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Foreword

Our buildings are ageing, posing an urgent need for renovation to align with the goals of multidimensional
European and international policies. The built-up area in Europe covers 25 billion square meters, 10 billion of
which were constructed before 1960 and 20 billion before 1990. 40% of the European Union (EU) buildings are
located in seismic prone regions and were built without modern seismic design considerations. Apart from
Member States with moderate and high seismic risk, such as Greece, Italy and Croatia, with a severe impact
from earthquakes during the last decades (fatalities, injuries and economic losses), attention should be drawn
to regions with lower risk, e.g. in France and Spain. At the same time, buildings stand out as one of the most
energy consuming sectors, therefore having a negative environmental impact. In fact, buildings are responsible
for 40% of the EU energy consumption and 36% of the EU total CO, emissions, whereas 75% of the EU existing
building stock is considered energy inefficient. The highest amount of energy use in old buildings derives by far
from the operational stage of their life (e.g. heating, cooling), resulting in a significant source of carbon
emissions with detrimental effects on climate change.

Notwithstanding this negative impact, the building sector provides a unique opportunity to create, through risk-
proofed renovation, a safe, sustainable, and resilient built environment which promotes wellbeing and economic
growth, and ensures that EU energy and climate targets are met. In this context, the European Parliament
entrusted the European Commission’s Joint Research Centre with the two-year pilot project “Integrated
techniques for the seismic strengthening and energy efficiency of existing buildings” or REEBUILD.

REEBUILD aimsto define technical solutions that can reduce seismic vulnerability andincrease energy efficiency
of existing buildings, at the same time and in the least invasive way. Thereby, increased earthquake resilience
and limited environmental impact of buildings is sought by protecting life, economy and the environment. The
project has the following key-objectives:

— Define the tools and guidelines to reduce, all at once, vulnerability and energy inefficiency of buildings
— Stimulate the use of integrated solutions
— Create awareness about the topic in the aim of prevention

— Increase resilience of the built environment to seismic hazard and climate change.

The geographical scope of the project covers EU seismic prone regions. However, all EU citizens are potential
beneficiaries of the project since it can easily be extended to all EU regions considering the ageing of existing
buildings and other hazards, including extreme climatic events.

In a policy context, REEBUILD provides scientific advice to support the development of an action plan, which
shall supplement existing European Union policies and initiatives in the field of buildings’ renovation. Crucially,
the European Green Deal (COM (2019)640) emphasises the need for a Renovation Wave (COM (2020)662),
supported by the New European Bauhaus (1) (COM (2021)573) to create sustainable, inclusive and beautiful
living spaces. The plans to put the European Green Deal into effect further contribute to the economic recovery
following the COVID-19 pandemic. In the Energy Performance of Buildings Directive (Directive 2018/844), and
the recent proposal for its revision (COM 2021/802), besides reducing greenhouse gas and carbon emissions,
measures related to seismic risk and fire safety are encouraged for planning deep renovations. The
implementation of cleanand circular economy principles for the construction sector to achieve a climate-neutral
society by 2050 are stressed in the new Circular Economy Action Plan (COM (2020)98) which also addresses
the revision of the Construction Products Regulation (Regulation (EU) 305/2011). The new idea for a holistic
approach to the renovation of buildings is in line with the Union Civil Protection Mechanism (Decision (EU)
2019/420), with respect to disaster prevention measures and the integration of risk reduction and cohesion
policies. Likewise, the Action Plan onthe Sendai Framework (SWD 2016/205) encourages investment in disaster
risk reduction, integrating "Build Back Better" principles for a more resilient built environment. The European
Framework for Action on Cultural Heritage (European Commission, 2019) emphasises the need to safeguard
cultural heritage against natural disasters and climate change, and relevant measures are encouraged when
planning long-term renovation strategies and national disaster risk reduction strategies. The above policies and
initiatives contribute to the 2030 Agenda for Sustainable Development (?) (Resolution 2015/A/Res/70/1) and
the Sustainable Development Goal 11 “Make cities and human settlements inclusive, safe, resilient and
sustainable”.

) https://europa.eu/new-european-bauhaus/index_en
(®  https://knowsdgs.jrc.ec.europa.eu/intro-policy-mapping


https://europa.eu/new-european-bauhaus/index_en
https://knowsdgs.jrc.ec.europa.eu/intro-policy-mapping

Integrated retrofitting of existing buildings can be seen as a nexus between policies improving the disaster
resilience of the EU, encouraging the energy renovation of buildings, promoting circularity within the building
sector, and protecting cultural heritage.

Several activities were foreseen to achieve the REEBUILD objectives. EU buildings requiring upgrading were
identified, and existing seismic and energy retrofit technologies were assessed in a life-cycle perspective
Combined retrofit solutions were explored based on available technologies and recent scientific developments
in the field. A simplified method for the assessment of the combined upgrading was proposed and applied to
case studies of representative building typologies retrofitted with the identified solutions. Seismic risk and
energy performance of buildings along with socioeconomic aspects were assessed at regional level throughout
Europe. Such regional assessments were used to identify appropriate intervention scenarios based on their
regional impact and highlight the regions where interventions are of higher priority. National, regional and local
authorities, industrial associations and expert communities were involved in enquiries and discussions of
relevant implementing measures (legislation, incentives, guidance and standards), technologies and
methodologies for the combined upgrading of existing buildings. Dissemination and outreach is further
supported by reports, a web platform and public communication material. REEBUILD activities were organised
in five main actions:

1. Overview and classification of technologies for seismic strengtheningand energy upgrading of existing
buildings

Analysis of technologies for combined upgrading of existing buildings

Methodologies for assessing the combined effect of upgrading

Regional impact assessment and contributions to an action plan

Stakeholders’ engagement.

Uk WN

This report provides an overview of the technologies for combined retrofitting of existing buildings.
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Abstract

The renovation of existing buildings plays a key role in achieving the ambitious target of climate neutrality of
the EU set out within the EU Green Deal. Through increased renovation of energy inefficient buildings, a
reduction in energy consumption in the building sector can be achieved, as targeted by the Renovation Wave
initiative. When considering the old age of the EU’s building stock, next to energy inefficiency, other, often
structural, deficiencies need to be addressed. Particularly in Europe’s seismic regions, recent earthquakes have
highlighted the vulnerability of the EU building stock and hence the need for retrofitting. With a large proportion
of EU buildings requiring renovation, recent advances in scientific and technical development show that taking
an integrated approach to building renovation, a better cost-effectiveness may be achieved. Particulary in
regions of moderate to high seismicity, integratingenergy upgrading with seismic retrofitting interventions, may
lead to cost-benefits for the buildingowner, hence potentially fosteringhigher renovation uptakes. In this report,
an overview of materials and technologies that may be used for the combined or integrated retrofitting of
existing buildings is presented. Identified solutions include integrated exoskeleton solutions, strengthening and
thermal insulation solutions for the external walls of existing buildings, their replacement with better-
performing materials, as well as integrated interventions on roofs and floor slabs. Given the novelty of this
research field, a number of technologies have not yet been experimentally validated and many are still far from
a potential practical application. Still, valuable insights can already be obtained and a summary analysis of the
potential of different retrofitting solutions is presented here-in, including their relative effectiveness,
invasiveness, disruptiveness, costs, as well as their impact on the environment. An important conclusion is that
combined retrofitting offers a valuable solution for furthering building renovation, but only when further
experimental research and validation of fully integrated retrofitting systems is carried out.






