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Abstract

2018 is the European Year of Cultural Heritage, officially defined by the European Parliament and Council in
May 2017. Therefore the need of defining and promoting good practices in conservation and enhancement of
historic buildings in Europe is much a current issue.

In the last decades, an increasing attention has been paid to the improvement of energy performances and indoor
thermal comfort in existing constructions to guarantee their reuse and keep them alive. Moreover, historic
buildings, by definition durable and resilient constructions, should be prepared for the new challenges of climatic
changes.

The present study considers strategies, technologies and materials proposed in literature for historic buildings
energy and thermal retrofit, focusing particularly on envelope refurbishment interventions. The suitability of the
solutions for preserving historic valuable constructions is also accounted, mainly via considering the principle of
authenticity and vapour permeability for compatibility. The efficacy of the interventions, in terms of energy
savings, is then investigated.

Results show that existing solutions can lead to significant decreases in buildings energy consumption, 22% to
51% averagely, but only part of them appears suitable for historic buildings preservation.

Keywords: Cultural heritage, Energy efficiency, Envelope retrofit, Resilience, Restoration, Building
preservation, Sustainability.

1. Introduction

In the field of historic heritage reuse and conservation, an increasing attention has been paid to the
improvement of energy performance and indoor thermal comfort of existing constructions in the last decades
(Martinez-Molina et al., 2016). Such enhancements can be obtained via energy-retrofits of the built heritage,
interventions that play a key role in reducing global energy consumptions (Brandt, 2017) and which may help
buildings to face the serious threats imposed by climate changes.

The present study aims to analyse the solutions proposed in literature for the aforementioned interventions,
focusing particularly on envelope thermal retrofitting solutions.

The investigation is organized in three parts: the first considers the solutions for historic buildings energy
efficiency improvement defined in literature; the second examines historic envelope retrofitting solutions, their
frequency in the research scenario and their suitability for historic constructions preservation, mainly considering
vapour permeability aspects. The last part investigates the energy savings provided by retrofitting interventions
according to experiences and studies developed in Europe in recent years.

2. Historic buildings energy retrofit and resilient design
2.1. Existing buildings resilience to climate change

Climate has already suffered a severe change all over the world and the situation is expected to get worse and
lead towards higher temperatures during summer, precipitation pattern changes, local winds intensification and
more intense or even frequent extreme events (Mosoarca et al., 2017). Therefore, retrofit interventions designed
for adapting existing buildings to future climate changes are definitely needed but they are also very difficult to
be defined as high uncertainties occur when accounting the future behaviour of the weather (Nik and Arfvidsson,
2017).

Nik et al. (2016) have already studied the problem of buildings retrofit for facing future climatic conditions
in the Swedish environment. The researchers used a statistical method for assessing the effects of several
interventions while considering different global climate models and their uncertainty factors. The results show
that the improvement of windows and envelope insulation was the most effective solution among all the ones
considered.
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According to such outcomes, envelope energy retrofitting measures can be accounted to offer efficient
solutions for climate change adaptation of existing buildings.

2.2. Energy retrofitting solutions in literature

The literature review carried out in the area of energy efficiency retrofit of historic buildings has shown the
existence of a wide range of possible interventions that are here classified in two categories: active and passive
strategies.

Active strategies include all the solutions related to the use of:

- Renewable energy technologies (RETS), e.g. solar thermal and photovoltaic systems (Cellura et al.,
2017);

- Modern lighting and electrical appliances, such as energy saving lighting and low consumption
electrical devices (Rosales Carredn, 2015);

- High efficient HVAC systems, solution that is very effective when the previous automatic regulation
is poor or absent, e.g. the case of heaters without thermostatic valves (Rosales Carreén, 2015);

- Control devices for smart management of energy, designed to optimize the energy use according to
users’ routine and adaptive comfort conditions (Galatioto, Ciulla and Ricciu, 2017).

