction stage [36]. The method was launched in the UK in 1990 by the Building Research
Establishment (BRE); it was initially designed to focus predominantly on environmental aspects [33,37],
but in the past decade it has also highlighted economic and social aspects. It has been applied in
77 countries [7,38].

BREEAM considers ten categories to measure sustainable value, including management,
health and wellbeing, energy, transport, water, materials, waste, land use and ecology, pollution and
innovation [38]. Each of these categories is divided into a range of assessment issues with its own
target, aim and benchmarks.

A BREEAM assessor will determine when a target or benchmark is reached and will award with
score points or credits as per Table 1, then these are weighted and aggregated on a scale of outstanding,
excellent, very good, good, pass and unclassified [38], as shown in Table 2.
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Table 1. BREEAM Environmental section weightings.

Environmental Section
Weighting (%)

Fully Fitted Out Simple Building Shell and Core Only Shell Only

Management 11 7.5 11 12
Health and Wellbeing 14 16.5 8 7

Energy 16 11.5 14 9.5
Transport 10 11.5 11.5 14.5

Water 7 7.5 7 2
Materials 15 17.5 17.5 22

Waste 6 7 7 8
Land Use and Ecology 13 15 15 19

Pollution 8 6 9 6
Total 100 100 100 100

Innovation (additional) 10 10 10 10

This weighting system is defined in more detail within the BRE Global Core Process Standard (BES5301).

Table 2. BREEAM rating benchmarks.

BREEAM Rating % Score

Outstanding ≥85
Excellent ≥70

Very Good ≥55
Good ≥45
Pass ≥30

Unclassified <30

BREEAM is regularly updated to ensure it meets the requirements for building sustainability
and it is used for public and private projects, applicable to residential and commercial buildings [7].
In some cases, it is a mandatory requirement to satisfy certain planning conditions or regulations,
particularly for the public sector projects. In other cases, it is used voluntarily to earn recognition due
to its international prestige [33], and it is highly valued when it comes to indicate the carbon emissions
of commercial buildings.

It has been demonstrated that hotels and tourism benefit from the application of sustainable
assessments such as BREEAM [32]. In addition, the method has shown its support to the SDGs and
the Agenda 2030 and has demonstrated how and where the BREEAM family of standards and tools
support the SDGs [39]. It has highlighted its significant contribution to meeting the following goals [8]:

• SDG 3. Ensure healthy lives and promote well-being for all at all ages.
• SDG 6. Ensure availability and sustainable management of water and sanitation for all.
• SDG 7. Ensure access to affordable, reliable, sustainable and modern energy for all.
• SDG 9. Build resilient infrastructure, promote inclusive and sustainable industrialization and

foster innovation.
• SDG 11. Make cities and human settlements inclusive, safe, resilient and sustainable.
• SDG 12. Ensure sustainable consumption and production patterns.
• SDG 13. Take urgent action to combat climate change and its impacts.
• SDG 15. Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage

forests, combat desertification, and halt and reserve land degradation and halt biodiversity loss.

Despite its importance, little research has been conducted about the effects the application of
this sustainability assessment method might have on the hotel’s design and management process.
Holmes and Hudson [40] examined how BREEAM affects the design of an office building but the
method has been through many changes since this study was taken and they focused more on the
perceived value of the method than its design effects. Lowe and Watts [41] analysed the benefits of
implementing BREEAM on a two storey medical centre development but this research was focussed
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on the financial implications of the method. Fenner and Ryce [42] compared BREEAM with the LEED
method, analysing their limitations in current practice, but this research did not focus on the design
aspect. Several studies taken from Haroglu and Schweber [33,35,43] analysed the implication that
BREEAM might have on the design process although these studies used different types of buildings as
case studies such as educational, commercial, residential and healthcare. Mengxue Lu [7] compared
four rating tools: BREEAM, Leadership in Energy and Environmental Assessment (LEED), Green Star
and Building Environmental Assessment method (BEAM Plus), and concluded that all of them were
similar, covering the same environmental aspects, in terms of energy audit. The carbon audit, however,
was not a common investigation focus in any of them.

This paper examines how the implementation of BREAAM impacts on the design of hotels and
their management processes and demonstrates the changes that have occurred to the projects in a
specific context as a result of the assessment. The intention of the study is not to generalize across
specific design features of the hotels but rather to provide a general understanding of the influences
and impact that the BREEAM method might have on the hotels’ design stage. Due to the lack of
research on this field and its importance in Tourism and Hospitality, this study examines the impact of
the BREEAM assessment method on the design process of seven hotels in the UK.