Executive summary

Across the EU, the median age of the building stock is higher than 30 years old, with many regions presenting
a median building age above 50 years (Figure 1). A large proportion of EU buildings hence does not comply
with current energy efficiency and seismic safety standards. To ensure a decarbonisation of the building stock,
energy renovation at large scale is required, however, in seismic EU regions, this should only be carried out if
the structural safety of the buildingat hand canbe guaranteed. To achieve this, combined or integrated seismic-
plus-energy retrofitting is a solution explored in the Pilot Project (PP) “Integrated Techniques for the Seismic
Strengthening and Energy Efficiency of Existing Buildings”, financed by the European Union (EU) under decision
C/2019/3874-final of 28 May 2019. This report provides an overview of technical solutions and materials for
the integrated retrofitting of existing buildings.

Figure 1. Median age of the EU building stock (occupied residential dwellings) at NUTS3 level.
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Policy context

The policy context relevant to this report consists of that relevant to the modemisation of the EU building stock,
hence primarily that of the Renovation Wave (COM (2020)662), supported by the establishment of a New
European Bauhaus (COM (2021)573), in the context of the European Green Deal (COM (2019)640). Accelerating
building renovation by at least doubling current renovation rates is seen as a key parameter to achieve the
ambitious energy saving and greenhouse gas reduction targets of the EU, with the aim of achieving carbon-
neutrality by 2050. Additionally, the New Circular Economy Action Plan (Communication 2020/98) was also
implemented within the Green Deal, promoting life cycle thinking and circular economy principles in all major
sectors. Within the built environment and construction sector, this includes life-time extension of existing
buildings through maintenance, repair and renovation.

While building renovation is typically focusing either on addressing structural safety or the energy performance
of existing buildings, the recent amendment of the Energy Performance of Buildings Directive 2018/844
(European Parliament and Council of the European Union, 2018), additionally promotes including measures
related to fire safety and seismic risks, when planning long-term renovation strategies (LTRS) of the Member
States, as these affect the lifetime and hence sustainability of buildings.

Ensuring resilience of existing buildings and infrastructure to man-made and natural hazards is the target of
the Union Civil Protection Mechanism, UCPM, (Decisions 2013/1313/EU, 2019/420), which aims to reduce
vulnerability and minimise exposure to elements at risk through cooperation and knowledge sharing between
member states for risk mitigation. The Action Plan on the Sendai Framework for Disaster Risk Reduction 2015~
2030 (SWD 2016/205) additionally encouragesinvestment in disaster risk reduction and integrating "Build Back
Better" principles for a more resilient built environment. The principles of reducing vulnerability and improving
resilience is also extended to our built cultural heritage. The importance of safeguarding the built heritage was
also set-out as an important target within the European framework for action on cultural heritage (SWD
2018/491).



Within this policy context, the holistic renovation approach explored in this PP aims to improve the energy
performance of existing buildings, while at the same time improving the resilience of the EU building stock
against natural disasters and respecting circular economy principles by enhancing its sustainability from a life-
cycle perspective. By renovating buildings in an integrated fashion, next to reducing energy consumption,
reducing damage and losses from future earthquakes, the environmental impact of buildings can also be
reduced by limiting waste generated by buildingdemolition works or repair works associated to seismic damage
As shown in Figure 2, integrated retrofitting can hence be seen to lie at the nexus between the dif ferent policies
presented here, where an integrated approach allows to encompass energy efficiency measures, promotes
circularity principles within the construction sector, improves the resilience of buildings and can be applied to
protecting the built heritage.

Figure 2. Combined retrofitting at the nexus of relevant policy domains.

Circular
Economy

Building

Combined

Energy retrofitting

Efficiency

Safeguard
Cultural
Heritage

Source : Pohoryles and Bournas (2021)

Key conclusions

Economic feasibility studies have highlighted the potential economic benefits of combined retrofitting
compared to energy upgrading alone in at least moderately seismic regions of Europe. Combined
retrofitting may hence be seen as a potential solution for accelerating building renovation across EU
Member States.

A review and analysis of combined and integrated seismic and energy retrofitting solutions highlights
four main types of interventions: (1) integrated exoskeleton solutions; (2) integrated interventions on
the existing building envelope; (3) replacement of the existing envelope with better performing
materials; and (4) interventions on horizontal elements.

The applicability and effectiveness of the encountered solutions depends on the type of building at
hand, for instance depending on the possibility of changing the appearance of the structure (e.g. built
heritage), the location of the structure (e.g. densely built-up urban areas or rural areas), the current
state and the type of construction of the existing building.

The different solutions encountered have different levels of technological maturity. While some
solutions have only been contextualised or evaluated numerically for their application in combined
retrofitting (e.g. diagrid exoskeletons or cross-laminated timber panel retrofits), other solutions have
already been tested and validated experimentally (e.g. cement-based composites plus thermal
insulation retrofitting). Further experimental research is required in all cases for the retrofit schemes
to becomeviable renovation solutions, as inmost cases the seismic performance and energy efficiency
improvements have been tested only separately.

There is a need to research, test and develop new avenues for fully integrated retrofitting systems.
Since the renovation of the existing building stock needs to start imminently, realistic and easy-to-
adopt applications will be much more likely to have an actual impact.



Main findings

Four different avenues for combined or integrated seismic and energy retrofitting were encountered in the
scientific literature and were analysed in this report. A summary of these can be found in Figure 3.

Figure 3. Evaluation of four different avenues for combined seismic and energy retrofitting.
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Exoskeleton solutions are external auxiliary structures with their own foundation system, which can be
connected to existing buildings to improve their energy efficiency and structural performance. Different types
of exoskeleton have been investigated for combined retrofitting applications, ranging from diagrids, over
insulated reinforced concrete frames and walls to external steel structures. Exoskeletons can support or can be
combined with various technologies (e.g. solar panels, thermalinsulation, green walls etc.) for improving the
energy performance of the building. The energy performance of the retrofitted building can hence be tuned to
any desired level. In general, however, these solutions are more costly and less sustainable then the other
encountered options.