Passive strategies are instead associated to:

- Natural ventilation, that can provide passive cooling and that is very suitable for climates with long
lasting high temperature periods (Galatioto, Ciulla and Ricciu, 2017);

- Organisational-behavioural measures directly adopted by building users (Rosales Carreén, 2015);

- Buildings envelope retrofits that can be obtained via interventions on insulation, thermal inertia,
windows, shading devices, thermal bridges and air tightness (Andra Blumberga et al., 2016).

The presence of an extended variety of interventions for energy efficiency improvement in historic
constructions is clear. Nonetheless, only the solutions related to “Building envelope retrofit” are considered in
the following parts of the study as they are expected to be effective for achieving both buildings adaptation to
climate change (Nik et al., 2016) and energy efficiency improvements.

2.3. 1. Preservation aspects

Retrofitting the historic heritage is a great challenge as the distinctive character of each building has to be
protected and the aesthetic impact of interventions should be carefully minimized. What is more, compatibility
and reversibility requirements must be met in order to guarantee the preservation of original materials.

In this scenario, it is possible to define solutions that are generally more adequate than others. In literature
such suitable interventions are outlined (Pickles, Brocklebank and Wood, 2010; Rosales Carredén, 2015) as
follows:

- Windows: for the principle of authenticity, the preservation of glasses and frames is fundamental for
preserving the original appearance of the construction;

- Walls: the appearance of external walls is usually one of the most important aspects of a historic
building and it contributes to create the unique and local character of the construction. For these reasons, it is
often preferable not to intervene on outdoor facades. Indoor surfaces are more likely to be suitable for being
retrofitted, especially when a complete internal re-plastering is required. It has to be accounted that dimensional
changes may be unacceptable at window and door openings and where original surfaces details are valuable;

- Floors: generally floors materials should not be lifted because of the damage that is inevitably caused,
exceptions can be made when floors have to be replaced;

- Roofs: unless there has been substantial water leakage, roofs structures are usually in good conditions
because of the generous amount of ventilation through their components. Therefore, this characteristic should
not be altered;

- Insulation materials: preserving components breathability is a key element for ensuring durability in all
traditional constructions. It is thus appropriate to adopt materials characterized by higher vapour permeability
than the original, adjacent ones. What is more, natural fibers have to be preferred as they allow air and moisture
vapour to slowly pass through, thus minimising the danger of condensation. They can also absorb moisture and
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release it again when the air is drier, this moisture-buffering behaviour is typical of hygroscopic materials and, in
many historic buildings, it can help avoid moisture related problems.

3. Energy retrofit solutions for historic buildings envelope

In this section of the study, the solutions found for each category of envelope retrofit interventions (walls,
roofs, floors, windows, air tightness, thermal bridges and shading devices) are reported and organized according
to the frequency of their use in literature. The frequency is accounted as follows: when a solution is considered
in a general study or review, such result is considered once; when an analysed paper contains one or more case
studies, the solution frequency is accounted once more every time such measure is considered in a different case
study.

As long as the preservation aspects are concerned, solutions with low water vapour resistances (u < 15) are
here considered compatible with historic materials and, among them, hygroscopic solutions are highlighted.

3.1. Walls

The most common interventions considered for walls energy retrofit are the addition (or substitution) of
insulation and the increase of thermal inertia, via PCM (Phase Change Materials) plaster adoption; both
interventions can be applied to the internal and external surfaces of vertical components.

1. Internal insulation solutions: 59 mentions found in literature (n=59, in Ascione, De Rossi and Vanoli, 2011;
Pickles, Brocklebank and Wood, 2010; De Berardinis et al., 2014; Ascione, Bianco, et al., 2015; Ascione,
Cheche, et al., 2015; Dalla Mora et al., 2015; Blumberga et al., 2016; Mancini et al., 2017; Biseniece et al.,
2017; Cirami et al., 2017; Di Ruocco, Sicignano and Sessa, 2017).

