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Abstract: Energy loss has not been addressed effectively by policies introduced to encourage the
preservation and enhancement of historical structures. Material and other constraints, together
with safety standard improvements, do not always guarantee adequate levels of environmental
performance. An optimization of retrofit measures to align with new uses, new standards of comfort,
and energy saving are needed, as are studies based on new best practices for the enhancement
of architectural heritage. This paper presents a method that uses dynamic models tared on
non-destructive surveys, and based on compatible energy and structural interventions derived
from preliminary analyses integrated into special design tools. Energy simulations were carried out
using Design Builder (6.1.5.002, Designbuilder Software Ltd, Stroud, UK) software. The case study is
a former hospital, S. Salvatore, in L’Aquila, an architecturally important building, severely damaged
by an earthquake in 2009. The methodology presented in this research includes in-depth investigations
coherently systematized into a multi-scenario output using simulation software. The results guarantee
a high level of compatibility with restoration and seismic guidelines, and new building environmental
performance requirements.

Keywords: architectural heritage; energy optimization; retrofit methodology; modeling;
dynamic simulations

1. Introduction

Existing buildings are responsible for 34% of global energy consumption and 19% of global
energy-related greenhouse gas emissions [1,2]. In Europe, the building stock accounts for 41% of
CO2 emissions [3] and this figure is expected to continue to rise [4,5]. The EU has introduced
legislation to boost energy performance in buildings: the Energy performance of buildings directive
2010/31/EU (EPBD), the Energy efficiency directive 2012/27/EU [6,7], and most recently, the revised
Energy performance of buildings directive 2018/844/EU, which introduces new elements to modernise
the buildings sector in light of technological advancements, and measures to accelerate and encourage
building renovation [7]. Amongst existing buildings, historical ones have the greatest potential in
terms of improving environmental performance and consequently best practice methodologies for
their restoration and requalification have been the focus of a lot of international research [3,8–11].

One of the main points of reference for best practice is the International Council on Monuments
and Sites (ICOMOS). In 2003, ICOMOS defined the ‘Principles for the analysis, conservation and
structural restoration of architectural heritage’ publishing a charter and related guidelines [12] based
on the principles enshrined in the 1964 Venice Charter [13]. These guidelines address issues related to
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the conciliation of structural and conservation needs. These documents represent a fundamental vade
mecum for designers in the restoration and enhancement of cultural heritage, however they do not
address the environmental issues that we face today.

The European standard EN-16883 [14] is also an important tool in retrofitting, and there are
numerous guidelines for energy retrofitting of historic and traditional buildings [15] but there are
still a number of difficulties reconciling the need to improve performance with those of safeguarding
the historical patrimony. In fact, one of the reasons behind the scarce improvement in the energy
performance of existing buildings is that current legislation does not take into account the complexity
of interventions on structures making up the architectural heritage [15]. The shortcomings highlighted
in official national and international guidelines have prompted research into retrofit methodology,
investigating best practice and optimization procedures.

Previous research has looked at the impact of retrofit actions [10,16] by comparing and developing
procedures and protocols [15,17], and studying the effectiveness of recent government energy
policies [18–20]. Numerous studies have been based on modeling and dynamic simulations to
verify the expected outcome of retrofit interventions [16,21–24] whilst others have confirmed that
basing simulation models on in-situ analysis and non-destructive surveys-performed with thermal
cameras, sonic tests and thermalflowximeter–is a valid means of obtaining reliable results [21,22,25].
In short, many studies highlight the need to identify new design methodologies rather than new retrofit
techniques, and put forward various solutions [15,16,26–28]. One interesting piece of research [29]
also worth mentioning puts forward a best practice interdisciplinary methodology with a focus on
economic feasibility.

However, these studies lack energy-optimized procedures that take into account restoration
issues, damage and decay evaluations, compatible with structural interventions. Furthermore, they do
not tackle conflicting aspects: some procedures focus on energy gain without cross checks for
constraints [26] or evaluating transformability in terms of value or damage [27]; whilst others prioritize
the payback period [16]. Overall, there is no mention of the combined effect of decay and structural
damage on the energy retrofit procedure and restoration.

Indeed, structural and restoration interventions have a great impact on the choice of retrofit
measures, determining the typology and extent. This is especially relevant in Italy where earthquakes
cause significant damage requiring large-scale interventions that can incorporate significant energy
solutions, unlike non-seismic areas where massive interventions may not be acceptable or feasible.
Given Italy’s position on the UNESCO World Heritage Sites list [30] and its susceptibility to seismic
events, it is an excellent source of case studies for new retrofit procedures combining restoration with
structural/energy improvements.

The aim of this research is therefore to define a retrofit methodology that incorporates and
optimizes the previously mentioned guidelines and research into a single procedure. This methodology
will take into account the preliminary analyses of the case study, the energy audit and the state
of damage and vulnerability (structural and non-structural) of the building, to define intervention
strategies compatible with all retrofit aspects. The last step in the process is an energy simulation for
the compatible scenarios identified and is based on a model built using non-destructive surveys.

As mentioned earlier, the methodology presented is applied to a former hospital, belonging
to the University of L’Aquila. The building represents a particularly interesting challenge given its
historical and social value, the extensive restructuring needed as a result of the damage it suffered
in the 2009 earthquake, and the plans for its future use: a student residence with numerous areas
intended for cultural and leisure activities. Its current state has been the subject of much study and
research, including cost-benefit analyses [31–33]. Accordingly, this paper represents the last step in
this research process: the definition of a scientific pathway for its rehabilitation.
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2. Materials and Methods

This section describes the context of the intervention in terms of the masonry/structure reference
type and the methodology followed. The tools necessary for identifying the correct methodology and
optimizing retrofit procedures are also described.