Envelope interventions include different strengthening solutions for external walls of existing buildings, such as
the use of composite materials, prefabricated panels (either timber- or cement-based), or strengthening
solutions for existing wall openings with structural window frames. These strengthening solutions can be
combined with different thermal insulation materials and/or replacement of existing windows, to achieve an
adequate thermal performance of the external building skin. Particularly in the case of composite materials and
precast panels, a number of experimental and numerical studies have already been carried out, highlighting
their high potential in improving both the structural and energetic performance of existing buildings. Costs can
bekept low if such interventions are carried out from the outside of the building,and depending on the materials
used (e.g. timber), a very sustainable retrofit solution can be provided.

An alternative to envelope strengthening is the replacement of existing deficient exterior walls. This method is
only applicable to structures where walls are not load-bearing, hence not for masonry buildings. An advantage
of replacing the existing envelope is that often any desired energetic performance can be achieved, and the
structural behaviour can also be improved by replacing the weaker existing walls by stronger or more
deformable once. Various modern brick solutions have been investigated experimentally, both for achieving a
stronger and stiffer behaviour, but also for reducing the interaction between the walls and the existing frame.
While any of these solutions provide high compatibility for combined or integrated renovation (e.g. by filling
bricks with thermal insulation materials or using bricks with low thermal transmittance), however these have
notbeen tested as integrated retrofittingsolutions yet. Moreover, replacing outer walls is associated with a high
level of building occupancy disruption and creates additional demolition waste, hence making this solution more
invasive and less sustainable then the previous.

Finally, retrofitting floors and roof's of an existing building is often required in older buildings, both from the
structural safety and the thermal performance point of view. Only few combined retrofitting solutions have
been studied to date, and these have remained at the conceptual stage only. These include the use of a thin-
folded shell combined with ventilating layer for existing wooden roofs, but also the use of timber panels
combined with thermal insulation for replacing floors and renovating roofs in existing masonry buildings.



Improvements in seismic and energy performance through interventions on horizontal members alone can be
considered low to moderate in effectiveness, and would normally be combined with interventions on exterior
walls. Additionally, the works associated with floor and roof strengthening or replacement are significant and
affect building occupancy for longer periods of time.

Overall, while research into materials and technologies for the integrated structural and energy retrofitting is
still limited, valuable results and insights have already been obtained. With further experimental research and
validation through applications on existing buildings, the potential of such technologies will be further
demonstrated.

Related and future JRC work

Next to the activities of the pilot project “Integrated techniques for the seismic strengthening and energy
efficiency of existing buildings” or REEBUILD presented here-in, other related JRC activities include:

- IRESIST+ (Innovative seismic and energy retrofitting of the existing building stock) is the first JRC
project that proposed and explored the concept of integrated renovation of buildings. Within iRESIST+
different technical solutions for combined seismic and energy retrofitting were developed and are
being tested experimentally on full-scale buildings at the JRC's European Laboratory for Structural
Assessment (ELSA) Reaction Wall facility. Moreover in the framework of the iRESIST+ activities, the
following competitive Exploratory Research (ER) and Marie Sktodowska-Curie Action (MSCA-IF)sub-
projects were developed:

o SPECTRUM and STRETCH Marie Sktodowska-Curie Fellowships (MSCA-IF): Both develop hybrid
structural-plus-energy retrofitting solutions together with structural health monitoring
(STRETCH) tailored for masonry cultural heritage building envelopes.

o JRC-KOCED collaboration: The international collaboration between the JRC and the Korea
Construction Engineering Development Collaboratory Management Institute (KOCED CMI) was
launched in 2019. The project SEP+ investigates the use of novel prefabricated Textile
Reinforced Concrete panels with integrated capillary tubes for integrated retrofitting through
testing at the experimental facilities of KOCED.

o NOTICE-EUB: A novel timber-based retrofit system for the integrated renovation of existing
buildings by exploiting the high structural performance of the emerging cross-laminated
timber (CLT) technology combined with advanced insulation materials.

o ER project PINN FLOED: A bottom-up building stock assessment tool will be prepared in the
PINN FLOED project at the JRC, in which the energy efficiency and seismic vulnerability of
existing EU buildings will be assessed by means of physics-informed neural networks

- Aframework for safe and sustainable construction has been proposed within the SAFESUST project at
the JRC.

Quick guide

In Section 1 of this report, a general introduction to the topic of integrated seismic and energy retrofitting is
given. A state-of-the-art review of different combined and integrated seismic-plus-energy retrofitting methods
is then presented in Section 2. Here the retrofit solutions are categorised into (1) exoskeleton solutions, (2)
integrated interventions onthe existingbuildingenvelope, (3) replacement of existingwalls and (4) interventions
on roofs and floors. This is followed by a brief summary in Section 3, providing comparisons between the

different intervention technologies in terms of their effectiveness, costs, disruptiveness and invasiveness, as
well as taking into account their environmental impact. Finally, Section 4 provides the Conclusions to this
report.
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1 Introduction

The majority of residential buildings in the EU were constructed during the post-World War Il period (1945-
1969), with almost half of the EU building stock (49%) older than 50 years old (eurostat, 2011). A large
proportion of buildings were hence built when no strict energy regulations were enforced (Economidou et al,
2011), they hence present deficiencies in terms of their heating and cooling energy performance, including (1)
inadequate or complete lack of insulation (in both walls and roofs); and (2) inefficient fenestration surfaces
(windows with low thermal resistance). These lead to high energy consumption and low thermal comfort, with
buildings accounting for 40% of the total EU energy consumption (European Commission, 2019) and 74% of
EU citizens not able to keep their home adequately warm (eurostat, 2019), respectively.

To overcome this, energy retrofitting is an investment that can often be achieved at reasonable costs and with
an immediate effect (Corrado and Ballarini, 2016; Salvalai et al, 2017). Within the European Green Deal
(Communication 2019/640), the need for renovating public and private buildings was hence emphasised
(European Commission, 2020). The old age of the building stock however also means that a considerable
percentage of it has been constructed to outdated building codes and seismic standards (Palermo et al., 2018).
More than three quarters (77%) have been built before 1990 (EUROSTAT, 2011) and hence before the first
edition of modern seismic codes (e.g. Eurocodes) were published. This poses a great societal risk, as potential
structural damage does not only lead to significant economic losses, but also severe injuries and loss of human
lives, as shown by recent seismic events (Di Bucci et al,, 2021). As more and more buildings approach the end
of their conventional service life, material durability related risks emerge as well (K6lid et al, 2014; Bru et al,
2018). Therefore, the need for structural retrofitting should not be directed only to earthquake-prone areas, but
to any kind of structure in need.

It is evident that a large portion of existing buildings in the EU present deficiencies in both energy and seismic
performance. As illustratedin Figure 4, not taking action requires the lowest investmentbutis not a sustainable
option, as the buildings would remainenergy inefficient and are at risk to severe damage or collapse. Renovation
efforts are hence required, however, until recently, these concentrated on only upgrading the energy efficiency,
without taking into account structural safety. It is however important to consider that an energy upgrade
investment might not be effective and may be completely lost when applied in a building of questionable
structural integrity, and hence vulnerable to structural damage, e.g. due to an earthquake. This way of thinking
started changing when the damage and collapse of energy-upgraded structures were observed after seismic
events (Belleri and Marini, 2016; Bournas, 2018a; Bournas, 2018b), leading to loss of the energy retrofitting
and loss of sustainability, as shown in Figure 4 (2).

