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Abstract: The European building stock is an aging infrastructure, mainly built prior to building
codes. Furthermore, 65% of these buildings are located in seismic regions, which need to be both
energetic and seismically retrofitted to comply with performance targets. Given this, this manuscript
presents integrated constructive solutions that combine both energy efficiency improvement and
seismic strengthening. The goal and novelty is to design and to evaluate one-shot, compatible,
noninvasive, and complementary solutions applied to the façades of buildings with a minimum cost.
To do so, different constraints have been borne in mind: the urban environment, achievable seismic
and energy performance targets, and reduced construction costs. The method was applied to an old
Spanish neighbourhood constructed in the 1960s. Different retrofitting packages were proposed for
an unreinforced masonry case study building. A sensitivity analysis was performed to assess the
effects of each configuration. A benefit/cost ratio was proposed to comparatively assess and to rank
the solutions. The results of the seismoenergetic performance assessment showed that improving
the behaviour of walls leads to higher benefit ratios than improving the openings. However, this
latter strategy generates much lower construction costs. Integrating seismic into energetic retrofitting
solutions supposes negligible additional costs but can improve the seismic behaviour of buildings by
up to 240%. The optimal solution was the addition of higher ratios of steel grids and intermediate
profiles in openings while adding thermal insulation in walls and renovating the window frames
with PVC and standard 4/6/4 double glazing.

Keywords: combined energy and seismic retrofit; building refurbishment; integrated interventions;
energy saving; seismic retrofitting; unreinforced masonry walls

1. Introduction
1.1. Background and Motivation

Most existing buildings in the European Union (EU) are reaching their nominal life,
resulting in a significant degradation of their structural and nonstructural elements as well
as their constructive materials. Moreover, 80% of the European residential building stock
was built prior to the implementation of restrictive standards [1]. Therefore, they have
become obsolescent and do not comply with modern requirements in terms of seismic safety,
energy efficiency, and living comfort [2]. This may result in the partial or total collapse of
these obsolescent structures, considering that at least 40% of them are located in regions of
moderate to high seismic hazard [3]. Furthermore, these buildings are characterised by a
low energy performance since their energy consumption is up to 40% of the total energy
consumed by the EU [4].
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It is estimated that at least 65% of the EU building stock located in seismic regions
needs to be both energetically and seismically retrofitted to comply with minimum ac-
ceptable targets [4]. Given this situation, the EU and national governments have shown
a growing interest in the seismic strengthening and energy efficiency improvement of
the building stock. In this context, the EU Green Deal was approved to achieve climate
neutrality by 2050 [5]. To this end, the EU has established residential building retrofitting
programmes to improve energy efficiency, focusing on reducing the risk of energy poverty.
In addition, the new EU rules for energy consumption and emission management aim to
improve energy efficiency by at least 32.5% by 2030 [5]. In the case of Spain, the national
PRE5000 programme aims to promote energy refurbishment to ultimately reduce the en-
ergy consumption and the carbon emissions of the building stock. For this purpose, energy
rehabilitation activities have been funded by the EU Next Generation Fund and in the
framework of the Spanish Recovery, Transformation, and Resilience Plan.

Despite investing major economic resources for the reduction of energy consumption
and pollution emissions, seismic safety has usually been omitted in retrofitting activities.
Several agreements have been signed on seismic risk reduction, such as the Sendai Frame-
work for Disaster Risk Reduction 2015–2030. This framework supports the application
of science and technology to decision making in disaster risk reduction [6]. It also high-
lights the importance of novel analyses and methodologies in the seismic retrofitting of
existing structures to improve earthquake safety and resilience. In this context, at the EU
level, the Eurocode 8 (EC8) was proposed as a homogenisation tool to standardise seismic
performance assessment and target behaviour [7].

Focusing on Spain, recent seismic events revealed the high seismic vulnerability of
existing buildings, particularly after the 2011 Lorca earthquake. During this event, several
buildings, especially unreinforced masonry (URM) structures, were damaged or collapsed,
resulting in significant social and economic losses [8]. Spanish URM buildings present
typical characteristics that make them highly vulnerable to earthquakes [9]: a lack of seismic
design (they were built before the application of seismic regulations), mixed structures
(URM walls and reinforced concrete (RC) frames), poor maintenance, degradation of
materials due to ageing effects, a low quality of materials, and irregularities in floor plan and
height. Past recent earthquakes in the EU have mainly impacted low-rise domestic masonry
buildings, while more modern RC buildings, built following recent seismic regulations,
have almost been unaffected [10]. Moreover, recent works on the damage accumulation on
URM structures during seismic events pointed out that these structures show significant
vulnerability to sequences of induced seismicity events [11]. A large number of these URM
buildings can be found in Andalusia, which were mainly constructed in the 1960s–1970s.
This region is located in southern Spain, and it is characterised by a moderate seismic
hazard due to the convergence of the Eurasian–African tectonic plates. Hence, the seismic
vulnerability of these buildings, coupled with the considerable seismic hazard, indicates
their significant seismic risk.

These old buildings that can be usually found in Andalusia are also typified by a
low energy performance. The large amount of energy needed to reach acceptable comfort
conditions and the corresponding CO2 emissions indicate the very scarce energy efficiency
of these buildings [4]. In fact, in Spain, the energy consumption of residential buildings
represents about 20% of the total consumption of the country, and this has been growing
steadily over recent years [12]. This poor performance mainly stems from the lack of
insulation of walls and roofs, poor performance of acclimatisation systems, and ineffective
sun exposure. In addition, in Spain, 93% of residential buildings were built before the first
national Energy Performance of Buildings Directive (EPBD), and only 0.3% of the existing
residential buildings have been energetically rehabilitated [1].

1.2. Overview of Seismic and Energy Retrofitting Techniques

The circumstances described above highlight that the Spanish building stock needs
a comprehensive retrofitting to achieve adequate requirements in terms of seismic and
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energy target behaviours. URM building seismic retrofitting is based on four main strate-
gies [13]: (a) reinforcing wall–wall and wall–slab connections, (b) increasing the rigidity
of slabs, (c) improving the out-of-plane behaviour by adding tie rods or ring beams, and
(d) strengthening masonry walls. The URM buildings built in the 1960s–1970s in Andalusia
usually present rigid floors, ring beams, and good connections between walls and slabs.
Therefore, techniques focused on improving the strength of masonry walls are the most
effective. Within this strategy, the most implemented materials for the reinforcement of
masonry panels are steel, used in profiles or grids, and fibre-reinforced polymers (FRPs),
combined with mortar layers [13]. There are some other in-plane retrofitting techniques
based on the implementation of a mortar joint technique. In [14], a collar-jointed wall was
assessed to strength single-lead walls. However, the construction costs of these solutions
are higher than the addition of steel grids or FRP strips.

Steel grids added to masonry walls are one of the most conventional retrofitting tech-
niques [15]. They are usually combined with the shotcrete technique to add mortar layers
as experimentally analysed and validated in [16]. In [17], an innovative system constituted
by a pretensioned stainless-steel grid was tested. A full-scale masonry wall reinforced
was subjected to nonlinear static (NLS) analyses. It was concluded that this solution could
considerably increase the strength and ductility of the wall. In [18], cyclic tests on masonry
walls reinforced with single- and double-layered steel grout were performed. The speci-
mens could withstand larger imposed loads and displacements, proving the efficiency of
the strengthening technique. Steel is also added as profiles to create structural window
frame systems to improve the in-plane behaviour of the masonry building. In [19], this
solution was added to stiffen the openings, and it was validated through a series of exper-
imental tests. In [13], this system was numerically assessed and applied to a case study
building, being the most effective solution compared with the addition of steel grids.