2.1. Historical Masonry Building: Constraints and Improving Performance

Natural stone is one of the most ancient materials used in building construction and there are
a significant number of historical centres characterized by this material, which contributes not only to
the identity of the city, but also its territory and landscape. A number of these historical centers are
listed among the UNESCO world heritage sites [34]; in Italy, the Ministry of cultural heritage (MiBAC)
extends the concept of “monumental buildings” to ordinary historical buildings that together form
ancient villages as well as small, historical towns that constitute and reflect Italy’s cultural heritage [35].

In recent years, a number of methodologies have been developed to retrofit and preserve historical
masonry buildings and some of these techniques are based on the re-use of the same building materials
used in the construction of these ancient envelopes [36–38]. In Italy, where most of the historical
masonry buildings are constructed in high seismic risk areas, effective reconstruction techniques are
used in the extensive re-building of towns after earthquakes. However, now, designers and structural
engineers are also tasked with finding methods for preserving historic buildings in line with a Directive
on cultural heritage [39] and to new technical standards (NTC 2018, Decreto Ministeriale 17 January
2018) [40]. Further legislation, the Decreto Ministeriale 11 October 2017 [41], has also defined minimum
environmental criteria for public buildings, establishing new standards aimed at reducing land use
and environmental cost.

The case study presented in this paper presents a number of challenges being a protected,
public architectural complex with an unusual masonry construction: rows of bricks, reinforced
with concrete pillars. This latter feature is of particular interest as its thermal and environmental
characteristics combined with structural performance have never been investigated.

2.2. Historical Analysis, On Site Investigations, Non-Destructive Techniques and Simulation Software:
Too Many Tools for a Coherent Retrofit Approach?

The main challenge of this research was to draw together very different approaches to restoration
with the aim of ensuring an optimization of environmental issues in architectural heritage retrofitting.
ICOMOS guidelines [13] set out to protect the cultural heritage: this research complies with these
indications but also goes one step further: enriching the procedure with the use of additional diagnostic
and control tools to improve environmental performance. ICOMOS guidelines are followed both in
the sub-division of the project into iterative steps and in the use of an “overall integrated plan” and
“program of control” that can be updated during the project and translated into specific design tools,
described below.

The traditional approach to this type of project usually involves different professional figures:
historians, restorers, structural engineers, and energy planners. This results in a large number of
different analyses that can lead to contrasting interventions. The methodology proposed in this paper
ensures the results of the various analyses communicate through tools that can harmonise approaches.
This allows the designer to make choices that are coherent and compatible with all the identified
project needs. The tools used consist of a values/transformability map, a project strategy map and
environmental performance forecasts from energy simulations scenarios.

The first two tools are simple but essential and are used to carry out a critical analysis of the results
of investigations into the building’s current state, and to provide general clear, design guidelines,
in line with ICOMOS principles. The third tool, on the other hand is specific to our research. Dynamic
simulations have been used for many years to predict the behaviour of buildings from an energy
point of view and therefore to guide design. These simulations require modeling of the architectural
and construction characteristics of the artifact, which are often elementary geometric schemes of the
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building under investigation. Dynamic simulations of this type are mainly used in new construction
or to understand the effectiveness of single devices or single functions of a building: energy supply of
HVAC (heating, ventilation and air conditioning) systems, greenhouses, ventilated facades, ventilation
chimneys, courtyards, open spaces etc.

In the case of architectural heritage, in which buildings are always the result of a complex
stratification of materials and construction techniques, the simplification of the models for dynamic
simulations risks generating unreliable outputs [42]. Hence, in our method, modeling is enriched
and supported by the analyses carried out during the preliminary investigation. By knowing the
exact transmittance of the historical masonry and identifying defects such as structural discontinuities,
we can generate more reliable models, as confirmed by authoritative scientific research that has used
the same software and method [21,22,25]. The software used for modeling and performing dynamic
simulations is Design Builder, the most used Energy Plus graphic interface. Although not the most
sophisticated software available, it is a straightforward tool that is popular among scholars and
practitioners, hence the reason for our choice of this tool in this research.

2.3. Methodology

As mentioned above, our main aim was to define a simple methodological path to guide a designer
in the retrofitting of architectural heritage. This methodology takes different design approaches
and produces intervention solutions that take into account all aspects of the process, including
conflicting ones.

In fact, conflicting aspects often emerge in the specialized analyses carried out to gain an in-depth
understanding of the building in its current state. This step usually involves a number of specialists
from varying disciplines as historical, visual, constructive, structural and energy analyses are all
required to define appropriate interventions.

A tool that is capable of assimilating this information into a coherent system is therefore invaluable.
In our methodology, this tool is a values/transformability map. This interactive map assigns to
constraints and features of value found in the building, a specific degree of transformability to be
achieved by the intervention: so retrofit solutions are guided towards a project compatible with the
restoration aims for the building.

The next stage is the definition of the retrofit objectives: a project strategy tool that must ensure
that the objectives underlying the project are consistent and compatible with the constraints dictated by
the values/transformability map. At this point in the process, we are able to direct the design towards
the optimization of the building environmental performance and avoid conflict with the needs of
static safety whilst safeguarding the building’s architectural value. There are normally a number of
options, however optimal interventions require reversibility, cost-effectiveness and efficiency in terms
of performance, as cost-benefit evaluations cannot be ignored.

Our methodology identifies different scenarios compatible with the preliminary analyses.
The scenarios are tested using dynamic simulations to predict building performance around the
modeling of different project interventions. The accuracy and completeness of the preliminary analyses
enable the construction of simulation models able to provide an output with a negligible approximation
degree for the purposes of the optimal retrofit choices.

The steps involved are summarized below:

Stage 1:

Step 1. Preliminary analyses by specialists: historical investigations, identification of architectural
features of value, visual analyses, non-destructive surveys on the masonry (thermocamera and
thermofluximeter surveys), damage studies, decay state readings, structural analyses, and energy audits.