A possible avenue to reduce energy consumption and mitigate seismic risk is the demolition and complete
replacement of existing deficient buildings (Figure 4 (3)). This may be a feasible approach for individual
buildings, however at the building stock scale, such a drastic measure would have a severe impact on society,
the existing urban fabric and would not be financially feasible, as it is associated to high investment costs.
Additionally, demolition and reconstruction leads to significant construction waste and use of materials, which
in the context of the New Circular Economy Action Plan (COM(2020)98), is not sustainable from a life cycle
perspective. Preference should instead be given to the lifetime-extension of existing buildings, which may be
achieved through combined or integrated structural and energy upgrading (Figure 4 (4)).
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Figure 4. End of service life of buildings: The effect of (1) No action; (2) Energy upgrading; (3) Demolition and rebuilding
and (4) integrated energy and seismic upgrading in zones of seismic hazard.
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In the scientific literature, the topic of integrated retrofitting has gained traction only over the last few years.
Next to having a beneficial impact from a life-cycle perspective, as structural retrofitting ensures the building's
structural integrity and hence protects the applied thermal retrofitting (Belleri and Marini, 2016), combined
retrofitting was found to have significant economic cost-benefits in regions of moderate to high seismic hazard
(Calvi et al, 2016; Bournas, 2018b; Gkournelos et al,, 2019; Pohoryles et al., 2020). While the evidence for the
need for combined retrofitting is apparent and is acknowledged in the scientific literature, it is important to
understand which materials and technologies already exist or have the potential to be developed in the near
future.

This report hence aims to give an overview of the state-of-the-art of technologies proposed for the combined
or integrated retrofitting of existing buildings. This brief report should be seen as a summary, while more
detailed technical information can be found in (Pohoryles et al, 2022b; Pohoryles et al, 2022a). Different
combined and integrated seismic-plus-energy retrofittingmethods are presented in Section 2, categorised into
(1) exoskeleton solutions, (2) integrated interventions on the existing building envelope, (3) replacement of
existing walls and (4) interventions on roofs and floors. This is followed by a summary in Section 3, providing
comparisons among the effectiveness, costs, disruptiveness and invasiveness, as well as taking into account
the environmental impact of the different technologies.
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In the following subsections, a brief review of the state-of-the-art of combined and integrated retrofitting
solutions is presented. Figure 5 aims to provide an overview and categorisation of the identified technologies>.
For a more in-depth presentation and analysis of the presented solutions, the reader is referred to a technical

report prepared by the authors (Pohoryles et al., 2022a).

Despite research into combined seismic and energy retrofitting being a relatively new field, several directions
have already been explored and different technologies have been proposed and are currently being tested.
Different types of integrated seismic-plus-energy retrofitting solutions are proposed in the scientific literature

and can be grouped into:
[ ]
[ ]

Exoskeleton interventions (Section 2.1);

Integrated seismic and energy retrofitting technologies and concepts

Integrated interventions on envelope elements (Section 2.2);
Replacement of envelope elements by higher performance elements (Section 2.3);

Combined Interventions on horizontal elements, i.e. roof and floors (Section 2.4).

Figure 5. Categorisation of combined retrofitting technologies.
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2.1 Integrated exoskeleton solutions

An exoskeleton is an external self-supporting system (i.e. with its own foundations) connected to an existing
building (Martelli et al, 2020), particularly suitable for the seismic retrofit of existing vulnerable reinforced
concrete (RC) buildings with low dissipative capacity* From a structural point of view, exoskeletons can provide
additional strength and stiffness to an existing building. In recent years, the use of exoskeleton solutions for
integrated retrofitting, i.e. coupling structural and energy interventions, has gained momentum (e.g.: Marini et
al, 2016; Labo et al, 2016; Manfredi and Masi, 2018). Figure 6 highlights energy-efficiency systems that could
be integrated within a structural exoskeleton, which would serve as a secondary envelope. For instance, the
exoskeleton could be used to support renewable energy production (e.g. building integrated photovoltaics,
BIPVs), or vertical gardens (so-called “green walls”) that contribute to passive cooling, and solar shadings, eg.
louver systems, that provide control over solar radiation and natural lighting (D’Urso and Cicero, 2019).

Figure 6. Integration of exoskeletons with different energy-efficiency systems.
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In wall-like solutions, the additional stiffness and resistance are lumped into few elements placed
perpendicular to the building facade, such as RC shear walls or steel bracing systems. For combined retrofitting,
Marini et al. (2017) proposed the use of steel-braced shear wall exoskeletons for seismic performance
improvements on which energy efficiency systems can be supported. The latter includes solar greenhouses
along the southern facade, as well as thermal insulation (e.g. expanded polystyrene, EPS), new windows and
shading systems (adjustable louvers) for solar radiation control. The use of steel or timber frames which can
provide energy-efficient buffer zones, helping to reduce solar radiation in summer, providing solar heating in
winter, and supporting plug-and-play installations for new Heating, Ventilation, and Air Conditioning (HVAC)
systems have also been investigated (Ferrante et al, 2018). The frames can additionally increase living space
(balconies or extra rooms) and enhanced architectural value and user comfort. Finally, Foti et al. (2020) built a
prototype dissipative frame element, to be used as a modular “kit” that allows to seismically retrofit a building
(through the installation of buckling-restrained axial dampers) and produce renewable energy through
photovoltaic panels supported by the frame.

In shell exoskeleton systems, the energy efficiency upgrade and structural safety could be achieved through
a dual-use of the same elements. The first integrated retrofitting applications appears to be the pioneering
work by Takeuchi et al. (2005; 2006; 2009) on “integrated facades’, consisting of the combined application
of a shell exoskeleton, using Buckling Restrained Braces for seismic strengthening that can act as shading
devices for reduced solar gains, leading to improved seismic safety and reductions in cooling energy
consumption up to 10.7% (Misawa et al,, 2016).

Optimised diagonal steel grids (“diagrids”) for integrated retrofitting of RC buildings may be seen as an
evolution of this initial idea, with recent proposals by Labo et al. (2016; 2020a; 2020b) and D’Urso and Cicero
(2019). From the structural point of view, the diagonal members are designed to transfer and dissipate seismic
forces from the buildingfloor diaphragms to the diagrid and its foundations. The diagrid retrofit can then be
easily combined with other facade elements (e.g. solar modules, vegetation, insulation or shading), as illustrated
in Figure 7, to offer integrated solutions for structural, energy and architectural improvements. The latter is of
special interest in the context of the New European Bauhaus initiative, bringing together sustainability and high
aesthetics. Another advantage of diagrids from a life cycle perspective is the possibility of using reusable,
repairable, adaptable and fully demountable elements.