FRP combined with mortar layers was proved to enhance the strength of panels and to
prevent from the diagonal shear failure of walls. In [20], the effectiveness of the FRP layout
was parametrically and numerically analysed to improve the global seismic resistance of a
URM specimen. In [21], the flexural and shear strengthening of URM panels through FRP
bars was experimentally assessed. These works on the addition of FRP strips indicate that
this material presents an extremely high strength/weight ratio, a high corrosion resistance,
and easy application. However, it has a high economic cost. As an alternative to FRP strips,
in [3], a novel composite material called textile-reinforced mortar (TRM) was experimentally
validated. This consists of textile fibre reinforcement combined with inorganic matrices.
It was concluded that it could produce a similar percentage of enhancement to FRP if the
textile strips are carefully assessed.

Regarding energy performance, the most influential factor in the energy consumption
of residential buildings is the energy invested in climate control (heating and cooling).
This represents 47.8% of the total annual energy consumption in Spanish households [4].
Focusing on the old URM buildings in Andalusia, these are characterised by the generalised
low economic level of the population. This means that these dwellings do not present
integrated air-conditioning systems. Instead, they generally rely on inefficient systems
whose energy consumption/comfort ratio benefit is not optimal. Therefore, controlling
the energy demand resulting from the transfer through the envelope is the most effective
measure to reduce the thermal consumption associated with residential climate control [12].

As concluded in [1], the main strategies to reduce the demand are increasing the
thermal insulation in façades and the renovation of windows and/or glazing systems.
The authors reached this conclusion after performing a bibliographic review of the energy
rehabilitation measures developed for the Spanish housing stock. The increase in roof
insulation is the third most used technique, while the implementation of solar shading is
the fourth. In [22], the authors observed that indoor thermal conditions were substantially
improved by increasing the façades’ thermal properties, which led to a positive effect
on the occupants’ living comfort. In [12], different strategies were proposed for the en-
hancement of the behaviour of openings by: replacing the glazing (single, double, and low
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emissivity) and frames (with or without thermal breaks). The authors concluded that the
implementation of a 4-6-4 glazing without thermal breaks alone reduces the total energy
demand of the building by 10%. In [23], the authors analysed the impact of energy effi-
ciency measures in relation to the hydrothermal behaviour derived from the transfer of the
external environment to the interior through the envelope. They pointed out the danger of
moisture-related problems (risk of condensation, structural degradation, microbial growth)
arising from an improper retrofitting of buildings, which can lead to the airtightness of the
envelope. However, in general, the addition of thermal insulation on the back of façades
reduces the risk of thermal bridges and condensation, presenting itself as an easier and
safer solution [22].

The building’s thermal and lighting performances, as well as its energy consumption,
are affected by the energy exchange processes that take place between the envelope and
its surrounding environment [24]. As demonstrated in [25], the urban background is one
of the factors that most affect the final energy performance of the building. In fact, this
can affect the energy consumption by up to ±10%. Similarly, in [26], it was found that the
building performance depends, to a large extent, on its position with regard to its urban
surrounding. The authors pointed out that the urban environment has a direct effect on the
building’s air-conditioning loads. Therefore, the surrounding urban configuration must be
taken into account to obtain the true potential energy saving that can be achieved [27]. In
detailed analyses, different orientations of façades and energy saving analyses per dwelling
will result in optimised actions in terms of material, environmental, and economic savings
compared with single and uniform envelope solutions [12].

1.3. Combined Seismic and Energy Retrofitting Techniques

Until the last decade, seismic and energy retrofitting techniques were considered
objectives to be achieved separately [28]. In some cases, the solutions were implemented
without considering the benefits of performing integrated interventions. In [29], it was
concluded that structural components had a larger impact on the economic losses than the
energy performance if the structure was located in an earthquake-prone area. Additionally,
it was pointed out that the energy retrofitting could affect the masses and structural
configuration of the building, leading to a different seismic behaviour. In [28], different
retrofitting techniques were assessed individually and then combined but not integrated.
The solutions were classified according to the Italian seismic risk assessment. In [30], two
different solutions were assessed to determine the benefits of the Italian tax incentives.
The solutions were based on strengthening with reinforced plaster and the addition of
thermal insulation of some structural walls selected randomly. It was concluded that
tax incentives are essential to the profitability of building refurbishment [31]. In [32],
a method was proposed to define fragility curves for RC buildings considering both
the energy and the structural behaviour. Additionally, for RC buildings, in [33,34], a
framework for the sustainable renovation of this type of buildings was proposed, comparing
different solutions.

In some other cases, new systems that combine both performances were proposed.
In fact, in [35], the authors discussed the benefits of proposing integrated approaches for
the buildings’ retrofitting from the thermal and structural point of view. It was concluded
that composite materials can improve each performance while respecting the architectural
requirements. Nevertheless, they are subjected to a proper experimental validation. In [36],
a system composed of vertical steel profiles combined with thermal insulation was pro-
posed. The equivalent frame (EF) method was followed to model the masonry panels, and
diagonal trusses were added to account for the additional strength of the steel profiles. NLS
analyses were performed to conclude that the ductility of the structure could be improved.
However, there was not a specific analysis of the energy performance of the building or of
the advantages of the system. In [3], an innovative technique that combined TRM-based
composites with thermal insulation was numerically assessed. It was concluded that
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the solution could be efficient to improve the seismic and energy performance but also
financially feasible.

1.4. Scope and Novelty of the Work

Studies on the combined seismic strengthening and energy efficiency are very limited.
A lack of clear strategies for the selection and analysis of integrated interventions to
maximise the benefits is found. As suggested in several works, research on how the seismic
and energy retrofitting systems can be combined in an integrated retrofitting solution is
needed [37]. Furthermore, the sustainable retrofitting of existing buildings is a prerequisite
for achieving climatic and energy objectives in the EU. Thus, practical tools supporting
the evaluation and decision-making process when planning retrofit interventions are
required [38].