Step 2. The drawing up of a value/transformability map that defines the features of value to
preserve in each part of the building.
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Step 3. Use of the project strategy map to define any macro-intervention categories common to all
the disciplines involved: partial demolition, the replacement of some portions-structural or not-of the
building, the addition of new elements, etc. This step requires the drawing up of the strategy to adopt
in each part of the building.

Stage 2:

Step 4. The definition of the energy intervention aligned to the established target.
Step 5. The definition of all possible scenarios.
Step 6. Building modeling in line with the various intervention scenarios envisaged and on the

basis of the results obtained from the preliminary analyses.
Step 7. Energy simulations for each model and scenario envisaged.
Step 8. Critical analysis of the results for the choice of the configuration according to cost-benefit criteria.
Step 9. Definition of the best retrofit intervention for the case under study.
The steps are divided into two stages as the first stage refers to operations that underlie any project

output (structural retrofit, energy retrofit and restoration) whilst the second stage identifies optimal
solutions for energy requalification.

The steps are mutually dependent, and this is highlighted in Figure 1.
The methodology allowed us to identify compatible retrofit interventions and the related scenarios,

outlined later in Section 4, to be applied to the building in its current configuration to safeguard it from
incompatible alterations. Although not recommended by the current guidelines on the energy retrofit
of cultural heritage [43], our methodology also allowed for massive interventions justified in this case,
by structural needs.

It is also worth underlining that energy simulation, step 7, is a tool that does not take into
consideration the safeguarding of architectural features. However, the novelty of the methodology
presented here is the incorporation of energy simulations in a pathway consistent with all the preliminary
analyses and project aims, and this is made possible thanks to the use of values/transformability map
and the project strategy map.

This methodology was tested on a portion of the building that had been extended in 1930. The same
methodology will subsequently be applied to the whole architectural complex as part of a research
project approved by the University in 2019. This research project is the outcome of a feasibility study
on the conversion of the building into a student residence [31] involving the University of L’Aquila and
the Construction Technologies Institute (L’Aquila) of the National Research Council (Italy) to which
the Italian Government has allocated 52 million euros [44].

The methodology described here is the first result on the energy retrofitting of the site and the
process described will ensure an optimization of the environmental performance of the building in
relation to its future use.
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Figure 1. Methodolgy applied in the optimization of energy retrofit interventions.

3. Stage 1, Steps 1 and 2: The Case Study and Surveys

The building under study has been empty since the late 1990s, and the structure has fallen
into a state of disrepair, aggravated by the damage of the earthquake that struck the city in 2009.
The building complex, owned by the University of L’Aquila, is part of a larger project that involves
the re-development of the area adjacent to the former hospital with the goal of creating a new
university center [31].

The building underwent numerous extensions and modifications over the years, some of which
were the result of projects and others simply additions to meet functional needs (Figure 2). The evolution
of the architectural complex since 1875 has been reconstructed through site inspections and historical
sources (Figure 3). In 1931, following a period of inactivity, a project to extend the hospital resulted
in the construction of new volumes and renovation of existing spaces. Over the years, up until 1983,
the building complex continued to undergo continuous volume transformations that altered its original
architectural aspect [32].
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Figure 3. Historical evolution of the architectural complex.

It is particularly interesting to note the evolution of construction technology in the extensions
made over the years. Substantial differences were found in both vertical and horizontal closures,
starting from the original nucleus–characterized by load-bearing masonry on uneven stone and floors
with iron beams and brick hollow slabs or solid brick vaults, continuing with the extensions that took
place in subsequent years. The work presented in this paper concerns the extension built between
1931–1939 to house operating rooms, chemistry laboratories, and the obstetrics department and school
(Figures 4–6).

Figure 4 shows the resulting extension: a single front aligned with the original position of the
ancient church of Sant’Agnese, one of the few testimonies of the previous monastery, remodeled in
the 700s following a devastating earthquake. The position of the church is thought to correspond to
the right access at the front of the building, while the left access is that to the new extension. In this
historical photo it is possible to recognize characteristic features of the Italian monumental architecture
of the Fascist period: the front was in fact listed by the S.A.B.A.P. (superintendence of cultural heritage).
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Figure 6. First floor and section of the portion of the building built over the years 1931–1939.

This portion of the building has a load-bearing stone masonry: it is a stone rubble work, framed in
double course brick rows every 60 cm in height. The peculiarity of this masonry is the presence
of reinforced concrete pillars inside the masonry, probably to increase its resistance in the areas of
the wards that were once double in height. This construction technology adopted by the engineers,



Energies 2020, 13, 3289 9 of 25

a co-existence of traditional masonry walls and concrete pillars, is innovative as it is one of the first
examples of reinforced concrete structures in the territory of L’Aquila. Interestingly, the insertion of
pillars into the mixed masonry was not permitted by legislation in that period [45]. The slabs are of
two different types: a reinforced concrete slab and hollow block cast in place and a slab made of double
T beams and brick hollow flat blocks with air chambers (Figure 7).
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3.1. Ambiguous Constraints

Constraints on the architectural complex and, in particular, on the extension dating back to the
1930s are ambiguous: the former hospital is defined as ‘of Cultural Interest’ but ‘unverified’. However,
its location within the historical city walls, its vicinity to the historical city center and its age mean that
the building is considered a protected asset. Furthermore, it is testimony to the city’s past and has been
extensively studied and described in numerous texts by illustrious historians and scholars [46–57].

This was taken into account during the design phase, especially when looking at the interventions
to be carried out and their degree of invasiveness in the values/transformability map. After analyzing
the building’s features of values, a degree of transformability was assigned to each structural and
non-structural component. Features of historical, spatial, and cultural value were identified in the
original volume whilst it was possible to establish which sections were simply superfluous additions.