“Masonry buildings are less compatible with exoskeletons due to their higher stiffness, hence needing robust auxiliary structures to subtract
a significant amount of seismic forces from the existing structure.
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Figure 7. Different design options for a holistic upgrading of RC building with a diagrid exoskeleton.

Source: D’Urso and Cicero, 2019 (CCBY 4.0).

Rather than using steel-based shell exoskeletons, Manfredi and Masi (2018) proposed the use of additional
external RC frames combined with masonry infill walls to improve the thermal transmittance of the building
envelope. In more demanding climatic zones, these infill walls can be complemented with other energy
efficiency solutions. The external RC members can be designed to provide adequate strength and stiffness
according to local seismic requirements. Note that instead of a cast-in-place external RC frames, precast
auxiliary RC frames, such as the High-Performance Dissipating Frame system (Manfredi et al,, 2021; Manfredi
et al, 2018), may also be used, reducing labour time on site.

Pertile et al. (2018; 2019; 2021) recently developed and tested an external shell system, which consists of a
thin RC wall cast in-situ between pre-assembled layers of insulating material, functioning as permanent
formwork (Insulated Concrete Formwork). It is suitable for both masonry and RC buildings and is conceived
to be applied only on the external side of the building, to lower the disruption caused by the temporary relocation
of tenants during the intervention works. The RC wall is the structural part of the system, providing adequate
seismic resistance to the existing structure, while the formwork provides additional thermal insulation to the
building envelope. A similar solution has been proposed by Pozza et al. (2021), where a tightly spaced, cast-in-
place external RC frame system is combined with prefabricated EPS modules, which provide the formwork for
casting theRC frame, as well as being the energy retrofittingcomponent, acting asa double-skin for the existing
building.

It isimportant to consider however, that forany of the proposed solutions, buildingan exoskeletonis not always
feasible, e.g. due to lack of space in the case of densely built-up areas (Santarsiero et al,, 2021). Furthemmore,
as the seismic forces are typically transferred from the existing building to the exoskeleton by means of
connections at the floor level, exoskeleton interventions may not be effective when the horizontal diaphragm
is not stiff. An additional limitation for exoskeletons is the significant change of the external appearance of
structure, causing the highest architectonical impact, which may render the intervention inapplicable for certain
types of buildings (e.g. cultural heritage buildings).

However, in the cases where the application of exoskeletons for building renovation is possible, it can generate
benefits of reducing building occupant disruption (being applied outside only), minimising post-earthquake
building downtime, elongating the building structural service life and reduce the environmental impact
associated withseismicdamage over the buildinglife cycle (Marini et al, 2017). When the constitutive elements
of steel-braced exoskeletons or precast RC auxiliary frames are easily demountable and repairable, additional
benefits throughout the building life-cycle are generated. Moreover, exoskeletons give the possibility for adding
new storeys or balconies and to change the external appearance of the building and hence its aesthetics. This
makes the exoskeleton solution of particular interest to the New European Bauhaus initiative (COM (2021)573).

2.2 Integrated interventions on existing building envelopes

Many combined renovation strategies target the existing vertical building envelop elements (e.g. infill walls or
structural masonry), as these typically contribute largely to their vulnerability and energy transmittance. In such
interventions, a structure can be strengthened by intervening on the existing envelope while the addition of
thermal insulation can contribute to reducing energy consumption. In the scientific literature, three main
intervention avenues have been identified: (1) application of composite materials; (2) use prefabricated panels
(cement-based or timber-based), or finally (3) the local strengthening of the existing openings integrated with
upgrading of the old fenestration.
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For all envelope strengthening solutions, a careful evaluation of the foundation and frame elements needs to
be carried out, as the increase in base shear capacity and a potential increase in shear forces acting on the
existing frame, mean that additional strengthening may be required. Within the context of the New European
Bauhaus, it is also interesting to note that the proposed retrofitting solutions can be combined with dif ferent
modern cladding solutions to modernise the architectural appearance of a building.

2.2.1 Strengthening of existing infill or masonry walls with composite materials

Given that the existing building envelope of older RC and masonry buildings are often structurally and thermally
deficient, an obvious choice for combined retrofitting is strengthening and insulating external walls of these
buildings. Of particular interest are well-tested strengthening solutions using composite materials, which can
improve the structural integrity of exterior walls. A summary on the use of such materials in seismic
strengthening is provided in (Pohoryles and Bournas, 2020a; 2020b; 2021).

Composite materials for structural strengthening range from textile-reinforced mortars (TRM), fibre-reinforced
polymer (FRP) sheets, which are bonded using epoxy raisins and engineered cementitious composites (ECCs) or
steel fibre reinforced mortars (SFRM), using short fibres dispersed in a mortar, to steel meshes for reinforcing
thin layers of plaster. TRM, made of (high strength) lightweight textile fibre reinforcement (e.g.: carbon, glass or
basalt) combined with cementitious mortars, has gained much attention in recent years for their use in
integrated seismic and energy retrofitting of building envelopes.

As shown in Figure 8, Bournas (2018b) explored the avenues of TRM for structural-plus-energy retrofitting
solutions, proposing the combination of TRM with different, conventional or advanced, thermal insulation
materials (e.g. TRM + Polyurethane (PUR), TRM + Extruded polystyrene (XPS), TRM + Aerogels, etc.), or the
integration of capillary tube heating systems within the TRM. Different combinations can be used to provide
improvements in structural, energy and (potentially) fire behaviour in one integrated application. Such a system
can be used both in framed buildings (RC, steel) with masonry infills and in load-bearing masonry structures.

Figure 8. Possible configurations of TRM and energy upgrading solution: a) Infills and RC structure retrofitting with TRM,
b) Insulation of a building envelope, c) TRM + capillary heating tubes and d) TRM + thermal insulation material
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Numerous experimental studies on the applicability of TRM or SFRM with thermal insulation have shown the
adequacy of such solution for the combined retrofitting of existing RC (Baek et al,, 2022) masonry buildings
(e.g.: Triantafillou et al,, 2017; 2018; Giaretton et al,, 2018; Gkournelos et al,, 2020; Karlos et al., 2020; Facconi
et al, 2021). These studies have also highlighted the good behaviour of TRMand thermal insulation atincreased
temperatures, as well as under in- and out-of-plane loading. This type of solution is also currently investigated
on a full-scale building currently undergoing testing at the JRC's ELSA laboratory within the iRESIST+ project
(Pohoryles and Bournas, 2021; Kallioras et al., 2022), as shown in Figure 9.
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Figure 9. (a) iRESIST+ combined retrofitting with TRM and thermal insulation. (b) Prototype structure at the ELSA facility
of the European Commission, Joint Research Centre (JRC).
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The economic feasibility of combined TRM and thermal insulation solutions was evaluated by Bournas (2018)
and Gkournelos et al. (2019), showing that an integrated retrofitting system is more cost-effective in the long
run compared to an energy upgrade solution alone, especially for structures with higher seismic risk (vulnerable
structures or high seismic hazard). Applying TRM at the same time as thermal insulation in a combined retrofit
can be consideredmore cost effective then separate energy andseismicinterventions, asit reduces labour ime
and construction costs, both in terms of scaffoldings and surface preparation.