Given this context, this work deals with the assessment of integrated seismic and
energy retrofit techniques that are to be implemented in existing URM buildings. The
novelty herein proposed consists in the design of one-shot, compatible, noninvasive, and
complementary solutions applied to the façades of existing buildings. The goal is to
assess solutions with a minimum cost, taking into account the urban environment while
considering the following constraints: achievable structural and energy performance targets
(i.e., using proper performance parameters or minimum targets prescribed by legislation),
physical compatibility among techniques, disruption time, and harmonisation within the
seismic and building codes in force. A benefit/cost ratio is used to comparatively assess
and to rank the different seismic retrofitting techniques proposed [39]. The combination of
the interventions is applied to an existing URM building selected as a case study building.
This belongs to a typical neighbourhood constructed with the Mediterranean construction
standard in the 1960s, and it is representative of the Andalusian residential building stock.
The overall methodology allows the achievement of benefits from several points of view:
cost-effectiveness solutions in the light of the construction costs and the reduction of the
embodied energy (and corresponding CO2 emissions) and the seismic damage, designed
considering a minimum architectural impact, and the optimisation of resources during
their implementation. The method followed in this research is shown in Figure 1. The
definition of the variables shown in the flowchart is presented in Section 4.5.
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2. Case Study
2.1. ‘El Plantinar’ Neighbourhood

The old neighbourhood of ‘El Plantinar’ is located in Seville (Spain) (Figure 2), and it
was constructed during the 1960s. It has been selected as case study since it is representative
of the most widespread archetype old URM neighbours in Andalusia. The set is composed
of three different types of buildings combined or separated by structural joints. They share
the same structural configuration, URM walls in the perimeter and an interior RC frame.
Despite being of five-storey height, the buildings present different structural distributions
in plan and area. They were constructed before the application of energy and seismic codes
in Spain. Therefore, they do not comply with energy behaviour targets, and they were built
only considering gravitational loads (note that the first restrictive seismic code in force
dates from 1994).
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2.2. Case Study Building

In this work, the Type 1 building was selected to be analysed. It is the largest one, and
it can be found isolated. This enables avoiding in the seismic analyses the possible effects
of pounding between adjacent buildings [40]. This case study building is analysed in four
different orientations, covering the different cases of urban location that can be found in
the neighbourhood.

2.2.1. Structural Characterisation

The structural system of the building is based on RC ribbed slabs supported by external
URM walls and an interior RC frame. URM walls were built with hollow ceramic bricks of
24 cm × 11.5 cm × 5 cm. Their thickness varies according to height: at the ground floor, they
are of 0.34 m, and at the rest of floors, 0.28 m. The ribbed slabs were built with prestressed
concrete joists, ceramic vaults, a superficial concrete layer, and a narrow RC ring beam.
According to its structural configuration, the rigid behaviour of slabs and the horizontal
connections (to prevent the structure from out-of-plane failure) is guaranteed. In Table 1,
the mechanical parameters are listed, which have been defined according to the blueprints
and the mandatory construction code during that period, the Spanish MV-201 [41]. The
distribution in plan considering the structural system and the elevation of the building is
shown in Figure 3, including some photos taken by the authors. The gravitational loads
were computed as in [42]. In total, the dead loads were 5.5 kPa, and the live loads 2 kPa (as
suggested in the Spanish seismic code for residential buildings).
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Table 1. Mechanical parameters.

Masonry γ = 18 kN/m3 f c = 4.0 MPa f ck = 1.14 MPa E = 1200 MPa G = 150 GPa τ0 = 0.05 MPa

RC γ = 25 kN/m3 f c = 25.5 MPa f ck = 17.5 MPa E = 3000 GPa G = 17000 GPa

Steel γ = 78.6 kN/m3 f y = 428 MPa f yk = 400 MPa E = 210 GPa G = 800 GPa

γ is the specific weight, f c is the compressive strength, f ck is the characteristic compressive strength, τ0 is the
diagonal cracking strength of the masonry, E and G are the elastic and shear moduli, f y is the yielding strength of
rebar steel, and f yk is the characteristic yielding strength of the rebar steel.
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2.2.2. Energetic Characterisation

The configuration of the envelope (Table 2) is representative of neighbourhoods con-
structed during the 1960s–1970s in Andalusia. It is typified by the absence of thermal
insulation and the numerous thermal bridges in the joints of the façade (Figure 4). The
openings were constructed with sliding-type windows, aluminium frames without thermal
breaks, and single glazing with an exterior roller shutter.

Buildings 2022, 12, x FOR PEER REVIEW 8 of 27 
 

Roof 

Pressed brick flooring (0.8 cm); cement mortar (1.5 cm); lost 
flooring (0.8 cm); lightweight aggregate concrete, formation of 
slope (mean 5 cm); jack arch brick one-way spanning slab (25 

cm); cladding of plaster (1.5 cm). 

1.59 - 

Ground floor 
Terrazzo floor (2 cm); cement mortar (3 cm); conventional 

solid concrete slab (10 cm) 1.24 - 

Windows Aluminium frame with no thermal break; single glass pane (6 
mm) 5.70 0.83 

 
Figure 4. Constructive and structural details of the building. 

3. Energy and Seismic Performance of the As-Built Building 
3.1. Seismic Performance Assessment 
3.1.1. Numerical Modelling 

The numerical models for the seismic assessment have been developed using the 
OpenSees finite element (FE) software framework [43]. An STKO pre-/postprocessor [44] 
and Matlab [45] were used to graphically visualise and to handle the outputs, respectively. 
A load-control NLS analysis of the structure was performed, considering a triangular load 
pattern. This is the most restrictive load pattern, which is computed according to the 
masses at each floor and height [7]. The control node is located at the centre of masses of 
the top floor. 

There are several approaches to model URM structures. These were reviewed and 
classified in [46]. In this work, the numerical modelling of the structure was performed 
following the equivalent frame (EF) method [47]. This method idealises masonry walls as 
piers (vertical panels) and spandrels (horizontal panels) connected by rigid areas (where 
no seismic damage was observed after seismic events [48]). Macroelements were devel-
oped to model the URM panels considering the distributed plasticity approach, validated 
in a previous work developed by the authors [49]. A force-based element (FBE) with fibre 
cross sections were defined following the prescriptions established in [50]. These macro-
elements are able to predict the in-plane and the out-of-plane behaviour of the panels as 
well as the bending and the shear behaviours. Masonry nonlinearity was defined accord-
ing to a uniaxial stress–strain law along the frame using the ‘Concrete02’ uniaxial material. 
A phenomenological shear force–deformation (V-γ) law was defined to account for shear, 
according to the prescriptions established in [50]. Different values of maximum intersto-
rey drift were defined for the spandrels modelling and considering the experimental re-
sults obtained by [51]. The maximum strength of the panels (Vy) was computed according 
to the well-known Turnšek and Čačovič criterion [52] to account for the diagonal cracking. 
Vy is evaluated according to the acting axial load (N) in panels at each step. N varies during 
the analyses, owing to the redistribution phenomena. Note that in OpenSees, this is not 
automatically computed compared with other URM-wall-specific software. To overcome 
this limitation, and as suggested by [49,50], it has been decided to set at the beginning of 
the analyses the results from the gravitational loads applied at nodes. RC frames were 
modelled with the FBE and the distributed plasticity approach using the ‘Concrete02’ uni-
axial, as already followed by the authors in [7]. More information on the modelling of the 

Figure 4. Constructive and structural details of the building.



Buildings 2022, 12, 1276 8 of 25

Table 2. Constructive building characterisation.

Composition Transmittance U
(W/m2K) Solar Factor

Façade Cement mortar (2 cm); one foot of hollow metric
brick ‘gafa type’ (24 cm); cladding of plaster (1 cm). 1.74 -

Façade of the ground floor Foot and a half of solid metric brick (36 cm);
cladding of plaster (1 cm). 1.54 -

Floor slab
Terrazzo floor (2 cm); cement mortar (3 cm); jack

arch brick one-way spanning slab (25 cm); cladding
of plaster (1.5 cm).

1.57 -

Roof

Pressed brick flooring (0.8 cm); cement mortar (1.5
cm); lost flooring (0.8 cm); lightweight aggregate

concrete, formation of slope (mean 5 cm); jack arch
brick one-way spanning slab (25 cm); cladding of

plaster (1.5 cm).