3. Methodology

This study uses a qualitative method of analysis. The qualitative approach to research seeks to
analyze the effect of BREEAM on hotels’ design decisions; this is not confined to a specific phase
of the projects but it comprehends the entire process from conception to completion and beyond.
Although some researchers have investigated before about sustainable assessments and specifically
BREEAM, little research has been focused on the implications that the method might have on the
design of buildings [30,32,40] and no prior research has been found were the case study was a hotel.
Hence, the study presents this limitation and the need for further development in this area of research.
In addition, the qualitative method used in the research is based on human experience and is dependent
on the individual skills of the researcher and the people interviewed.

In the present study, a number of specialized Hospitality professionals, both architects and
architect technicians, were selected based on their level of expertise in the field and quality of hotels
produced during their careers. All of them are Hospitality focused and the main people responsible
for the selected projects of this study. They offered a variety of hotel projects assessed under BREEAM.
In total, 7 case study hotels were selected, each of them with different characteristics, stages and
BREEAM targets. As a context, all of the hotels are based in the UK due to the importance of this
method there.

Architects and architectural technicians responsible for the design of the buildings were
interviewed. The interviews were undertaken during April and May of 2020 and, due to the
worldwide pandemic of COVID 19 and the mandatory lockdown in the UK during these months,
it was not possible to do the interviews face to face. Hence, they were done via Yealink Meeting Server
with each technician and architect. Each interview lasted an average of 30 min per project and they
were recorded with Windows 10 Screen Recorder. The collection of data was also supplemented with
documentation provided by the designers including plans and elevations, BREEAM assessments,
planning decision notices and relevant information from several professionals that influenced in the
design process of the hotels, with all of the information in pdf format. In Table 3, the details of the
selected cases are shown such as the stage of the project, number of rooms, number of storeys and
BREEAM target and final score. For confidentiality, the projects are named under the headings A, B, C,
D, E, F and G.
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Table 3. Case study hotel projects.

Case Studies Stage No Rooms No Storeys BREEAM Target BREEAM Final Score

A Completed 216 5 Excellent Excellent
B Completed 302 7 Very Good Very Good
C Under construction 82 9 Very Good On going
D Completed 339 42 Excellent Outstanding
E Under construction 456 13 Excellent On going
F Under construction 153 9 Very Good On going
G Under construction 329 19 Very Good On going

4. Results

An extensive amount of data was collected from the interviews about the influence that the
BREEAM assessment method has on various aspects of the hotel design. This section includes two
parts, the first is a description and a brief of the information obtained from the architects and technicians
about the required changes during the design process of each case study. The second part exposes the
key design changes extracted from the interviews that were crucial in all the cases.

4.1. General Description of Case Studies

In case study A, the client was very interested in getting a BREEAM Excellent score and it finally
achieved the highest ever BREEAM score for a hotel in the UK. The building is now utilising a range of
low energy technologies to reduce its energy demand and generates its own energy supply, delivering
an 87% reduction in CO2. The negotiation process with the assessor involved many changes in the
project, mainly in the Mechanical and Electrical designing phase, where the assessor asked for bigger
plant rooms and more plant areas in addition to several systems that were needed to achieve the
credits. It was required to incorporate a number of sustainable construction techniques including
enhanced isolative building elements and a sustainable surface water drainage system. In addition,
the hotel harvests rainwater, which is used to serve the toilets in the building and to water the external
landscaping areas. Increasing the size of cycle store was also needed; the technician explained that this
is very common practice when working on a BREEAM project since it is an easy way to get the number
of credits required and usually it does not impact excessively the design of it. Finally, the designers
had to increase the size of the refuse store as a result of accommodating more numbers of bins and
also provide an external bin store. The materials used for this building were assessed in order to
meet the Building Regulations and BREEAM criteria, resulting in a combination of brick, metal and
stone cladding.