Pohoryles et al. (2020) assessed the effect of this combined retrofitting scheme with respect to reducing CO;
emissions of the EU building stock by applying different annual renovation rates (1, 2 and 3%). The building
stock of twenty European cities with different seismic hazard (five seismic zones) and climatic conditions (four
climatic areas) was assessed through a combined seismic and energy performance analysis. In order to achieve
ambitious energy saving and greenhouse gas reduction targets for 2030, it was found that the current average
renovation rate of 1% has to at least triple (3%). To achieve such acceleration in renovation rates, it was
highlighted that the integrated approach is more cost-effective in locations of medium to high seismicity
compared to energy retrofitting alone.

A further addition to the cost-effectiveness of TRM-based solutions is the possibility to be applied on the
external side of existing infill walls only> which would avoid downtime and residents’ relocation. The extemal
intervention, however, modifies the facade of the building, which may not be suitable for buildings of
architectural and historic value, or located within historic centres. For existing RC buildings this is very often not
an issue or may even have a positive impact on the building regeneration from an aesthetic point of view.

2.2.2 Prefabricated integrated panels

An alternative integrated retrofitting approach for existing external walls is the use of prefabricated panels.
These can be configures to achieve seismic strengthening and energy upgrading at the same time in the same
intervention. The advantage of prefabricated panels compared to the previously described strengthening
techniques is that they can be applied faster onsite, reducing the time and cost of the intervention. Two general
types of panels can be differentiated: (1) cement-based panels; or (2) timber based panels.

Textile-based precast retrofit panels (Textile and Capillary tube Composite Panel or TCP) have been
investigated in the framework of the international joint research collaboration projects iRESIST+ and SEP+®
between the JRC and KOCED CMI”. As shown in Figure 10, a capillary tube system for active heating of walls,
is attached to a carbon textile, used for strengthening, and embedded in a layer of mortar to produce a precast
panel (Choi et al, 2020; Bae et al, 2021; Baek et al, 2022). Instead of capillary tubes, Sousa et al. (2021)
created precast sandwich panels using thermal insulation (XPS or EPS) within thin faces of recycled-steel-fibre
reinforced mortar.

® Depending on the initial seismic performance of the building and the quality of masonry, a double-sided intervention may be required.

6 SEP+: Development of Textile-reinforced mortar & Capillary tube Panel retrofitting technology to simultaneously improve Seismic and
Energy Performance of the existing buildings

7 Korea Construction Engineering Development Collaboratory Management Institute
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Figure 10. TCP combined seismic and energy retrofitting panel, (a) composition; (b) application on a masonry wall.
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Instead of pre-cast cement-based panels, engineered timber solutions such as cross-laminated timber (CLT)
panels and oriented strand boards (OSB) have recently gained traction for their use in integrated seismic and
energy systems for either RC buildings (Stazi et al,, 2019; Margani et al, 2020; Smiroldo et al, 2021) or load-
bearing masonry buildings (Dalla Mora et al,, 2015; Valluzzi et al,, 2021; Busselli et al, 2021). In the framework
of sustainable and resilient construction, timber presents important properties: high structural strength, good
thermal insulation, sound absorption, low weight and ease of assembly (reducing on-site work and building
downtime), full recyclability and reduced embedded-CO; (Asdrubali et al, 2017; Nocera et al,, 2018).

The use of CLT infill walls for the seismic and energy retrofitting of RC buildings has been conceptualised by
Stazi et al. (2019), where the proposed retrofit achieves increases in overall lateral stiffness of existing RC
frames while at the same time, improving energy efficiency through external insulation (PUR panels) directly
connected to the 3-ply CLT panels. In Figure 11, a similar proposal by Margani et al. (2020) is shown, where
prefabricated CLT panels are connected to masonry infill walls using seismic energy dissipation devices to
achieve a combined energy, seismic and architectural renovation of existing RC buildings. Energy upgrading is
achieved by adding a layer of bio-based insulation materials (e.g. hemp, cellulose, sheep wool etc) within the
panels, and by providing new high-performing windows and a ventilated facade system. Note however that
these systems are still in a conceptual phase and have not yet been tested.

The use of prefabricated panels generally reduces onsite work and hence also the associated downtime, while
the invasiveness of such interventions is dependent on the possibility to carry out the works from the outside
of the structure. The effectiveness of the prefabricated panels in strengthening a building depends on the
reliability of the structural connections between the panel system and the original structural elements, which
may require additional works if the substrate quality is very low, hence prolonging the duration of the
intervention, increasing costs, depending on the selected ancillary intervention.

Figure 11. CLT panels used as external reinforcement in RC frames: (@) Components of the proposed retrofitting system,;
(b) External installation of prefabricated timber panels with ventilated facade system.

(b)

wooden-framed

| ~ lateral connection
©  systems

existing outer wall

Source: Margani et al. 2020 (CC BY 4.0).
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2.2.3 Strengthening of openings with structural frames with fenestration replacement

Particularly for unreinforced masonry (URM) buildings, integrated retrofitting of masonry walls with openings
(e.g. for windows or doors) through replacing old windows and doors while also introducing a steel frame for
strengthening the opening (Figure 12) may be particularly suitable. Structural steel window frames have been
recently shown to improve the seismic behaviour in tests on individual masonry wall specimens (Proenca et al,
2019; Ofia Vera et al, 2021). The auxiliary elements work in parallel with walls and provide a beneficial
confiningeffect to the surrounding masonry, increasing the in-plane shear strength and stiffness of the existing
masonry wall. An alternative to the structural steel window frame solutions are hybrid CLT and load-bearing
laminated glass facade elements (Zamic et al, 2020).

Figure 12. Strengthening of openings with structural frames with fenestration replacement.
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The combination of structural interventions with the complete substitution of fenestration with low-emissive
and airtight ones, may lead to improvements in energy efficiency and structural performance. The area
concerned by the retrofit works is limited around the openings, reducing demolition and reconstruction works.
Disruptiveness can be substantial, as the relocation of occupants and activities in the units affected by the
works is needed. If fenestration replacement is not foreseen, other types of seismic and energy retrofit of the
building may be more effective. Finally, it has to be considered that the intervention effectiveness still needs to
be tested further and may be limited depending on the initial state of the masonry walls.

2.3 Replacement of envelope elements with better performing materials

When strengthening interventions on envelope elements, e.g. masonry infill walls, are not practically or
economically feasible, or the envelope presents poor quality construction or damage, then their replacement
may be an alternative in the case of RC or steel framed structures. Despite their increased invasiveness and
disruptiveness, envelope replacements may also be economically viable in cases when a retrofit would require
interventions on structural elements associated with the need for partial demolition of existing infills.