One issue that came to light during this phase was the conservation of the facade in its
openings/solid ratio as the historical plaster was found to be severely damaged. Whilst a particularly
interesting feature of cultural and environmental value to be safeguarded and restored was the internal
courtyard, especially in light of the future use of the structure as a University Pole as this space could
act as an aggregation point. Lastly, the decorative values of the complex lay in the stone surrounds of
the external portals.

3.2. Damage Analysis

The damage analysis of a building, especially after a seismic event, is essential for assessing
its structural state. The crack pattern of the interior and exterior of the building was carried out at
a qualitative level for the evaluation of future consolidation interventions. The crack pattern was
recorded over the floors of the building and on the elevations (including the extension of 1931–1939).
It was possible to examine these thanks to the presence of scaffolding, installed after the earthquake
to ensure the stability of the structure. Vertical structures in most cases had isolated or diffuse deep
cracks and architrave lesions, while horizontal closures had ceiling-wall detachments and deep cracks,
as shown in the Figure 8. On the elevations, there were no significant cracks but widespread lesions at
the architraves.
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3.3. Surface Degradation Analysis

The study of degradation is a fundamental in-situ analysis essential for any kind of
building restoration.

The in-situ analysis revealed a severe state of deterioration. A mapping of the deterioration both
internally and externally was carried out following the UNI 11182 for macroscopic degradation.

Internally, water was the primary cause of degradation in the form of humidity inside the masonry
due to capillary rising, infiltration, and condensation, as shown in Figure 9.
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Externally, stains from rising infiltration, oxidation of metal elements and high water content were
found (Figure 10). Another phenomenon noted was the chromatic alteration from solar radiation and
atmospheric pollutants.
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3.4. The Values/Transformability Map

The building’s varying features of value and the degree of transformability of its components
were identified; these values were then assigned a value (high-medium-low), vertical connections were
assigned construction values and some stone intrados, decorative values.

The transformability of both the envelope and horizontal/vertical connections was then calculated
and the degree of transformability assigned on the map; for example, the east and south elevations are
transformable but only with the respect to the openings of the facade, while floors have a high degree
of transformability.

Cross-referencing the two analyses allowed for the identification of all the elements to be preserved
during the project strategy phase (those with a high level in the map of values and a low level in
the map of transformability) as well as all the elements with high transformability and no historical,
environmental, decorative or constructive value that during the project strategy phase, could be subject
to more invasive interventions or even demolition. The latter is the case for the extensions that took
place between 1956 and 1983, which transformed the volume, without a project, integrating them
into the existing building. In fact, during this time, new volumes were created for purely functional
purposes, altering the design logic that underlies the building complex and distorting the architectural,
typological, and structural aspects. All these superfetations and design incongruities are shown in
Figure 11 and their demolition is planned for the next design step.
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3.5. Energy Audit in the Current State

The energy diagnosis is of primary importance as it sheds light on the environmental performance
of the building and its energy criticalities in its current state and for future configurations.

The envelope was of particular interest as the complex has no HVAC systems. The energy diagnosis
was carried out with non-invasive techniques such as thermographic analysis and thermofluximeter
analysis. The thermographic analyses carried out on the external elevations of the building
confirmed the masonry construction and the presence of reinforced concrete pillars inside the masonry.
The thermographic analyses also identified and located the problem of capillary ascent, which is
a serious factor in the deterioration of internal and external walls [33].

The thermofluximeter analysis is a useful tool for energy diagnosis because it allows the designer
to measure the thermal transmittance (U-value) of a building component quantitatively. The energy
analysis of the actual state of a building is no longer entrusted to a transmittance value calculated
through design data or by analogy with other structures but through a value measured on site. In the
building studied, a suitable room was chosen for the test: a thermoflowmeter Text 434.2 was used,
the monitoring lasted 72 hours in line with the ISO 9869 standard, and the recorded values were
analyzed using Testo ComSoft Professional 4 software (4, Testo SE & Co. KGaA, Titisee-Neustadt,
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Germany). Using the arithmetic mean of the recorded numerical values, the transmittance value of the
masonry was calculated as 1.817 W/m2K [33].

Once all the building data were acquired, a dynamic energy analysis was carried out using the
Design Builder software. A dynamic simulation gives designers a more precise and realistic assessment
of a building’s thermal behaviour compared to a stationary analysis. In a dynamic simulation, all the
variable factors that affect the behaviour of a building and the resulting energy balance are considered:
factors such as the thermal inertia of the envelope, internal contributions, solar contributions and the
change in external climatic conditions. Furthermore, the behaviour of the building is simulated hour
by hour in order to provide an accurate, overall picture.

The weather data for Campobasso, which has similar climatic conditions to L’Aquila, was used
for the construction of the model. The model was drawn using software (Figure 12) and the data for
the simulation described in Table 1 entered. The destination of use was set to "university classroom",
in light of the future plans for the building.
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Table 1. Input data of the DesignBuilder model for the simulation.

Name Value

Climate File
Activity

ITA_CAMOBASSO_IGDG
Classroom-University

Occupancy/Density 0.2034 people/m2

Trasmittance perimeter wall-level 1 1.82 W/m2K
Trasmittance perimeter wall-level 2 1.95 W/m2K
Trasmittance perimeter wall-level 2 2.10 W/m2K

Trasmittance cement-brick slab 0.95 W/m2K
Trasmittance uninsulated floor 1.47 W/m2K

Trasmittance tilted roof 2.70 W/m2K
Trasmittance windows (single glass) 3.10 W/m2K

Window sizes 1.40 x 2.00 m
Parapet height 0.90 m

Window spacing 3.50 m
Mechanical ventilation ON

Heating Natural gas
ACS Natural gas

The results of the simulations are shown in Figures 13–15, and data on the envelope, ventilation,
comfort, system loads, CO2 production, and total electricity and gas consumption under current
conditions but with future use are shown. Significant values of CO2 consumption are evident over the
winter months.
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4. Step 3. The Project-Strategy Map