1.59 -

Ground floor Terrazzo floor (2 cm); cement mortar (3 cm);
conventional solid concrete slab (10 cm) 1.24 -

Windows Aluminium frame with no thermal break; single
glass pane (6 mm) 5.70 0.83

3. Energy and Seismic Performance of the As-Built Building
3.1. Seismic Performance Assessment
3.1.1. Numerical Modelling

The numerical models for the seismic assessment have been developed using the
OpenSees finite element (FE) software framework [43]. An STKO pre-/postprocessor [44]
and Matlab [45] were used to graphically visualise and to handle the outputs, respectively.
A load-control NLS analysis of the structure was performed, considering a triangular load
pattern. This is the most restrictive load pattern, which is computed according to the
masses at each floor and height [7]. The control node is located at the centre of masses of
the top floor.

There are several approaches to model URM structures. These were reviewed and
classified in [46]. In this work, the numerical modelling of the structure was performed
following the equivalent frame (EF) method [47]. This method idealises masonry walls as
piers (vertical panels) and spandrels (horizontal panels) connected by rigid areas (where no
seismic damage was observed after seismic events [48]). Macroelements were developed
to model the URM panels considering the distributed plasticity approach, validated in a
previous work developed by the authors [49]. A force-based element (FBE) with fibre cross
sections were defined following the prescriptions established in [50]. These macroelements
are able to predict the in-plane and the out-of-plane behaviour of the panels as well as
the bending and the shear behaviours. Masonry nonlinearity was defined according to
a uniaxial stress–strain law along the frame using the ‘Concrete02’ uniaxial material. A
phenomenological shear force–deformation (V-γ) law was defined to account for shear,
according to the prescriptions established in [50]. Different values of maximum interstorey
drift were defined for the spandrels modelling and considering the experimental results
obtained by [51]. The maximum strength of the panels (Vy) was computed according to the
well-known Turnšek and Čačovič criterion [52] to account for the diagonal cracking. Vy
is evaluated according to the acting axial load (N) in panels at each step. N varies during
the analyses, owing to the redistribution phenomena. Note that in OpenSees, this is not
automatically computed compared with other URM-wall-specific software. To overcome
this limitation, and as suggested by [49,50], it has been decided to set at the beginning of
the analyses the results from the gravitational loads applied at nodes. RC frames were
modelled with the FBE and the distributed plasticity approach using the ‘Concrete02’
uniaxial, as already followed by the authors in [7]. More information on the modelling
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of the URM walls for this case study structure can be found in the previous works of the
authors [49].

3.1.2. Seismic Safety Criteria

Once the capacity has been obtained, the seismic safety has been verified using the
capacity/demand ratio (CDR). The CDR is expressed as the division of the seismic expected
damage divided by the seismic demand displacement (ddem). In this work, the severe
damage limit state (LS) was considered for the seismic damage assessment (dSD-i), as
suggested by EC8. In order to comply with the seismic safety verification, the CDR should
be higher than 1. For the computation, the average between the X- and Y-direction values
was considered.

In order to exhaustively assess the local damage in URM walls, the usability-preventing
damage (UPD) LS, specifically developed in [53] for URM walls, was considered. Hence,
in this work, the dSD-I from EC8 was computed following the criteria established for the
UPD LS. Since the in-box behaviour of the structure is guaranteed owing to the horizontal
connections, only the in-plane failure is borne in mind in the damage assessment. In
order to compute the UPD LS, the criteria established in [53] was followed, which states
that the UPD LS is attained when: (i) 50% of the masonry walls present light-widespread
damage, (ii) one masonry wall reaches a 40% drop of Vy in the case of the phenomenological
nonlinear beam, and (iii) the attainment of 95% of the maximum Vb of the structure. In
addition, the UPD LS threshold should not be lower than 85% of the peak resistance since
URM walls can present slight but widespread damage at values far from peak resistance.

For the seismic demand assessment, the results obtained by the NLS analysis were
used in conjunction with the N2 method to estimate the performance of the structure. As
this method can lead to a certain level of inaccuracy if applied to URM buildings, dynamic
analyses are recommended. However, for this study, the N2 method and NLS analyses
are used as an initial seismic assessment and for the rapid design of possible retrofitting
solutions, as inaccuracies are not expected to be notable. For the UPD LS, the ground
motion return period is 475 years according to EC8. For the location of the building, the
seismic action is equal to 0.1 g, and the importance factor is 1.

3.1.3. Preliminary Seismic Assessment of the As-Built Structure

Before the design of the alternative retrofitting solutions, the performance of the as-
built structure was assessed. The results of the modal analysis of the as-built structure
are shown in Figure 5. As can be observed, Modes 1 and 2 are mainly translational in the
X-direction (red axis) and Y-direction (green axis), respectively. Mode 3 is rotational in the
X- and Y-directions, having a 30% of participation masses in each direction.
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The results of NLS analyses are expressed in terms of single-degree-of-freedom (SDOF)
capacity curves, normalised by dividing the shear force at the base (Vb) and the top
displacement (dtop) by the total weight (Wt) and height (ht) of the building. As observed
in Figure 6a, the behaviour of the building in the X-direction is more brittle than in the
Y-direction due to the presence of the main URM walls. Considering the CDR assessment,
it was obtained that the building will not comply with the seismic safety verification since
the ratio will be 0.79. Specifically, the ratios obtained for the X- and Y-directions were
0.53 and 1.05, respectively. The expected seismic damage in each wall of both the main
and the back façade for the seismic demand step is shown in Figure 6b. It was obtained
that the most affected walls are those located on the ground floor. The different types of
expected damage were computed according to the work developed in [49], considering the
interstorey drift limits from the constitutive shear and flexural laws of each panel.

Buildings 2022, 12, x FOR PEER REVIEW 11 of 27 
 

top displacement (dtop) by the total weight (Wt) and height (ht) of the building. As observed 
in Figure 6a, the behaviour of the building in the X-direction is more brittle than in the Y-
direction due to the presence of the main URM walls. Considering the CDR assessment, 
it was obtained that the building will not comply with the seismic safety verification since 
the ratio will be 0.79. Specifically, the ratios obtained for the X- and Y-directions were 0.53 
and 1.05, respectively. The expected seismic damage in each wall of both the main and the 
back façade for the seismic demand step is shown in Figure 6b. It was obtained that the 
most affected walls are those located on the ground floor. The different types of expected 
damage were computed according to the work developed in [49], considering the inter-
storey drift limits from the constitutive shear and flexural laws of each panel. 

 
(a) (b) 

Figure 6. (a) Normalised SDOF-NLS curves plotting both the seismic demand (ddem) and the SD LS 
(dSD) for the as-built structure. (b) Damage at each single wall for the main and the back façade for 
the seismic demand step and the as-built condition. 

3.2. Energy Performance Assessment 
3.2.1. Numerical Modelling 

The models for the energy performance simulation were generated and evaluated 
using a technical software called CYPE. First, the IFC Builder plugging was used to create 
the IFC model of the building. Then, CYPETHERM HE plus (CTE 2019) (Version 9.5) [54], 
a computational tool based on the validated EnergyPlus™ calculation (recognised by the 
Spanish ministry), was employed to obtain the current annual energy demand. Different 
variations of the energy simulation model were carried out to take into account the retro-
fitting strategies proposed. The model developed in the software is shown in Figure 7, 
where both the main and the back façade can be observed. 