Case study B was a regeneration and further extension of an existing historical building; as a
result, the design process required special attention in this case. The hotel is located in the city centre
and had a planning requirement to achieve a BREEAM Very Good score. A pre-assessment was
submitted as part of the planning application, which is the standard process for most of the buildings
in the UK. The planners reviewed it and conditioned it to make sure that the score was achieved;
as a consequence, certain changes were needed in order to get BREEAM Very Good as the final score.
The designers had to increase the number of cycle storage spaces in the building in order to get the
credits related. Under the ecology requirements, even though it was a regeneration of an existing site,
the architects and technicians had to provide an enhancement. They had to include certain numbers of
bat boxes housed on the roof levels designated for nesting bats. This requirement was needed under
the premises that the demolition of an adjacent building was needed in order to extend the hotel and it
was deemed that bats could have nested there if they wanted to, so in order to replace this, bat boxes
were included. The number and size of bins were increased and, as a consequence, the refuse store was
also slightly expanded to accommodate them. In regard to the building envelope, some of the windows
had to be upgraded due to the fact that the acoustic requirements of BREEAM were higher than the
hotel operator’s requirements. The specification of the glass was changed but the size and position
of the windows remained the same, so the design of the facade was not altered. Finally, the material
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of the new hotel was proposed as rendered to match the existing building which, from a BREEAM
perspective, is not ideal due to its characteristics but planning required it to keep the same material in
order to minimise the impact of the extension.

Case study C is an existing building refurbishment and extension, it has planning approval and
is currently under construction. The hotel is on the boundary on three sides and they are extending
it out on the fourth side. There is no space for landscaping and the existing building has a pitched
roof, so there were no opportunities for proposing green roofs, bat or bird boxes and planters at
ground floor; as a consequence, the ecology credits were difficult to achieve. In order to compensate
this, the BREEAM assessor advised that during the design stage, the architects should carry out an
assessment to demonstrate that they were not able to provide ecological enhancements. The Mechanical
and Electrical engineer presence was crucial in this hotel; although they always have an important
role on the completion of BREEAM projects, in this specific case and due to the lack of ecological
enhancements, the engineers had to bring new solutions to compensate this lack. The installation of
flow restrictors helps to save water by limiting the flow of particularly wasteful taps and showers.
The architect explained that the water consumption is always a common factor to take into account for
Hospitality projects and its right management can drastically change the running cost of the hotel.
Finally, to meet BREEAM acoustic requirements, the technicians had to enhance the existing glazing by
adding a secondary glazing. At the moment, they are on target for achieving BREEAM Very Good.

Case study D is a highly sustainable skyscraper building with a small footprint and 42 floors.
It had a planning requirement for a BREEAM Excellent but it finally achieved an Outstanding,
the highest BREEAM rating available at the time of completion. Ecology had a major impact on the
project. Solar panels and a green roof were included in addition to beehives on the 39th floor to
produce honey for guests. On the lower levels, bat and bird boxes for nesting were also incorporated.
In addition, due to the small footprint of the building, it was impossible to include a cycle store within
it, so a separated external cycle store was designed with a green roof and green walls under the
recommendations of the ecologists. Finally, it is important to mention that the mechanical system of the
hotel has a vital importance in this project. Several measures were included such as a combined heat
power system that contributes to a 30 per cent reduction in CO2 emissions and light regulation system
that adjusts the level of light according to the time of day and season. In addition, waste management
is crucial in this case; the hotel recycles cooking oil, general waste, soap and bottled bathroom products.
Moreover, it uses eco-friendly products from local suppliers.

Case study E has planning approval and is currently under construction. In this project, there were
no planning requirements for BREEAM but the client founders had a BREEAM target of Excellent;
they requested the BREEAM assessment method to help to reduce the running cost of the hotel.
The architect explained that the energy and water consumption in hotels is massive so by including
some procedures that will reduce the impact of that, the benefits will be higher for the owners. As well
as that, one of the hotel operators also had, as an employee requirement, the achievement of BREEAM
Very Good for their projects, so although in this case it is a lower target than the founder´s, it is still
important to take into consideration. The pre-assessment of the project is done and the building has
a potential target of 79% score for BREEAM Excellent, higher than the 70% minimum score needed
so it is highly possible that the project will achieve the targeted score. In this case study, they also
had to increase the cycle and bin stores’ sizes in order to achieve the credits needed. For the ecology
requirements, the designers had to include a total of 65 square metres of planting distributed on
three separate roof levels as a consequence of filling the site completely by the building at ground
level. The ecologists made a report with their requirements and due to the lack of space for planting,
the landscape architect had to include all these planters on different levels of the building to achieve the
needed credits. Internally, the architects had to increase the thickness and specifications of the partitions
to meet BREEAM acoustic requirements. The technicians had to enhance the glazing specifications
for some of the external windows due to the fact that the operators had some requirements for the
windows and, in some instances, BREEAM was above them so they had to upgrade the windows in
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order to achieve the acoustic requirements. The architect explained that one of the hotel operators
had very strict thermal requirements, which were well above Building Regulations and BREEAM
requirements so the insulation of the building did not need any adjustment to meet the credits. Finally,
an adaptability study was needed, which is a document that studies the spatial, structural, and service
strategies of the building and analyzes the malleability of it in response to changing operational
parameters over time [44]. The study proved that the hotel will be able to change its use if needed,
mainly because it is built in lightweight partitions and blade columns.