After analyses of the current state of the building: architectural, energetic (through the simulation
in dynamic regime) and structural (carrying out local checks on the floor masonry and calculating
the centre of mass and the barycentre of rigidity), the results were combined to produce a critical and
global evaluation of the building. In the project strategy map, three macro-categories of criticality
were identified for the current state of the building: spatial-functional, performance and structural
(Figure 16). The spatial-functional criticality included all the superfluous additions identified through
the values/transformability map, and the humidity, found when analyzing the state of degradation.
Critical performance issues included the presence of thermal bridges due to the pillars in the masonry
and to floor curbs; capillary rise of water; high production of CO2; high global consumption undetected
through the dynamic simulation with Design Builder software and the presence of infiltrations, clear in
the analysis of the degradation. Structural criticalities were identified on the floors and walls, besides
the presence of eccentricity between the centre of gravity of the masses and the barycentre of the
rigidities creating torque effects on the resistant elements.
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Compatible retrofit interventions were drawn up by cross-checking structural, energetic and
spatial-functional criticalities with transformability and architectural values.

4.1. Highlighting Compatible Strategies for Seismic Retrofitting

4.1.1. Interventions on Slabs

The compatible design strategies for the seismic retrofit envisage either the consolidation of the
slabs or their demolition and refurbishment, depending on the value and the degree of transformability
corresponding to the specific intervention objective. Hypothetical interventions were studied for both
situations, and evaluated according to their degree of reversibility and invasiveness for consolidation
interventions, and according to the degree of reversibility and compatibility for renovation interventions,
summarised in Table 2.
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Table 2. Summary of the structural interventions studied for the slab.

Compatible Strategies Intervention Reversibility Invasiveness/Compatibility

Consolidation
GFRP nets and bars high medium

Connectors and electrowelded mesh high medium

Refurbishment (new slabs)
New brick slab zero high

EPS slab zero low
Steel floor zero medium

The first option for consolidation was a reinforcement system with GFRP (glass fiber reinforced
polymer) nets and bars, which, combined with mortars of different types, create reinforced slabs that
improve the distribution of horizontal seismic forces and allow the distribution of loads acting on
the floor itself. The second option for a consolidation intervention was a reinforcement system with
specific connectors and electrowelded mesh, useful in case of brick slabs.

Three options were also considered for the demolition and renovation of the floors. The first
solution was the construction of a new brick slab, using the same technology as the old slab, inserting
a slab with electrowelded mesh. The second option was the construction of a one-way or two-way
EPS (sintered expanded polystyrene) slab therefore using a self-supporting formwork, with high
performance thanks to the structural collaboration between sintered expanded polystyrene and metal
profiles. The third option was the construction of a steel floor using profiles and corrugated sheet
metal, reinforced screed casting with electrowelded mesh.

4.1.2. Stone Masonry

For masonry with a medium/high value and a medium/low degree of transformability,
the compatible project strategy was that of consolidation, therefore interventions aimed at increasing
the characteristics of the walls-in particular the resistance to vertical loads-and at re-positioning
the barycentre of stiffness. All the hypotheses proposed, summarised in Table 3, were classified
according to the degree of invasiveness and the degree of reversibility. Given the state of damage of
the building, invasive structural interventions had to be evaluated although they would not allow for
the preservation of all the original elements such as the historical external plaster.

Table 3. Summary of the structural interventions studied for the stone masonry.

Compatible Strategies Intervention Reversibility Invasiveness

Consolidation

New pillars insertion zero high
Injections zero low

Reinforced plaster medium medium
CAM system low high

FRP medium medium
Armed injections low high

Hooping of the openings high medium

Interventions considered were: injections of binder mixtures, an operation that restores or
improves the mechanical characteristics of the wall face; the use of reinforced plaster, a layer of
cement-based material, reinforced with wire mesh and bound to the masonry with steel tie rods;
armed injections in holes inside the masonry; the CAM system (active artifact seams), a reinforced
seam of the masonry with stainless steel strips arranged horizontally and vertically, passing through
the wall thickness and sealed back on themselves; and lastly, applying FPR(fiber reinforced polymer)
foils, fabrics or nets on the structural elements of the construction. An intervention compatible with all
the options described above is the hooping of the openings whilst the last option studied was a less
usual intervention: the insertion of new pillars inside the existing masonry. As mentioned previously,
there are parts of the building with reinforced concrete pillars, so this would give a degree of uniformity
although it is a very invasive intervention.
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4.2. Step 4. Compatible Strategies for Energy Retrofitting

4.2.1. Slabs

For compatible energy interventions, the project strategy adopted was that of integration.
Compliant energy solutions were studied for both existing slabs being consolidated and the substitution
of the existing ones, shown in Table 4. Since this is an energy improvement, there was no obligation to
respect the minimum energy performance requirements imposed by the DM 26 June 2015, but these
values are considered a yardstick for choosing the most valid intervention hypotheses. The city of
L’Aquila is located in climate zone E and, for vertical closures, the limit value for thermal transmittance
is 0.30 W/m2K.

Table 4. Summary of the energy interventions studied for the slabs.

Compatible Strategies:
Integration Intervention

Thickness
(cm)

U-Value Condensation
Risk

Costs
(W/m2K) (€/m2)

Existing slabs

Insulating panel Cork 10 0.343 NO 20–40
Insulating panel EPS 1 8 0.272 NO 8–15

Rock wool 10 0.297 NO 10–19
Insulating Aerogel 1 5 0.264 NO 80–85

New slabs

EPS
4 cm 4 0.41 NO 20
6 cm 6 0.30 NO 20

Aerogel 4 + 2 0.28 NO 20 + 80

Steel slab
Rock wool 10 0.31 YES 10–19
Panel EPS 7 0.30 YES 8–15
Aerogel 5 0.27 NO 80–85

1 The two solutions with better transmittance values with a minimum thickness compared to the other solutions are
Insulating panel EPS and Insulating Aerogel, which have been choosen for the energy interventions on the slabs.