  

Figure 7. Model developed for the energy performance assessment in 3D. 

Figure 6. (a) Normalised SDOF-NLS curves plotting both the seismic demand (ddem) and the SD LS
(dSD) for the as-built structure. (b) Damage at each single wall for the main and the back façade for
the seismic demand step and the as-built condition.

3.2. Energy Performance Assessment
3.2.1. Numerical Modelling

The models for the energy performance simulation were generated and evaluated
using a technical software called CYPE. First, the IFC Builder plugging was used to create
the IFC model of the building. Then, CYPETHERM HE plus (CTE 2019) (Version 9.5) [54],
a computational tool based on the validated EnergyPlus™ calculation (recognised by the
Spanish ministry), was employed to obtain the current annual energy demand. Differ-
ent variations of the energy simulation model were carried out to take into account the
retrofitting strategies proposed. The model developed in the software is shown in Figure 7,
where both the main and the back façade can be observed.
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3.2.2. Configuration of the Simulation

The Spanish Building Technical Code (CTE) [55] establishes different climatic zones
according to climatic severity in winter (SCI) and in summer (SCV). The climatic zone
corresponding to the city of Seville is B4, which refers to a climate that is mild in winter
and very warm in summer [56]. In this work, this climatic zone was considered for the
analyses and the meteorological data template named as Spanish weather for energy
calculations [57]. The simulation conditions established in Table 3 were defined according
to the Spanish energy standards [56,58]. The operating conditions were uniformly applied
to dwellings, modelling each one as a single enclosure (only considering its delimiting
parameters). The distribution areas were considered unconditioned spaces, assuming a
heating transfer within their inner divisions. The input data related to the ventilation was
defined according to [59], assuming 1.25 ac/h throughout the year and 4 ac/h from 00:00
to 08:00 local time in summer. Thermal bridges were introduced according to the Spanish
building code regulations [60].

Table 3. Energetic simulation conditions.

1–7 h 8 h 9–15 h 16–18 h 19 h 20–23 h 24 h

Cooling
January to May (◦C) - - - - - - -

June to September (◦C) 27 - - 25 25 25 27
October to December (◦C) - - - - - - -

Heating
January to May (◦C) 17 20 20 20 20 20 17

June to September (◦C) - - - - - - -
October to December (◦C) 17 20 20 20 20 20 17

Sensitive loads due to occupation
Weekdays (W/m2) 2.15 0.54 0.54 1.08 1.08 1.08 2.15
Weekend (W/m2) 2.15 2.15 2.15 2.15 2.15 2.15 2.15

Latent loads due to occupation
Weekdays (W/m2) 1.36 0.34 0.34 0.68 0.68 0.68 1.36
Weekend (W/m2) 1.36 1.36 1.36 1.36 1.36 1.36 1.36

Sensitive loads due to lighting equipment
Every day (W/m2) 0.44 1.32 1.32 1.32 2.20 4.40 2.20

Sensitive loads due to electronic equipment
Every day (W/m2) 0.44 1.32 1.32 1.32 2.20 4.40 2.20

Ventilation
January to May (ac/h) 1.25 1.25 1.25 1.25 1.25 1.25 1.25

June to September (ac/h) 4.00 4.00 1.25 1.25 1.25 1.25 1.25
October to December (ac/h) 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Hot water utilisation at 60 ◦C
Every day (L/m2) 0.00 0.26 0.065 0.065 0.13 0.26 0.00

The airtightness level of buildings significantly affects the energy consumption and
indoor temperatures in dwellings. In this work, the prediction and definition of the
n50 value (air infiltration rate at 50 Pa) in buildings was computed according to [61].
The equation resulting from the predictive model developed to define the airtightness of
multifamily buildings in the Mediterranean region was used. In this case, Model 2 was
considered (airtightness calculation in dwellings built before 1979). As a result, an n50 value
of 9.6 was obtained for the as-built condition. This value is in agreement with the measures
taken in different studies carried out in buildings of similar characteristics in Seville [61].
The EnergyPlus™ computational model of the building is validated by comparing and
calibrating these results simulated with the values measured experimentally in a previous
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exhaustive campaign carried out in the region of Andalusia (in social housing of similar
characteristics) within the framework of the regional Efficacia project [62].

3.2.3. Preliminary Energy Assessment of the As-Built Structure

The results of the preliminary energy assessment concluded that in all the possible four
different orientations of the block, the heating demand is much higher than that of cooling
(Figure 8). These results are contrary to what would initially be expected for a climatic
area with warm summers. However, the proportion of urban canyon favours the mutual
shading of the buildings, largely avoiding direct solar radiation on the façades of the blocks.
Similar results were obtained in social housing analyses in this city by [63]. As shown in
Table 4, no significant differences in the energy demand values can be found, considering
the orientations of the blocks (NE, SW, NW, SE). Similarly, when performing detailed
analyses of the dwellings, no significant differences are found between dwellings on the
same floor (Figure 9). This is mainly because of the typology of the block: two dwellings per
floor and a double façade. However, variations between floors can be observed, resulting
in a higher demand required by the upper floors. Parameters A and B refer to the two
dwellings that the building presents per floor.
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Table 4. Annual thermal demand values obtained for the as-built configuration.

AVERAGE AVERAGE AVERAGE

Dheat, m2 Dcool, m2 Dtot, m2 Dheat, m2 Dcool, m2 Dtot, m2 Dheat, m2 Dcool, m2 Dtot, m2

(kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year) (kWh/m2 ·year)

E-Asbuilt-NE 42.55 14.49 57.04 58.35 22.50 79.44 31.85 6.55 39.72
E-Asbuilt-SW 43.48 14.08 57.57 59.27 21.51 79.68 32.69 6.54 39.76
E-Asbuilt-NW 43.77 14.02 57.79 58.40 21.33 78.66 32.72 6.51 39.93
E-Asbuilt-SE 42.06 14.44 56.50 57.57 21.92 78.08 31.86 6.66 39.79

4. Integrated Seismic and Energy Retrofitting Interventions
4.1. Description of the Solutions Proposed and Sensitivity Analysis

Strategies were based on the behaviour of the as-built state. The building is expected
to present in-plane failure owing to the presence of horizontal connections. Furthermore, it
was observed from the as-built assessment that the façades of the building lead to higher
ratios of heating transfer. Given this, both energy and seismic retrofitting strategies are
applied to enhance the façade elements or wall behaviour. It is worth mentioning the
importance of the roof in the energy performance. However, since the objective of this
work is to propose integrated energy and seismic retrofitting solutions, the modification
of the roof will not be taken into account. As obtained from the as-built assessment, the
internal RC frame does not require seismic strengthening interventions.