Replacing existing infill walls with more (seismic and energy) efficient elements allows to improve the
performance of the building to any desired level. Structurally, an infill wall replacement can achieve (1) an
increased stiffness and strength, or (2) increased deformability of the frame through reducing infill-frame
interactions. At the same time, the energy performance can be enhanced through the use of brick units and/or
mortar with better thermal transmittance, and/or the addition of thermal insulation. Independently of the
approach taken, the use of masonry units filled with insulating materials (e.g.: styrofoam) can enhance the
energy performance without adding thickness to the wall. This also includes brick units filled with more
advanced materials, such as aerogels (Wernery et al, 2017) or phase change materials (PCMs), which can be
used for passive thermal control (e.g.: Kant et al, 2017; Saxena et al,, 2020).

23.1 Replacement with stronger and stiffer elements

The replacement of outer infill layers has been proposed by Masi et al. (2017), in which thicker and stronger
clay bricks with a lower thermal transmittance, are combined with an external insulation layer. Artino et al.
(2019), similarly proposed to replace the external layer of double-leaf infill walls with better-performing
Autoclaved Aerated Concrete (AAC) blocks and thermal insulation.. Replacing existing unreinforced masonry infill
walls with steel reinforced masonry constructed from thick perforated clay units, which provide a more
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adequate thermal and acoustic performance, as shown in Figure 13, has been investigated experimentally by
da Porto et al. (2020). The replacement with more robust clay masonry infills has shown reduced in-plane
damage and increased in-plane strength.

Figure 13. Replacement of existing envelope by reinforced masonry (RM) infill walls.
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Source: da Porto etal, 2020 (CCBY 4.0).

Independent of the type of masonry used for replacement, replacing only the external layer of the existing wall
can limit the level of disruption by ensuring operations are carried out mainly from the outside of the building.
Additionally, it is however important to consider that additional strengthening of the existing frames and
foundations may need to be considered when replacing infills with stiffer ones, as the maximum base shear
sustained by the building will increase.

2.3.2 Replacement with deformable or decoupled infill walls

To avoid the issue of increased base shear or potential damage to the RC frame, an alternative option for infil
wall replacement are infills (1) fitted with deformable or sliding joints or (2) decoupled from the frame as
illustrated in Figure 14 (a) and (b), respectively. Instead of increasing the stiffness and strength of the frame,
a more ductile behaviour with higher deformability, closer to that of a bare frame structure, can be achieved.

Figure 14. Replacement with decoupled infills: (a) using sliding joints; (b) provision of a gap.
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In the first case, the masonry infillis split into subpanels, separated at the mortar bed joints through e.g. special
horizontal sliding joints (e.g.: Morandi et al,, 2018), vertical sliding surfaces (e.g: Vintzileou et al, 2016) or both
horizontal and vertical special deformable joints (e.g.: Verlato et al,, 2016). As for section 2.3.1, the new infils
can be constructed from modern clay brick units to provide adequate thermal and acoustic characteristics, as
well as enhanced durability (Morandi et al, 2018). A mortar-free infill system, in which the brick units are
connected through joints made from recycled plastic instead of mortar has been proposed by Vailati et al.
(2018), where the joints are designed to additionally support thermal insulation panels (e.g. EPS).

The alternative approach in Figure 14 (b) uses a layer of soft and deformable materials between the frame
and the masonry enclosure to uncouple the infill panel and reduce infill-frame interactions, hence controlling
damage. An example includes cellular polyethylene strips used to isolate infills from steel (Tsantilis and
Triantafillou, 2018a) or RC frames (Tsantilis and Triantafillou, 2018b), which was shown to eliminate frame-
infill interaction and prevent damage for small to medium levels of drift. These cellular materials are however
fully compressed during larger intensity earthquakes, i.e. when in-plane drifts increase, allowing to activate the
infills and increasing the strength and stiffness of the tested frames. Marinkovi¢ and Butenweg (2019) applied
asimilarapproachusingelastomers alongthe sides andtop of the infill walls, constructed with highly thermally
insulated clay bricks.
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2.4 Interventions on floor diaphragms and roofs

In older buildings, and masonry buildings in particular, floors and the roofs are often made from timber joists
and wooden planks or one-way steel beams with large flexural deformability and low in-plane stiffness,
requiring stiffeninginterventions for an improved seismicbehaviour (Gattesco and Macorini, 2008). At the same
time, in older buildings these elements are often not (or inadequately) thermally insulated. To overcome this,
combined interventions on horizontal elements could be particularly compatible in the sense that the
invasiveness, spatial overlapping and scale of application is very similar for both seismic and energy upgrades.
Despite this, specific technologies for the integrated retrofitting have not yet been investigated.

Giuriani et al. (2016) proposed a technique for the recovery of historic wooden roofs similar to the schematic
view presented in Figure 15. The retrofit consists of a thin shell overlaying the existing roof pitch rafters and
planks. Each pitch plane is transformed into a diaphragm composed of pitch joists, by perimeter chords and by
web panel overlaying the existing planks. To ensure energy improvement a ventilating secondary structure is
added. Basirico and Enea (2018) combined steel hooping as structural intervention on a roof with the use of
insulation panels for energy upgrading the existing historic structures.

Finally, in the Nested Building retrofit (Valluzzi et al, 2021) it was proposed to substitute existing floor slabs
with CLT floors, hence reducing the seismic mass of the structure, as well as providing thermal insulation.
Similarly, the existing roof structure can be demolished and rebuilt or be complemented by an internal
CLT+thermal insulation layer.

Figure 15. Schematic views of the thin-folded shell combined with ventilating layer for existing wooden roofs.
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The invasiveness and disruptiveness of interventions on the horizontal elements of a building, however, are
generally high, particularly in the case of intermediate floors. Relocation of residents is always needed for
interventions on floor diaphragms, and, depending on the side of intervention (intrados or extrados), it is often
necessary to relocate residents of two different floors simultaneously. For interventions on the roofs, downtime
may be reduced and the relocation of residents may be avoided, depending on the presence of an attic floor
and accordingto the type of intervention,i.e.if theintervention is carried out above the existing structural layers
ornot.
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3 Comparison of identified technologies

In this Section, a brief comparison of the effectiveness, costs, level of invasiveness and downtime, as well as
the environmentalimpact of the identified retrofitting strategies is presented. This comparison is however only
indicative and is by no means proposed for the time being as a decision-making tool for selecting retrofitting
options. The presented information is based on a detailed evaluation of combined and integrated retrofitting
technologies (Pohoryles et al., 2022a).

In Table 1, different criteria for comparing the retrofit technologies are summarised. Note that this table should
not be seen as a means to select integrated retrofitting technologies, but rather as an overview of the current
state of development of said technologies. Improvements in seismic safety and energy efficiency are classified
by level of effectiveness reported to date. Note that next to improvements in thermal transmittance, integrated
retrofitting strategies may also be coupled with other techniques to increase the energy efficiency of a building
(e.g. integration of photovoltaics, replacement of heating/cooling system, etc.).