Case study F is under construction at the moment. This project comprehends two buildings in
the same site, a refurbished existing office building and a newly built hotel with some affordable
accommodations included. Due to there being three different uses sharing the site, planning required
three separated permanent cycle stores and temporary short-term cycle storage. The temporary cycle
store had to be increased as the BREEAM assessor recommended. In this case, it was a planning
requirement to increase the number of bird and bat boxes that the ecologists advised, so BREEAM did
not influence this decision. Since the hotel is a new building, the designers decided to go for blade
columns and lightweight partitions to facilitate the adaptability of the building if it changes its use,
so BREEAM rated this positively.

Case study G has planning approval and it is under construction; it has planning and operator’s
requirements for BREEAM Very Good. There is a planning condition that it must get this targeted
score, so a pre-assessment was done in the first place to study the best way to meet this requirement.
As in the previous case studies, the main changes were the bin and cycle stores and the inclusion of
planters at ground floor level around the building. After a few discussions with the ecologists, some of
the planters were omitted as they contained trees that are no longer proposed; the architect explained
that this aspect is being revised at the moment. Currently, the design and illuminance of external
lighting, including the hotel signage, has been highlighted by the assessor to take into consideration in
order to reduce future risks of non-conformance. A lighting assessor will revise these and recommend
the best solution; as a consequence, it will have a minor impact on the external design.

4.2. Key Design Changes

Several changes were needed during the design process of the described projects. The key changes
applied to the buildings explicitly to obtain the required BREEAM credits and under the instructions
of the BREEAM assessor have been identified below. In addition to these changes, the presence of the
Mechanical and Electrical engineer is crucial for the design of the hotels. As it has been demonstrated,
hotels are linked to produce high levels of water consumption; people tend to consume more water
when they stay in hotels than in their homes [45,46]. Implementing the right strategies, technologies
and innovation measures help the hotels to reduce their water consumption drastically [47]; case studies
C and E included water management systems. The key design changes can be classified under three
main groups: upgrade through layout amendments, upgrade through performance and upgrade
through additions. On the other hand, Haroglu [33] classified the key design changes under three
main areas: building features, materials and water services.

4.2.1. Upgrade through Layout Amendments

These changes were related to both internal and external amendments of the layout.
The increase in the cyclist facilities in order to house a greater number of cycles is a common factor

in all the case studies. This amendment falls under the Transport section and credits are given with the
adequate provision of cyclist facilities to promote exercise and help to reduce congestion and CO2

emissions [48]. It is a relatively easy way to get BREEAM credits and does not have a major impact on
the layout.

Another key change that was required in the case studies A, B, E and G was the enlargement of
the bins storage areas due to increase in the number of bins; this amendment falls under the Waste
section. With the provision of dedicated storage facilities, BREEAM aims to promote sustainable
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waste management and divert recyclable waste from landfill or incineration [49]. With an inefficient
management programme, hotel owners pay twice for their waste, one is in the form of packaging and
the other is for their disposal. It has been demonstrated that around the 30% of a hotel´s solid waste
can be recycled and reused [50].

4.2.2. Upgrade through Performance

A different category of measures that can be applied to improve the efficiency of the
hotels, especially for refurbished and existing buildings, are those related to the performance of
their components.

In case studies B, C and E, the architects had to change the type of windows by upgrading the
glazing specifications and also, in case study E, they had to increase the thickness of the partitions to
meet BREEAM acoustic requirements. These are associated with the Acoustic performance subcategory
of the Health and Wellbeing section of BREEAM [51]. In this same section, the team involved in case
study G are working on the enhancement of lighting impact to ensure artificial lighting is considered
at the design stage to minimize its impact [52].

4.2.3. Upgrade through Additions

Finally, there are specific elements that help to obtain the BREEAM target score and will help with
the completion of a sustainable or green hotel. Mostly two main categories can be classified in this
group, Energy and Land Use and Ecology.