Hence, with reference to the case study building, different retrofitting packages (RP)
were proposed. These are focused on improving the performance of two main aspects of
the façade of the URM buildings, which affect both the seismic and energy performance.
Moreover, these are two of the most implemented energetic solutions in buildings [12,22]:
openings (RP1) and walls (RP2). Additionally, an RP3 was proposed by combining solutions
from previous RPs. The solutions selected are to be combined and integrated. Their concep-
tual designs are shown in Figure 10. The goal is to design and analyse one-shot interventions
that can help reduce economic costs, while retaining acceptable performance targets.
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Based on each RP, different solutions were proposed. In the case of seismic per-
formance, RP1 is based on the addition of encirclements in openings. For the energy
performance enhancement, solutions focused on the replacement/enhancement of win-
dows (both glazing and frames). RP2 proposes adding steel grids on URM walls to improve
their seismic performance. For the energy enhancement, thermal insulation was added to
walls. In order to analyse the influence of each retrofitting technique, a sensitivity analysis
was carried out. Different models were defined by varying certain parameters according
to the seismic or energy behaviour. These are described below. The models analysed are
listed in Table 5. In total, 24 and 48 configurations were assessed for the seismic and energy
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performance enhancement, respectively. The nomenclature of each abbreviation (Ab) is
defined in its corresponding section.

Table 5. Models defined for the sensitivity analysis.

Seismic Performance Energy Performance

RP1 RP2 RP1 RP2

Extended Ab. Extended Ab. Extended Ab. Extended Ab.

RP1-L-60-1 S-W1 RP2-15-6-1 S-F1 RP1-AL-STA-NE E-W1-NE RP2-EPS-5-NE E-F1-NE
RP1-L-60-2 S-W2 RP2-15-8-1 S-F2 RP1-AL-STA-SW E-W1-SW RP2-EPS-5-SW E-F1-SW
RP1-L-90-1 S-W3 RP2-20-6-1 S-F3 RP1-AL-STA-NW E-W1-NW RP2-EPS-5-NW E-F1-NW
RP1-L-90-2 S-W4 RP2-20-8-1 S-F4 RP1-AL-STA-SE E-W1-SE RP2-EPS-5-SE E-F1-SE
RP1-L-120-1 S-W5 RP2-30-6-1 S-F5 RP1-AL-LEM-NE E-W2-NE RP2-EPS-10-NE E-F2-NE
RP1-L-120-2 S-W6 RP2-30-8-1 S-F6 RP1-AL-LEM-SW E-W2-SW RP2-EPS-10-SW E-F2-SW
RP1-O-60-1 S-W7 RP2-15-6-2 S-F7 RP1-AL-LEM-NW E-W2-NW RP2-EPS-10-NW E-F2-NW
RP1-O-60-2 S-W8 RP2-15-8-2 S-F8 RP1-AL-LEM-SE E-W2-SE RP2-EPS-10-SE E-F2-SE
RP1-O-90-1 S-W9 RP2-20-6-2 S-F9 RP1-WOOD-STA-NE E-W3-NE RP2-EPS-5-10-NE E-F3-NE
RP1-O-90-2 S-W10 RP2-20-8-2 S-F10 RP1-WOOD-STA-SW E-W3-SW RP2-EPS-5-10-SW E-F3-SW

RP1-O-120-1 S-W11 RP2-30-6-2 S-F11 RP1-WOOD-STA-NW E-W3-NW RP2-EPS-5-10-NW E-F3-NW
RP1-O-120-2 S-W12 RP2-30-8-2 S-F12 RP1-WOOD-STA-SE E-W3-SE RP2-EPS-5-10-SE E-F3-SE

RP1-WOOD-LEM-NE E-W4-NE RP2-RW-5-NE E-F4-NE
RP1-WOOD-LEM-SW E-W4-SW RP2-RW-5-SW E-F4-SW
RP1-WOOD-LEM-NW E-W4-NW RP2-RW-5-NW E-F4-NW
RP1-WOOD-LEM-SE E-W4-SE RP2-RW-5-SE E-F4-SE

RP1-PVC-STA-NE E-W5-NE RP2-RW-10-NE E-F5-NE
RP1- PVC-STA-SW E-W5-SW RP2-RW-10-SW E-F5-SW
RP1- PVC-STA-NW E-W5-NW RP2-RW-10-NW E-F5-NW
RP1- PVC-STA-SE E-W5-SE RP2-RW-10-SE E-F5-SE
RP1-PVC-LEM-NE E-W6-NE RP2-RW-5-10-NE E-F6-NE
RP1- PVC-LEM-SW E-W6-SW RP2-RW-5-10-SW E-F6-SW
RP1-PVC-LEM-NW E-W6-NW RP2-RW-5-10-NW E-F6-NW
RP1-PVC-LEM-SE E-W6-SE RP2-RW-5-10-SE E-F6-SE

4.2. Proposed Seismic Retrofitting Solutions and Numerical Modelling

In the case of the seismic (S) behaviour improvement, the sensitivity analysis was
based on varying three parameters: (i) the amount of reinforcing material, (ii) the type
of reinforcing materials, and (iii) the type of reinforcing elements. For (i), the width, the
spacing, and the thickness of the retrofitting elements were varied. For (ii), the structural
steel type was varied. For (iii), the type of profiles added to openings was changed. In
Table 6, the different configurations modelled are listed and described. The nomenclature
of each model is defined according to the abbreviations in bold.

Table 6. Parameters varied in the sensitivity analysis of the seismic behaviour.

S-RP1 S-RP2

(i) Amount of reinforcing material L-profile 60.5.8/90.10.11/120.10.13
O-profile 60.2/90.5/120.4

Spacing: 15/20/30 mm
Dimension: φ6/φ8 mm

(ii) Type of reinforcing materials f y = 235 (1)/275 (2) MPa f y = 235 (1)/275 (2) MPa
(iii) Type of reinforcing elements L-profile/O-profile

The numerical simulation of each technique in OpenSees was developed as follows.
S-RP1 (addition of a steel profile in the openings) was modelled by adding frame elements
connected to the walls with rigid element links. Frames were modelled with FBE. S-RP2
(addition of a steel mesh) was modelled by modifying the constitutive laws of the pan-
els according to the amount of retrofitting material added. The procedure and formulae
presented in [64] to account for the addition of retrofitting materials in URM macroele-
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ments were followed. The properties of the structural steel of the retrofitting elements are:
E = 210 GPa and W = 76.98 kN/m3.

4.3. Energy Retrofitting Solutions Proposed and Numerical Modelling

For the energy (E) performance enhancement, different hypotheses were defined by
varying some parameters in the sensitivity analysis. These are established in Table 7. E-RP1
is based on improving the thermal transmittance and airtightness of the openings. Different
models were defined by varying the frame material and the glass composition. E-RP2
focused on improving the thermal transmittance of the opaque envelope. To do so, different
models were defined by varying the material of the external thermal insulating composite
system (ETICS) and the thickness of the insulation. In addition, based on the results
obtained in previous studies [12], a third hypothesis is introduced in which the insulation
thickness varies according to the orientation of each façade (south-facing façades, one
thickness, and north-facing façades, another). This is proposed to analyse the improvement
of the possible imbalance of demand requirements due to the homogeneous treatment of
the different façades.

Table 7. Models analysed in the sensitivity analysis of the energy behaviour.