For the intervention on existing slabs, it is essential to know the transmittance value of the element,
equal to 1625 W/m2K for reinforced concrete slabs and hollow block cast in place and 1383 W/m2K for
slabs made of double T beams and brick hollow flat blocks. For both types, four intervention options
were studied: using different insulating panels-cork, EPS, rock wool and Aerogel. The transmittance
value reached, the necessary thickness, the risk of condensation and the cost were calculated for each
configuration. Taking as an example the concrete-brick slab, the first coating proposed was a 10 cm
thick insulating panel in cork of vegetable origin, with which a transmittance value of 0.343 W/m2K
was achieved without the risk of condensation, at a cost of between 20–40 €/m2. For the second option,
an 8 cm thick EPS panel of synthetic origin was chosen: this gave a transmittance value of 0.272 W/m2K
without condensation risk, at a cost of 8–15 €/m2. Inserting a 10 cm insulating panel of rock wool
of mineral origin, the transmittance value was 0.297 W/m2K without causing condensation and at
a cost of 10–19 €/ m2. The last configuration tested was an Aerogel panel of synthetic origin which had
a transmittance value of 0.264 W/m2K.

Energy solutions were studied for each option. For the renovation of the slab and the construction
of a concrete-brick slab, the same solutions explained above were applied. For the bi-directional EPS
floor (the second structural solution shown) three configurations were studied. By choosing a thickness
of 4 cm for the sub-joist, the transmittance value was 0.41 W/m2K. In order to achieve an even lower
transmittance value, the thickness of the sub-frame can be increased: 6 cm gives a transmittance value
of 0.30 W/m2K, or a layer of insulation can be inserted: with an aerogel panel of 2 cm the transmittance
value drops to 0.28 W/m2K. For a new steel floor, three solutions were studied: the insertion of
a stone wool panel, one of EPS and one of Aerogel. The best solution was the Aerogel panel which,
with a thickness of 5 cm, gave a transmittance value of 0.27 W/m2K, unlike the other panels which,
even with greater thickness, were not able to reach this level of performance.
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4.2.2. Ground Slab

Interventions on the floor against the ground are necessary due to capillary ascent. This is a slab
on a gravel crawl space and beaten concrete floor with a calculated transmittance value of 1.47 W/m2K.
The energy intervention chosen was that of integration and therefore the insulation at the extrados of
the slab. Three hypotheses were studied: insulation with an EPS panel, an aerogel panel and through
a crawl space with expanded clay (Table 5). With the 10 cm thick EPS panel, a transmittance value of
0.31 W/m2K was achieved, but with a risk of condensation and a cost of 8–15€/m2. With the second
solution, the 5-cm thick aerogel panel achieved a U value of 0.26 W/m2K, without risk of condensation
but at a higher cost. The last solution was a 30 cm crawl space of clay, reaching a value of 0.32 W/m2K,
without the risk of condensation at a cost of 30–40 €/m2.

Table 5. Summary of the energy interventions studied for the ground slab.

Compatible Strategies:
Integration Intervention

Thickness
(cm)

U-Value Condensation
Risk

Costs
(W/m2K) (€/m2)

Integration

Insulating panel
EPS 10 0.31 YES 8–15

Insulating Aerogel 1 5 0.26 NO 80–85
Crawl space 30 0.32 NO 30–40

with expanded clay
1 The solution chosen for the ground slab is insulating Aerogel. It achieves an acceptable thermal transmittance
value without overwhelming the height of the slab.

4.2.3. Roof

The current roof is made of non-insulated wood with a calculated transmittance value of
2.70 W/m2K. Also, in this case, the solution chosen was integration: inserting the insulation under
the covering. The solutions studied were the three most compatible with the original construction:
cork, aerogel and rock wool panels. Since thickness was not an issue, we found that a 12 cm thick
rock wool panel of mineral origin, achieved a transmittance value of 0.24 W/m2K without the risk
of condensation and at a much lower cost than a 6 cm aerogel panel with a transmittance value of
0.28 W/m2K, whilst a cork panel of 12 cm did not achieve an acceptable transmittance value.

4.2.4. Stone Masonry

Thanks to thermoflowmetric analysis, energy interventions on the masonry were based on
a transmittance value measured in-situ: 1.82 W/m2K. Also, in this case, the values imposed by
Ministerial Decree 26 June 2015 which provide transmittance values for opaque vertical closures of
0.30 W/m2K in the climatic zone E were used as milestones. The intervention design strategies were:
the insulation of the external wall, of both the internal and external wall, and of just the internal
wall only. External insulation has the advantage of reducing the effect of thermal bridges caused
by the presence of pillars but the disadvantage of altering the aesthetic and technological features
of the facades. Internal insulation has the disadvantage of reducing the internal volume in case of
excessive thickness and creating condensation problems, but it is necessary in cases where the facade
of a building is subject to constraints. The three insulation methods were studied using five different
types of insulation, namely EPS, rock wool, Aerogel, vacuum panels VIP (vacuum insulation panel),
and thermal plaster, and evaluated according to transmittance, condensation risk, thickness, and cost
(Table 6).
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Table 6. Summary of the energy interventions studied for the stone masonry.