Under the first category, solar panels are an immediate response when working on a sustainable
hotel as happened in our case study D. BREEAM promotes the reduction in atmospheric pollution and
carbon emissions and encourages local energy generation taken from renewable sources [53].

Certain actions are adopted to enhance the ecology of the site. These fall under the Land
Use and Ecology BREEAM category, specifically under the subcategory Enhancing site ecology [54].
The installation of bird and bat boxes at strategic locations on the site was a measure used in case
studies B, D and E. Planters with native species or that are beneficial to local wildlife were distributed
on different levels of the hotels in case studies D, E and G. Lastly, case study D has a green roof that
improves air and water quality and creates a wildlife habitat.

5. Discussion

The results obtained in this work have important implications on what is the best way to approach
the design of a sustainable hotel. The details obtained from the interviews suggest that the application
of the sustainability assessment method of BREEAM on the project, should be planned and done since
the first stage of its design in order to facilitate the inclusion of the actions or elements recommended
by the BREEAM assessor. In addition, it has been found that the inclusion of a BREEAM assessor at
the very early stages of the project and the right technicians will accelerate and facilitate the execution
of a green hotel. This aligns with the comments by Haroglu [33] about the significance of how the
assessment process is handled and how the early involvement of BREEAM assessors can play an
important role in the design. Fenner and Ryce [42] also state that the assessor´s approach might have a
significant effect on the clarity of the BREEAM assessment. It has been noticed that, in addition of the
architects, two other professionals are key for the execution of the project under the BREEAM premises;
they are the mechanical and electrical engineer (M&E), and the ecologist. These two technicians will
help to adequately address the requirements that the assessor imposes on the hotel. This relates to
the results of Lowe and Watts [41], which stated that the introduction of BREEAM on a construction
development will cause an increment of the M&E workload, with most of the work being in the design
of the systems.

The data collected from the interviews shows that the impact that BREEAM might have on the
design depends on whether the hotel is existing or newly built. It has been explained by the architects
that if the building is existing, both Planning and BREEAM are more flexible in qualifying the project
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under the BREEAM requirements due to the difficulty of adapting an existing hotel into a green hotel.
In addition, it has been extracted that specifically for hotels, the measures to be taken are common
in almost all the cases. In the case of existing buildings that require a refurbishment for their new
use, the most important categories to consider are Health and Wellbeing and Land Use and Ecology.
In this instance, an update of the existing windows will improve the thermal and acoustic insulation
conditions. In addition, the introduction of bat and bird boxes and planters will immediately add an
enhancement of the ecology of the hotel. In the case of newly built hotels, the Waste and Transport
categories have been a common factor in all of them. An adequate design of the project that includes
enough area designated to cycle and bins stores, will help in acquiring the necessary credits to classify
the project as a sustainable hotel. Again, Health and Wellbeing and Land Use and Ecology categories
are very important for newly built hotels; additionally to the elements mentioned above for refurbished
hotels, the incorporation of green roofs will contribute positively to acquiring the BREEAM target
score. As it has been already highlighted, the inclusion of new technological and sustainable measures,
such as solar panels, is also key in new buildings.

6. Conclusions

The present study has shown the results of the investigation of seven case study hotels in order to
examine the impact that BREEAM has on their design. It was found that the sustainability assessment
has a major impact on the design of these buildings and the approach for designing a BREEAM hotel
might seem challenging. The main implications of the sustainability assessment were found to be
in the Health and Wellbeing and Land Use and Ecology categories for both refurbished and newly
built hotels but some categories, such as Waste and Transport, have a major importance for newly
built hotels.

The study utilises BREEAM as the tool for measuring the sustainability of different hotels because
it is the most common sustainable method used in the UK, but the results can be extrapolated and
used for reference for any other hotel that aims to become more sustainable or for those newly built
hotels that need to include sustainable elements in their design to be green hotels. For instance, the key
changes shown in this research can be applied for newly built or refurbished hotels.

BREEAM is expected to become even more popular and international in the following years ahead.
This will implicate new restrictions and measures taken to incorporate BREEAM requirements and the
need for further research on this field.

While this paper makes a contribution to understanding the impact that BREEAM has on the design
elements of hotels, the importance of water and waste management in hotels has been noticed. Hence,
future research could seek to identify how BREEAM impacts on the water and waste management in
hotels and how the right actions can enhance their performance.
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