The results are shown in Fig.1. The most common solutions involve the use of Expanded Polystyrene (EPS)
based components, thermal insulating plasters and mineral wool.

Polyisocyanurate (PIR) panels 2%
Expanded Perlite panels (TecTem, capillary active) 20 @
Phenolic panels 2%

Cork based solutions 2% 00

Mineral wool panels with aerogel (Aerowool) 2% @
Glass wool panels 2% @
Cellular glass panels 2%
Polyurethane (PUR) based solutions 3%
Extruded polystyrene (XPS) panels 3%

Wood fiber panels 3% @@

Aerogel based plasters 3% @@
Cellul ose based solutions 7% 0@
Vacuum Insulation Panels (VIPs) 7%
Calcium silicate panels 9% ®©

Aerogel panels 9% ©® @

Thermal insulating plaster 14%
Mineral wool panels 14%

Expanded Polystyrene (EPS) based solutions 16%

FReEQUENCY @ COMPATIBILITY @ ® COMPATIBILITY AND HYGROSCOPIC BEHAVIOUR (MOISTURE BUFFERING EFFECT)

Figure 1: Internal insulation solutions for walls in historic buildings
(frequency in literature, compatibility and moisture buffering effect).
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2. External insulation solutions: 15 mentions found in literature (n=15, in Pickles, Brocklebank and Wood.,
2010; De Berardinis et al., 2014; Ascione, Cheche, et al., 2015; Rosales Carreon, 2015; Blumberga et al., 2016;
Cornaro, Puggioni and Strollo, 2016; Baggio et al., 2017; Mancini et al., 2017; Roberti et al., 2017). The results
obtained for external insulation solutions are shown in Fig.2. Mineral wool panels and EPS based components
are found to be the most popular solutions.

Sheep’s wool based solutions 5% eoe
Hemp based renders 5% 0@
Aerogel based renders 5% @@
Reflective solutions (specific "breathability" design) 11%
Vacuum Insulation Panels (VIPs) 11%
Aerogel panels 1% @@
Flax based solutions 1% @@
Thermal insulating renders 11% @@
Mineral wool panels 16% @&
Expanded Polystyrene (EPS) based solufions 16%

FREQUENCY ® COMPATIBILITY @ ® COMPATIBILITY AND HYGROSCOPIC BEHAVIOUR (MOISTURE BUFFERING EFFECT)

Figure 2: External insulation solutions for walls in historic buildings
(frequency in literature, compatibility and moisture buffering effect).

3. PCM (Phase change material) plasters: two solutions found (n=2, in Ascione, Bianco, et al., 2015). The
results, obtained via dynamic simulations for a specific case study, indicate that PCM plasters provide relevant
energy savings only in summer, as shown in table 1.

Table 1: PCM plasters efficiency, from Ascione et al.(2014) , compatibility and moisture buffering effect.

Wall ext.
MATERIAL @ ® PCM based render (3cm) - melting point of 32 «C
ENERGY SAVINGS 0% Winter, 8.5% Summer

Wall int.
MATERIAL ® ® PCM based plaster (3cm) - melting point of 27 =C
ENERGY SAVINGS 0%Winter, 8.3% Summer

® ® CoMPATIBILITY AND HYGROSCOPIC BEHAVIOUR (MOISTURE BUFFERING EFFECT)