The evaluation of relative costs and environmental impact was performed on a three-storey RC building serving
as a baseline for analysis. The environmental impact of the proposed technologies was evaluated through a
simplified assessment® of embodied carbon (cradle-to-gate) of the materials only, i.e. excluding the embodied
carbon of transportation and retrofit construction (along with potential demolition and waste). The simplified
analysis should hence be seen as illustrative only, and not comparative among the integrated techniques.

Next, the level of invasiveness is considered as the degree to which the existing building appearance and
characteristic is affected, hence providing a measure of architectonical and functional impact. Solutions with
lower invasiveness are hence those that affect the character and appearance of the building less. Typically, the
higher the invasiveness (and cost) of the intervention the higher its effectiveness. For a specific application, this
should be calibrated through a cost-benefit analysis. Instead, the level of disruptiveness reflects the duration
of the intervention, business downtime and the necessity for residents’ relocation. Here, the least disruptive
interventions are those related to the construction of new structural elements or those reinforcing existing
facades (outside the existing structure) devoted to absorbing seismic actions or providing thermal insulation.
Finally, the type of integrationbetweenthe seismicand the energyretrofitis also presented, indicating if seismic
plus energy retrofitting is achieved by a single element (integrated) or two elements working in parallel
(coupled).

Table 1. Summary comparison of different seismic-plus-energy retrofitting strategies.

Structural | Energy Impact on Invasiveness Level of Level of
upgrade | upgrade environment disruption Integration
Exoskeleton Coupled/
systems Integrated
Coupled/
TR.M+ thgrmal Medium Medium Low-Medium
insulation Integrated
Strengthening of ) ) ’ ’
openings + + Medium Medium Medium Medium Coupled
. ~ Coupled/
T’mb; eb[csjsed ++ ++ Medium Low-Medium Medium Low-Medium
p Integrated
Replacing envelope
Interventions on Low-Medium Coupled
floors or roof

8 Details of the calculations and data used can be found in (Pohoryles etal, 2022a).
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4 Conclusions

Within the EU Green Deal, the recent launch of the Renovation Wave initiative has put importance on increasing
building renovation rates to achieve significant reductions in CO; emissions from the built environment. Energy
renovations alone may however not be sufficient, particularly in the seismic regions of Southern Europe, as
shown by recent earthquake events which have caused significant economic losses due to damage to the
vulnerable elements of the building stock To tackle the seismic vulnerability and energy efficiency of older
deficient buildings, both structural and energy upgrading is hence required.

A number of economic feasibility studies have highlighted the potential economic benefits of combined
retrofitting compared to energy upgrading alone in at least moderately seismic regions of Europe. To achieve
combined or integrated retrofitting, a number of materials and technologies have recently been proposed in the
scientific literature, and a review and analysis of recent developments was presented in this report. Four main
types of interventions were identified: (1) integrated exoskeleton solutions; (2) integrated interventions on the
existing building envelope; (3) replacement of the existing envelope with better performing materials; and (4)
interventions on horizontal elements. A brief comparison of their costs, invasiveness and related business
downtime, as well as the environmental impact of the materials used was also presented.

The first category of solutions investigated are exoskeletons, which include shell-grid solutions, from simple
braces combined with solar shading, to material-efficient diagonal steel grids (diagrids) integrated with
different kinds of thermal panels (BIPV, shading or thermal insulation). Other integrated exoskeleton solutions
include the addition of insulated RC walls, as well as RC frames integrated with thermal insulation panels or
with masonry infills. In shear wall exoskeletons the energy efficiency intervention, e.q. green facades,
photovoltaics or shading devices, can instead be supported by the external structure and may also be used to
increase the existing living space. Exoskeletons may not always be applicable, as they require an additional
foundation system and often additional space around the building. Such solutions also significantly change the
external appearance of structure, which may not be possible for certain buildings, but in other cases it may be
a desirable architectural upgrade, e.g. in the context of the New European Bauhaus.

For masonry and RC buildings a number of integrated interventions on their existing building envelope
have also been found in the literature. The most mature approach, with several experimental validation studies,
is the strengthening of external walls with composite materials (in particular TRM) which can be combined with
thermal insulation within the same intervention. Structurally, TRM-retrofitting of URM walls and masonry infills
can significantly improve their in and out-of-plane capacity. TRM-based integrated retrofitting brings the
advantage of external application and low disruptiveness, together with very high cost-effectiveness and low
environmental impact. Using prefabricated panels to strengthen the existing envelope of a building, e.g. using
TRM/TRC-based panels, integrated with thermal insulation, PCM or capillary tubes, as well as timber-based CLT
or 0SB panels with thermal insulation, have also shown to be promising. Prefabricated panels bring the
advantage of reduced construction time, increased modularity and the potential for full integration of the
structuralandenergyelements. A final approach forintegrated retrofitting of existingwalls, is the strengthening
of existing openings combined with the provision of new windows. Structural window frames can stiffen the
structure while improved glazing surfaces (e.g. double- or triple-glazing or other modern fenestration options)
additionally provide improved thermal performance.

Replacing the external building skin of masonry-infilled RC buildings provides an alternative solution in
which existing infills can be either (1) replaced by stronger and more thermally insulating bricks; or (2) replaced
by deformable or decoupled infill walls. Additional thermal insulation is typically required to achieve higher
levels of energy efficiency, while the use of bricks made from sustainable materials or filled with themmal
insulation may help to reduce their environmental impact. Itis worth notingthat replacing the external envelope
is a very invasive anddisruptive solutionthatis not always applicable. Finally, only limited studies have explored
combined interventions on horizontal elements, ie. roof and floors even though a high potential for
integration of seismic and energy interventions would exist. One example presented is the construction of an
entirely new inner shell for improving the seismic performance and energy efficiency of (historic) masonry
buildings, where the existing floors are replaced with CLT boards and CLT panels with thermal insulation are
applied at the roof level.

Overall, despite combined retrofitting being a relatively new field of investigation, quite a number of research
studies have already been published the last 5-7 years. Still, further work is required for such combined
retrofitting schemes to become viable renovation solutions. For instance, only limited technologies have been
tested experimentally as combined or integrated solutions, such as the experiments on TRM + thermal
insulation, while in most cases the seismic performance and energy efficiency improvements have been tested
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separately and their integration has only been assessed through numerical models. Moreover, there is a need
to investigate, test and develop more fully integrated retrofitting systems. Since the renovation of the existing
building stock needs to start imminently, realistic and easy-to-adopt applications will be much more likely to
have an actual impact. Combined with novel applications on existing buildings, will demonstrate the ful
potential of this approach. The roadmap towards a carbon-free EU definitely includes the renovation of our
aged building stock and combined retrofitting techniques are of high timeliness in this respect.
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