Material
(Transmittance U (W/m2K))

Properties
(Transmittance U

(W/m2K))

Transmittance U
(W/m2K) Solar Factor

As-built W0 Aluminium
(no thermal bridge break) (5.70) 4 mm single glass (5.70) - 0.83

E-RP1 W1 Aluminium
w/thermal bridge break (2.80)

4/6/4 normal glass (3.30) - 0.75
W2 4/6/4 low-e glass (2.50) - 0.48

W3 Wood
(1.43)

4/6/4 normal glass (3.30) - 0.75
W4 4/6/4 low-e glass (2.50) - 0.48

W5 PVC
(2.30)

4/6/4 normal glass (3.30) - 0.75
W6 4/6/4 low-e glass (2.50) - 0.48

As-built F0 - - 1.74 -

E-RP2 F1 Expanded polystyrene styroboard
(EPS)

(0.037)

5 cm 0.51 -
F2 10 cm 0.31 -
F3 Combined 0.51/0.31 -

F4
Rock wool

(0.037)

5 cm 0.51 -
F5 10 cm 0.31 -
F6 Combined 0.51/0.31 -

In all scenarios, the thermal bridges were modified in the simulation model in accor-
dance with the current regulation [60]. Concerning the prediction of the watertightness,
when introducing the improvement of façades and/or openings, different assumptions
were borne in mind. According to previous studies, it is concluded that the introduction of
an ETICS system without touching openings does not introduce important modifications
in the infiltrations of the dwelling [61,65]. Contrariwise, the renovation of the windows
system produces a reduction of up to 30% to 40% of the n50 value [66]. This margin of
improvement agrees with the data obtained in [61,67]. The difference in frame materials
only implies a substantial change in PVC, while aluminium and wood behave in a similar
way [67]. Therefore, based on the data measured in previous studies, the infiltration value
remains constant for the E-RP2 scenarios, and it is modified for that of E-RP1. The n50
value was set to 6.5 for the hypothesis with aluminium and wood frames and to 5.0 for the
PVC frames.
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4.4. Results of the Sensitivity Analysis

The performance assessment of the models retrofitted was conducted in the same
fashion as the as-built structure, denoted as ‘As-built’. A model analysis for each solution
established in Table 5 was performed to obtain both the seismic and the energy performance.

In the case of the seismic performance, following the modal analyses, NLS analyses
were carried out, and the N2 method was used to determine the performance of each
solution. In Figure 11, the results for the S-RP1 technique were plotted. From this figure,
it is immediately clear that adding encirclements in walls in one direction (X) does not
affect the performance of the models in the other direction (Y). As can be seen, the initial
stiffness of the URM system is not significantly affected by the addition of the retrofitting
elements. Solutions that added O-profiles led to higher improvements than those that
added L-profiles. The implementation of an enhanced steel material leads to a certain
improvement of the performance, reaching improvements of up to 5–10% compared with
the other steel material. Considerable differences can be observed from adding the smallest
profile (either O- or L-profile) to the biggest one, reaching improvements of up to 20%.
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The implementation of steel grids in walls (S-RP2) has led to higher improvement
ratios compared with the addition of encirclements in openings (Figure 12). This is mainly
due to the considerable increase in the initial stiffness of the URM system, as observed in the
plots. The best results were obtained with the solutions that proposed a smaller separation
and enhanced the steel yielding strength. The increase in the diameter of the rebar did
not produce a considerable enhancement of the performance. This can be considered
negligible. The behaviour of the Y-direction was improved since the walls in this direction
were also retrofitted.

In the case of the energy performance assessment, the improvement of the models
established in Table 5 compared with the As-built state is analysed. In Figure 13, the
average-orientation annual thermal demand results for E-RP1 and E-RP2 are plotted. In
addition, Figure 14 shows the annual thermal demand deviation per m2 compared with the
As-built state. These graphs clearly show how the window renovation results in a moderate
annual energy improvement of the building. Likewise, the energy performance of the
models does not undergo significant changes when the material of the window frames is
modified. Finally, the introduction of low-emissivity glazing does not lead to a substantial
reduction in the annual energy demand, while it will represent a considerable economic
increase, as demonstrated in the following sections.
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The implementation of thermal insulation in walls led to higher improvements ratios
compared with the window renovation (Figures 13 and 14). This is mainly due to the
considerable reduction of thermal bridges compared with the as-built state. Thus, the



Buildings 2022, 12, 1276 18 of 25

addition of thermal insulation on the exterior of the façade, in strict compliance with the
CTE (e = 5 cm) [55], represents a considerable improvement in the energy performance of
the building. In fact, it can decrease the annual heating and cooling demand by almost half.
As expected, an increase in the thickness of up to 10 cm does not lead to a proportional
reduction in the demand. Finally, in line with the results obtained from the as-built sate,
a detailed treatment of the façades according to the orientation does not introduce an
interesting margin of improvement. This happens due to the position of the blocks in the
urban configuration (orientation) and the typology of the blocks themselves (double-facing
dwellings). Hence, there is no energy imbalance between the different orientations of
the dwellings.

4.5. Results of the Benefit–Cost Assessment

The goal of this work is to obtain the most optimal retrofitting configurations to save
economic and material resources while producing a considerable performance enhance-
ment. In order to perform the combined energy and seismic assessment, the most optimal
solutions were first determined, bearing in mind separately the energy and seismic perfor-
mance enhancements. In order to select them, a benefit/cost ratio was used, computed as
the benefit (B) of each performance divided by the cost (C) of construction. This B/C ratio
will allow defining the solutions with the highest improvement ratios and the best costs
ratios of both RPs. Once the most optimal individual configurations have been determined
for each RP, they have been later combined and integrated.

The cost of the construction of each configuration was computed by means of a bill
of quantities and using an updated construction cost database. This database takes into
account the duration of the works, the labour and indirect costs, the industrial benefit,
and the costs of the materials. A cost index (C = Ci/Cexp) is determined, expressed as
the ratio between the construction cost of the solution analysed (i) and the costs of the
most expensive one (exp). This cost index is then used together with the seismic and
energy performance improvement ratios. The benefit was computed as the enhancement
of the energy and seismic performances. The seismic enhancement ratio (BS = di/dasb) is
obtained by dividing the CDR of the i solution by the CDR of the as-built state (asb). The
energy enhancement (BE = Easb/Ei) is determined by the ratio between the energy demand
(kWh/year) of the as-built condition and the demand of the i solution analysed.

In Figure 15, the results of computing the benefit of each RP and the costs of each
configuration combined (RP1 and RP2) are plotted. C took into account the costs of each
RP in order to obtain, for a singular C, two different improvements.
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With regard to the B/C ratio analysis of the different energy-based RP, it can be seen
that the highest benefit ratios were obtained for E-RP2, the addition of an external thermal
insulating composite system (ETICS) in walls. E-RP2 achieved BE values ranging from 2.56
to 3.13. In the case of E-RP1, lower values of BE were obtained, ranging from 1.08 to 1.10.
However, E-RP1 resulted in considerably lower values of C compared with RP2. Concerning
E-RP1, the results show that two hypothesis groups can be clearly differentiated. The first
one encompasses the wooden carpentry solutions, and the other, the aluminium and PVC
frames. Despite having similar BE, wooden frames are significantly more expensive than
the other group. In the case of glazing systems, the solutions that include low emissivity
glass considerably increase C, providing a negligible BE.