3.2. Roofs

The most common intervention for roofs energy retrofit is the addition or substitution of insulation (n=21, in
David Pickles, 2010; Ascione, Bianco, et al., 2015; Ascione, Cheche, et al., 2015; Dalla Mora et al., 2015;
Andra Blumberga, et al., 2016; Baggio et al., 2017; Cirami et al., 2017; De Fino et al., 2017; Mancini et al.,
2017; Roberti et al., 2017). The most widely adopted materials are mineral wool and cellulose, as shown in
Fig.3.
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Sheep’s wool based solutions 5% @@
Hemp based plasters 5% 0@
Glass wool panels 5% @
Vacuum Insulation Panels (VIPs) 5%
Reflective solutions (specific "breathability” design) 5% @
‘Wood fiber panels 5% 0@
Polyurethane (PUR) panels 5%
Polyisocyanurate (PIR) panels 5%
Expanded Polystyrene (EPS) panels 10%
Aerogel panels 14% @@
Cellul ose based solutions 19% @@
Mineral wool panels 19% ®

FREQUENCY @ CoOMPATIBILITY @ ® COMPATIBILITY AND HYGROSCOPIC BEHAVIOUR (MOISTURE BUFFERING EFFECT)

Figure 3: Roof insulation solutions in historic buildings
(frequency in literature, compatibility and moisture buffering effect).

3.3. Floors

The most common intervention for floors retrofit is the addition (or substitution) of insulation (n=16, in
Pickles, Brocklebank and Wood, 2010; Rosales Carredn, 2015; Blumberga et al., 2016; Cornaro, Puggioni and
Strollo, 2016; Biseniece et al., 2017; Di Ruocco, Sicignano and Sessa, 2017).

The results obtained from the review are presented in Fig.4. Cellulose, hemp and wood fibers are the most
mentioned materials.

Sheep’s wool based solufions 5% @@
Polyisocyanurate (PIR) panels 5%
Polyurethane (PUR) panels 5%
Extruded polystyrene (XPS) based solutions 5%
Expanded Polystyrene (EPS) based solutions 5%
Cellular Glass Insulation 5%
Aerogel based plaster 5% 0@
Vacuum Insulation Panels (VIPs) 5%
Polyisocyanurate (PIR) panels 5%
Mineral wool panels 9% @
Thermal insulating plaster % @@
Cellul ose based solutions 14% @ ®
Hemp based solutions 14% ©©
Wood fiber based solutions 14% @ ®

FREQUENCY @ COMPATIBILITY @ ® COMPATIBILITY AND HYGROSCOPIC BEHAVIOUR (MOISTURE BUFFERING EFFECT)

Figure 4: Floor insulation solutions in historic buildings
(frequency in literature, compatibility and moisture buffering effect).
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3.4, Windows

The main interventions found for windows retrofit can be grouped in two categories:
1. the ones that preserve the original windows:
- while repairing the system and improving the component airtightness;

- while installing a new, high performing, secondary window next to the former one, closer to the
indoor environment;

2. the ones that substitute the original windows with:

- “Smartwin historic”, a solution composed by a box-window with good thermal insulating properties
and a historical aspect;

new and better performing components.

Alluminium frame substitution (related to a glass substitution) 3%
Thermal break introduction (related to a glass substitution) 3%
Integrated shading (related to a glass substitution) 3%
Smartwin historic window substitution 3%
Corten frame substitution (related to a glass substitution) 6%
Differentiated glazing for exposure (Solar Control glazing, low-e glazing) 6%
Solar Control glazing substitution 6%
Selective glazing substitution 6%
Low-e double glazing substitution 6%
Wooden frame substitution (related to a glass substitution) 9%
Secondary windows 9% @
Airproof improvements/ frame repairs 12% @
Triple glazing substitution 12%

Double glazing substitution 15%

® SUITABILITY FOR HERITAGE CONSERVATION

Figure 5: Windows retrofit solutions in historic buildings
(frequency in literature and suitability for heritage conservation).

In literature 33 mentions have been found concerning windows retrofit solutions (n=33, in Pickles,
Brocklebank and Wood., 2010; Ascione, Bianco, et al., 2015; Rasmussen and Mgller, 2015; Rosales Carredn,
2015; Ascione, Cheche, et al., 2015; Dalla Mora et al., 2015; Blumberga et al., 2016; Cornaro, Puggioni and
Strollo, 2016; Roberti et al., 2017; Biseniece et al., 2017; De Fino et al., 2017; Di Ruocco, Sicignano and Sessa,
2017; Mancini et al., 2017) and they are presented in Fig.5. According to the results of the review, the most
common interventions are glass substitution with a double or triple glazing and repairs for improving the
airtightness of the component.