Compatible Strategies:
Integration Intervention

Thickness
(cm)

U-Value Condensation
Risk

Costs
(€/m2)(W/m2K)

External wall insulation

Thermal plaster 4 0.90 NO 9–12
Insulating panel EPS 8 0.279 NO 8–15

Insulating panel Rock wool 10 0.307 NO 10–19
Insulating Aerogel 5 0.271 NO 80–85
Vacuum panels VIP 3 0.259 NO 60–70

Internal wall insulation

Thermal plaster 4 0.90 YES 9–12
Insulating panel EPS 8 0.279 YES 8–15

Insulating panel Rock wool 10 0.307 YES 10–19
Insulating Aerogel 5 0.271 NO 80–85

Vacuum panels VIP 1 3 0.259 NO 60–70

Internal and esternal
wall insulation

Thermal plaster 4 + 4 0.60 YES 9–12
Insulating panel EPS 2 + 6 0.279 NO 8–15

Insulating panel Rock wool 2 + 8 0.307 NO 10–19
Insulating Aerogel 1 2 + 3 0.271 NO 80–85
Vacuum panels VIP 2 + 2 0.201 NO 60–70

1 The two solutions chosen for the energy interventions of the masonry areVacuum panels VIP and Insulating Aerogel.

The internal insulation in vacuum panels VIP was chosen because, with minimum thickness,
a low thermal transmittance value is reached, without risk of condensation. Internal and external
insulation with aerogel panels was chosen because, in addition to the guarantee of low transmittance
value, aerogel panels prevent distortion of the external facade thanks to their minimum thickness.

4.2.5. Windows

The energy intervention strategy for windows was the replacement of unsuitable windows and
the recovery of valuable elements. The transmittance value of the current windows is 3.10 W/m2K
as they are wooden windows with single-glazed glass and in some cases with damaged or missing
panes. The DM 26 June 2015 sets out a thermal transmittance limit value of 1.80 W/m2K in climate
zone E. Four solutions were evaluated: a double-glazed wooden frame with a transmittance value
of 2.30 W/m2K but with a risk of condensation; a double-glazed wooden frame with low-emission
coating that removes the risk of condensation with a transmittance value of 1.30 W/m2K; a wooden
frame with triple-glazed glass and a transmittance value of 1.00 W/m2K, and the last, a triple-glazed
frame with low-emission coating with a U-value of 0.70 W/m2K.

5. Results

For each construction element of the building envelope, differing solutions were studied and
evaluated. Structurally, they were evaluated on the basis of the current damaged state of the building.
The significant structural damage meant that more invasive energy solutions could be taken into
consideration. This does not mean that the features of value will be lost: they will be preserved
wherever possible, maintaining, for example, the openings/solid ratio of the façade and reconditioning
the original geometry of the building.

Energy compatible interventions were chosen from those studied for each building element of
the casing based on a critical cost-benefit assessment. For the masonry, internal and external aerogel
insulation (which limits the thickness of the external panel) and internal insulation with VIP vacuum
panels (with more performance and no condensation) were chosen. For the slabs, the solutions with
EPS and Aerogel panels, that guarantee better performance with lower thickness, were chosen. For the
other components, unique solutions were chosen, such as the wooden frame with double-glazing and
low emissivity coating, the insulation of the floor against the ground with Aerogel panels, and for the
roof, insulation with rock wool panels.
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5.1. Step 5. Indentifying Compatible Scenarios

Four scenarios were defined by combining the solutions chosen for each construction component,
as shown in Figure 17.
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Figure 17. Four scenarios with a combination of the different interventions.

5.2. Step 6 and 7. Modelling and Evaluating Different Scenarios

Using the Design Builder software, the interventions used in the four scenarios were inserted into
the model of the current state of the building and through static simulations, improvements in energy
performance were evaluated, calculating the percentages of savings in terms of consumption and CO2

production, and the total cost of the interventions.
The input data for each scenario included in the model are shown in Table 7, which highlights

common features between the scenarios as well as differing data according to the interventions
predicted for each scenario.

Table 7. Input data of the DesignBuilder model for the scenarios.

Name Value

Climate File
Activity

ITA_CAMOBASSO_IGDG
Classroom-University

Occupancy/Density 0.2034 people/ m2

Trasmittance uninsulated floor 0.260 W/m2K
Trasmittance tilted roof 0.240 W/m2K

Trasmittance windows (single glass) 1.30 W/m2K
Window sizes 1.40x2.00 m
Parapet height 0.90 m

Window spacing 3.50 m
Mechanical ventilation ON

Heating Natural gas
ACS Natural gas



Energies 2020, 13, 3289 20 of 25

Table 7. Cont.

Name Value

First Scenario
Trasmittance perimeter wall-level 1 0.251 W/m2K
Trasmittance perimeter wall-level 2 0.254 W/m2K
Trasmittance perimeter wall-level 3 0.259 W/m2K

Trasmittance cement-brick slab 0.264 W/m2K
Second Scenario

Trasmittance perimeter wall-level 1 0.280 W/m2K
Trasmittance perimeter wall-level 2 0.275 W/m2K
Trasmittance perimeter wall-level 3 0.271 W/m2K

Trasmittance cement-brick slab 0.264 W/m2K
Third Scenario

Trasmittance perimeter wall-level 1 0.251 W/m2K
Trasmittance perimeter wall-level 2 0.254 W/m2K
Trasmittance perimeter wall-level 3 0.259 W/m2K

Trasmittance cement-brick slab 0.272 W/m2K
Fourth Scenario

Trasmittance perimeter wall-level 1 0.280 W/m2K
Trasmittance perimeter wall-level 2 0.275 W/m2K
Trasmittance perimeter wall-level 3 0.271 W/m2K

Trasmittance cement-brick slab 0.272 W/m2K

Table 8 shows the results of the simulations of the four scenarios and the decrease in total
consumption and CO2 production.

Table 8. Results of the simulation of the first scenario.