As regards E-RP2, the implementation of double insulating thickness material leads to
the highest benefits. These solutions are the most profitable ones due to the low increment
in costs compared with the outstanding BE. Changing the type of insulation material, from
EPS to rock wool, does not imply a significant variation of the costs or a benefit as both
materials present a similar thermal transmittance. Therefore, the solutions with the highest
B/C ratio were, from higher to lower, E-W1, E-W5 and E-F2, E-F5. In the case of E-RP1
solutions, these hypotheses used aluminium and PVC joinery (materials mostly used in
residential buildings in Spain due to their optimal energy performance/cost ratio) and
standard 4/6/4 double glazing. They obtained similar BE values while being the cheapest
ones. Finally, with regard to E-RP2, E-F2, and E-F5, these added the highest amount of
thermal insulation, which in turn led to these solutions being the most beneficial and
optimal ones. As previously obtained in the analysis of the as-built state, the solutions
are not considerably affected by the orientation, dwelling typology, and urban situation of
the blocks.

The solutions with highest B/C ratios from both RPs were combined and integrated.
The results of this combination are plotted in Figure 16. By combining them, the results
show that the performance improvements are outstanding compared with the results
obtained individually, reaching improvement ratios of up to 336.7%. In total, 16 E-RP3
configurations were exhaustively assessed.
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In the case of the seismic enhancement, it can be seen that the highest benefits ratios
were obtained for S-RP2, the addition of steel grids in walls. S-RP2 achieved BS values
ranging from 2.08 to 2.88. In the case of S-RP1, lower values of BS were obtained, ranging
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from 1.17 to 1.84. However, this latter S-RP resulted in considerably lower values of C
compared with S-RP2, being up to 70% of CRP2. There are two separated vertical lines that
refer to different costs stemming from the increment of thermal insulation. From this first
analysis, it was obtained that O-profiles have better benefit and cost ratios than the addition
of L-profiles. Additionally, it was obtained that no significant differences can be found in
the values of C among all S-RP2 solutions. However, BS considerably improves when the
amount of material is increased. It was attained that the solutions with the highest B/C
ratio were, from higher to lower, S-W8, S-W7, S-W1 and S-F8, S-F7, S-F10. In the case of
S-W8 and S-W7, these solutions added the lowest section of O-profiles in openings with
different types of steel material. They obtained moderate BS values, but they were the
cheapest solutions. S-W1 is the next cheapest solution. S-F8 and S-F7 added the highest
amount of retrofitting steel, resulting in the most beneficial and optimal solutions. S-F10 is
the next solution that adds more retrofitting material.

Once the most optimal solutions were determined for each RP assessed separately,
they were combined as RP3. The results of this combination are plotted in Figure 17. In
total, nine S-RP3 configurations were thoroughly assessed. By combining RP1 and RP2,
the performance improvements were outstanding compared with the results obtained
individually, reaching BS ratios of up to 250%.
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4.6. Results of the Combined Energy and Seismic Assessment

In this section, the simultaneous enhancement of the seismic and energy performances
and the construction costs are evaluated. The previously carried-out B/C ratio is proposed.
In this case, the benefit stemmed from each performance enhancement having been nor-
malised (by dividing the B of each RP configuration by the highest B). This was performed
in order to avoid excessive improvement ratios and to establish a similar weight of each
performance. The results of the combined assessment, RP3, are plotted in Figure 18.

When combining the RP and RP3 configurations, it was obtained that the seismic
improvement leads to the highest differences in the results. This is due to the similar energy
performance enhancement achieved for all the orientations and hypotheses considered.
Nevertheless, the solutions with aluminium window frames and EPS insulation attained
higher B/C ratios. In the case of the BS, there is a considerable difference in the benefit/cost
ratio of solutions that add lower and intermediate values of retrofitting material than those
that add higher amounts. Significant BS ratios are obtained if the amount of retrofitting
material is increased up to a certain point. In this case, the solutions that presented higher
values of BS were those that added the highest amount of retrofitting material in the walls
and those that added the lowest section of O-profiles in the openings. This is due to the
negligible values of C among RP2 solutions and the low C of O-profiles compared with the
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moderate benefit ratio. When combined with E-RP, these solutions obtained the highest
benefit/cost ratios.
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5. Conclusions

This work dealt with the assessment of new integrated and combined seismic and
energy retrofitting techniques specifically defined for existing URM buildings. To do so,
the solutions were designed for a case study (that does not comply with the seismic and
energy demand of the current legislation), and the energy and seismic assessment of its
as-built state was also determined. The RPs proposed focused on the improvement of
the seismic and energy performance of walls and openings. The novelty of this work is
based on the design of one-shot, compatible, noninvasive, and complementary energy and
seismic retrofitting solutions applied to the façades of buildings, bearing in mind: the urban
environment effects, the achievable seismic and energy performance targets (prescribed
by codes in force), and the reduction of costs. The sensitivity analysis enabled assessing
the effects of adding each solution. The benefit/cost ratio allowed for obtaining the most
optimal configurations to perform the combination and integration of solutions from both
RPs and to rank the solutions.

The results of the seismic performance assessment showed that the highest benefit
ratio was obtained for S-RP2, the addition of steel grids in walls. O-profiles have better
benefit and cost ratios than the addition of L-profiles. Additionally, it was obtained that
no significant differences can be found in the values of C among all the S-RP2 solutions.
Enhanced steel material leads to an increase in performance by 5–10% compared with
regular steel material. The increase in the diameter of the rebar in steel grids in walls
did not produce considerable enhancement ratios. In the case of S-RP1, the most optimal
solutions were those that added greater retrofitting materials. Similar conclusions were
obtained for RP2. However, in that case, this is due to the negligible differences in the
costs among these solutions. The results obtained for the individual assessment were later
observed in the combined assessment, RP3.

The results of the energy performance assessment showed that the introduction of
exterior insulation in walls is the technique with the highest impact on the thermoener-
getic behaviour of dwellings. Even if a minimum insulation thickness is added, in strict
compliance with the CTE, the improvement is substantial. Therefore, it is concluded that
for refurbishment activities in residential buildings subjected to reduced budgets, E-RP2,
the improvement of the wall behaviour, seems to be the most profitable solution, despite
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the highest economic effort at the beginning. This conclusion is also applied to the seismic
performance enhancement. Focusing on the case under study, it was obtained that the
orientations, the building typologies, the height-to-width canyon ratios, and the urban situ-
ation do not affect the thermal behaviour of the dwellings in the neighbourhood. However,
these factors affect the dwellings per floor within the same block. The window renovation
without improving the façade behaviour does not imply a significant enhancement in the
thermal, energy, and seismic/structural behaviour of the buildings. However, carrying out
a combined renovation of windows while including insulation outside the face of the walls
results in an improvement of the energy performance of the building by more than 300%
compared with the individual renovations (RP1 or RP2). Similar conclusions resulted for
the seismic behaviour.

In the light of the results, this work can conclude that the multiobjective seismic-
energetic retrofitting of buildings can lead to synergies, reducing the economic cost of
the solutions due to the reduction of installation times, material, and workmanships
needs. This can enable the improvement of the seismic/structural behaviour of buildings
in case of a future seismic event of up to 240% compared with purely energy-related
rehabilitation works.

6. Future Research Work

Despite being able to comparatively assess and to rank the retrofitting solutions, this
comparison was carried out based on an improvement/reduction ratio for each aspect
analysed (reduction of both the seismic and the energy demand). The authors are aware
that more exhaustive analyses are needed to introduce additional variables, such as the
economic saving, the expected annual losses, or the environmental impact (from the
construction and the use of the building).
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