3.5. Air tightness, Thermal bridges, Shading devices

Air tightness interventions are considered in Ascione, Bianco, et al.(2015), Rosales Carredn (2015) and
Blumberga et al.(2016), they are generally related to windows interventions but they can also deal with doors,
cracks in walls and other defects of the construction.

Two references emerged for thermal bridges reduction (Dalla Mora et al., 2015; Blumberga et al., 2016) but
no specifications about the adopted techniques are there provided.
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Shading devices are accounted to improve visual comfort conditions and reduce radiation loads in summer by
Galatioto, Ciulla and Ricciu (2017), those elements can be integrated in the windows retrofit interventions as
done by Biseniece et al.( 2017) via adopting new glazing with integrated shading.

4. Energy savings via historic buildings envelope retrofitting

The results obtained from the review (De Berardinis et al., 2014; Ascione, Bianco, et al., 2015; Ascione,
Cheche, et al., 2015; Cornaro, Puggioni and Strollo, 2016; Cirami et al., 2017; Di Ruocco, Sicignano and Sessa,
2017; Roberti et al., 2017) in terms of energy savings via walls interventions (n=15), windows retrofits (n=9)
and combinations of several solutions (n=9) are summarised in Fig.6.

64%

53%

15% 50% Avg. combinations: 51%
4% 4%
A2 4% 2% a1y ax%
38% b
35%
3%
31% 30%
Avg. walls: 28 2%
25% A% %
Avg. windows: 22%
16% 16% 15% 15% 15%
5%
% ¢ 3%
% 2%

WALLS

INTERNAL INSULATION EEEEER ] [ ] ]

EXTERNAL INSULATION EEEEEETR ] ("] ]

THERMAL INERTIA N | | W |
ROOF EEEENNER
FLOORS .
WINDOWS EEEERNRERAEDRN EEEERERENAEDRN

Figure 6: Annual energy savings via walls, windows and combined interventions.

It emerges that envelope energy retrofits lead to achieve significant energy consumption reductions,
especially when combinations of several interventions are adopted. Through walls, windows and combined
interventions it is possible to achieve average savings of 28%, 22% and 51%, respectively.

5. Conclusions

It is possible to conclude that there is a high variety of solutions that can be adopted for energy retrofits of
historic envelopes. Among them, EPS based solutions, mineral wool panels, thermal insulating renders and
plasters are the most common materials for walls interventions. The last three solutions have high water vapour
permeability but only renders and plasters can be accounted as materials that can contribute to the moisture
buffering natural behaviour of historic vertical components. For roofs, the most discussed solutions are mineral
wool and cellulose, they both have good vapour permeability and the second also have a positive hygroscopic
behaviour. As long as floors are concerned, the highest number of mentions is found for cellulose, hemp and
wood fibers based materials and they are all very suitable for being adopted. Regarding windows, it is very
common to find replacement of glasses and frames in literature but such solutions are not respectful of the
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principle of authenticity and they strongly alter buildings original appearance, therefore airproof improvements,
repairs and the addition of secondary windows have to be considered as more suitable solutions.

All in all, results show that the interventions provided in literature are able to lead to significant energy
savings, 22% to 51% on average. On the other hand, it is possible to state that only part of the proposed
interventions appears compatible with historic materials and respectful of the principle of authenticity.
Moreover, the adequacy of the solutions for the different European climates should be better analysed and
understood. Therefore, future researches are considered to be necessary in order to define the energy savings
obtainable with compatible envelope retrofit solutions for well-known samples of Historic buildings and specific
climate types.
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