Name
First Scenario Second Scenario

Results % of decrease Results % of decrease

Gas consumption 862.27 MWh 25.02% 866.54 MWh 24.64%
Electricity consumption 368.27 MWh 5.50% 370.44 MWh 5.01%

CO2 production 384.95 kg 14.41% 387.78 kg 13.78%
Third Scenario Fourth Scenario

Name Results % of decrease Results % of decrease
Gas consumption 866.54 MWh 24.64% 897.90 MWh 22.44%

Electricity consumption 370.44 MWh 5.01% 376.44 MWh 3.47%
CO2 production 387.78 kg 24.77% 395.41 kg 12.08%

5.3. Step 8. Dynamic Simulation Results

The scenario chosen after these assessments was the second scenario with internal and external
insulation of the masonry with aerogel panels, insulation of the slab with aerogel panels, double glazed
windows and low-emission cladding, insulation of the slab against the ground with aerogel panels and
stone wool panel roof insulation. It is the best scenario in terms of energy performance and resolves
the problem of thermal bridges.

A dynamic simulation was also carried out for this scenario using the input data in Table 7.
The results obtained on CO2 production and total electricity and gas consumption are shown in
Figures 18 and 19.

6. Discussion

The performance improvement obtained with the application of the methodology described in
this paper can be clearly seen and interpreted in the light of a comparison between the simulation
results of the current state and those of the chosen scenario shown in Section 5.
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From the graphs below, the significant fall in the main parameters involved in the environmental
management of the building sector are particularly evident; in particular the 13.78% fall in CO2 and
the 24.64% decrease of total gas consumed.

In order to provide a complete picture, the data have been summarized in Figures 18 and 19 which
show the monthly variations.
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Figure 18. Comparison of CO2 emissions of the building over the year between the current and future
state with the energy interventions forecasted in scenario 2.

Energies 2020, 13, 3289 21 of 25 

 

In order to provide a complete picture, the data have been summarized in Figures 18 and 19 

which show the monthly variations. 

 

Figure 18. Comparison of CO2 emissions of the building over the year between the current and future 

state with the energy interventions forecasted in scenario 2. 

 

Figure 19. Comparison of total gas consumption over a year between the current and future state 

(with the energy interventions forecast in scenario 2). 

Although the objective of improving environmental performance with a view to compatibility 

with the restoration of the building and protection of its values has been achieved and demonstrated, 

the most relevant results of this work consists in the definition of a simple and easily applicable -

methodology for a profitable use of dynamic simulations in application to cultural heritage. In this 

methodology, energy modeling and dynamic simulations are used as a forecasting tool for the 

effectiveness of the energy improvement interventions hypothesized. This tool follows the design 

process from the earliest stages and the fact-finding investigations. The model is then updated 

according to the results of the preliminary analyses and as intervention strategies for the 

0

1

2

3

4

5

6

7

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

kg
 x

 1
0

,0
0

0

CO2 emissions

Current status without interventions Status with interventions forecasted in scenario 2

0

0.5

1

1.5

2

2.5

3

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

M
W

h
 x

 1
0

0

Gas total consumption

Current status without interventions Status with interventions forecasted in scenario 2

Figure 19. Comparison of total gas consumption over a year between the current and future state (with
the energy interventions forecast in scenario 2).

Although the objective of improving environmental performance with a view to compatibility with
the restoration of the building and protection of its values has been achieved and demonstrated, the most
relevant results of this work consists in the definition of a simple and easily applicable -methodology
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for a profitable use of dynamic simulations in application to cultural heritage. In this methodology,
energy modeling and dynamic simulations are used as a forecasting tool for the effectiveness of the
energy improvement interventions hypothesized. This tool follows the design process from the earliest
stages and the fact-finding investigations. The model is then updated according to the results of
the preliminary analyses and as intervention strategies for the redevelopment of the building are
outlined. In the final analysis, it is precisely the dynamic simulation tool that is able to synthetize
all the information and project data collected from the first design steps that can guide the designer
towards the most appropriate choice in relation to the case study, the client and user needs.

Importantly, the different hypothetical scenarios all comply with the objectives of protection and
enhancement. Therefore, each of them (as well as other solutions not described here) can be considered
and implemented safely without compromising coherence or environmental needs. The optimization
of the process therefore lies in the identification of compatible scenarios but the choice of the “optimal
solution”, is conditioned by subjective needs, which do not, however, compromise the design quality
ensured by the application of the methodology itself. The economic availability and investment capacity
of the client can also sway the choice towards one scenario rather than another, but again, they may
be safe in the knowledge of achieving adequate seismic and energy performance improvements and
contributing to the protection of the architectural heritage and to its enhancement.

7. Conclusions

This research focuses on the optimization of performance that can be achieved in historical
structures during retrofitting through a pre-established process. All the steps of this process have been
described in order to make the whole procedure replicable, with the aim of establishing a best practice
methodology that can be used for the future restoration and enhancement of heritage buildings and
monuments. We believe that, in this field, the “process” is just as important as the intervention itself.

We presented a building severely damaged by an earthquake, for which massive structural
improvement measures are necessary. However, most historic buildings even if they have not been
subjected to seismic events, have structural vulnerabilities that can be resolved during an energy
retrofit, since the two types of intervention have many overlapping phases. This is recognized in
a recent Decree, 19 May 2020 passed by the Italian government to encourage economic recovery
following the Covid-19 emergency, through economic assistance for seismic and environmentally
related building renovations. Despite national and international regulations and the great steps taken
by scientific research, literature, and professional practice, a methodology that can unify aspects related
to restoration, structural safety and energy efficiency is needed. This paper shows how restoration,
structural and energy choices communicate and influence each other: in the case study presented it
was possible to opt for invasive but better performing energy interventions as a result of the need for
structural interventions. From an environmental point of view, the different scenarios and the critical
evaluation of the appropriate solution through energy modelling and simulations guarantee a choice
of effective interventions, compatible and consistent with restoration aims, static safety and energy
saving. The use of the Design Builder software allows a rapid visualization of the envelope’s thermal
characteristics but modeling in an HBIM environment would be more desirable in future.
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