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a b s t r a c t
This paper presents the newly developed study, methodology and assessment of the hygrothermal performance of a historic building wall retrofitted with three different internal insulation technologies, without a vapour barrier. It aims at assessing any possible condensation problems at the most critical point of
the tested stratigraphy (namely, in between the wall and the insulation material) and to limit the modification of the original hygrothermal behaviour of the original wall’s materials with the addition of a
vapour layer, as would commonly be used. This evaluation was performed through in situ measurements
and dynamic software simulations. In situ data was used for calibrating the 2D simulation model conducted with Delphin software 6.0.20.
Under the climatic conditions in Ferrara (Italy), the results of both the in-situ monitoring and simulation evidenced no risk of frost damage to the building’s original wall. With regards to the risk of interstitial condensation, simulations showed no high risk even in the absence of a water vapour barrier.
Additionally, the amount of water vapour collected during the winter season dried out during the spring/summer period.
Ó 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Energy consumption of buildings is still a subject currently under the spotlight, as buildings are major consumers of energy [1].
At a European level, since 2012 (through the European Directive
2012/27/UE [2]), it has been suggested that there is a need to
establish plans for energy efficiency in buildings, as a valuable
means in addressing the challenges related to the scarcity of
energy resources, climate change and the economic crisis. Even
with the encouragement of such policies, the existing European
building stock still requires vital and prompt actions. The recognition of this fact has recently been (re)acknowledged: the Directive
amending the Energy Performance of Buildings Directive
(2018/844/EU) [3] and the Renovation wave [4] of public and private buildings, as part of the European Green Deal [5], are two
important strategies with the same mission – improvement of
the energy efficiency of the EU building stock. Within this frame⇑ Corresponding author.
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(L. Dias Pereira).
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work, historic heritage has to be involved in terms of the maintenance of its architectural, in its social and in its historical values
for the next generations.
Heritage values are naturally protected by several international
institutions and codes [6], as the United Nations Educational, Scientific and Cultural Organization (UNESCO) [7], environmental
sustainability certification schemes [8], or by national legislations,
for example the D.L. 22 gennaio 2004, n. 42 Codice dei beni culturali e del paesaggio, in Italy [9] or the Swedish Planning and Building Act (SFS), [10] cited in [11]. The energy enhancement path of
historic buildings (HB) deserves the same attention. Even if it is
still under development, this practice is increasing, as demonstrated by several new guidelines and regulations, for example: i)
the Guidelines for energy efficiency in cultural heritage. Architecture,
historic and urban centers and nuclei in Italy [12]; ii) the EN
16883:2017 – Guidelines for improving the energy performance
of historic buildings [13]; or iii) the recently released report by
ICOMOS – Future of Our Pasts: Engaging Cultural Heritage in Climate Action [14].
Among the various critical issues and barriers related to the
renovation processes of HB, the improvement of the envelope
energy performance in compliance with the historic values, is
one of the most delicate aspects. It is particularly difficult when
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simulations are presented, including variations to the tested
stratigraphy via simulation, before the conclusions in section 4.
Though Italy has been in the forefront of the ‘‘energy efficiency
in historic buildings research” [26] (p.72), to the authors best
knowledge, this is the first study of its kind ever implemented in
Italy.

working on the vertical opaque surfaces (historic walls), due to the
simple reading of each intervention and due to the potential interference of such interventions with the original hygrothermal behaviour of the historic masonry.
In protected or listed HBs, adding an internal insulation layer
(when in the absence of decorations) is often the only possible retrofit wall solution. Nonetheless, contrary to the external insulation,
this solution presents several disadvantages [15] an example: losing inner space when adding the layer of insulation [16]; adding an
internal insulation layer to an existing wall means that the temperature level of the wall will be lowered and therefore the drying
capacity of the wall will be reduced, leading to higher moisture
levels on the inner face of the wall and eventually generating interstitial condensation [17].
When the implementation of energy-efficiency measures places
risks of destruction to the heritage values, a case-by-case analysis
of the possible solutions should be made. For this reason, such
choices have been the objective of several studies: (i) Hansen
et al. conducted their study in Denmark testing four historic building façades retrofitted with internal insulation [18]; (ii) Hamid and
Wallentén focused on Swedish multifamily buildings [19]; (iii) Kloseiko, Arumagi and Kalamees ran a similar study in a school building in Estonia [20]; (iv) while Walker and Pavia performed their
study on the walls of the Adjutant General’s Building of the Royal
Hospital Kilmainham, in Dublin [21].
Within this context, the most intuitive and common solution,
considering the current insulation technologies on the market,
would be adding a water vapour barrier to the insulation layer,
minimizing the impacts of the internally generated vapour transported through the retrofitted wall. Nevertheless, this option
brings several criticalities: (i) tightening the indoor environment
likely leads to ‘increased demands of ventilation to preserve
hygrothermal comfort inside the building’ [15] (p.52), delaying
the phenomena of vapour transport but only up to a certain extent;
(ii) ‘water vapour barriers are very sensitive to mechanical damage’
[15] (p.52) – its effect can be immediately compromised, for example in the presence of plugs or when users decide to nail something
to the wall or to hang something, therefore limiting the use of the
wall; (iii) it significantly changes the ‘traditional’ water vapour diffusion transportation characteristics of historic brick walls (water
vapour diffusion resistance (m) of ‘‘historic bricks” range 6.8–168,
Delphin Material Database [22]; ‘‘clay bricks” m value 15 – 67 range
in [23]). For all these reasons, most of the time, national conservation authorities judge the addition of an impermeable layer as an
unacceptable alteration of the original hygrothermal behaviour of
the historic envelope, therefore freezing or stopping the entire
intervention.
Under this framework, authors have developed HeLLo - Heritage energy Living Lab onsite [24], a MSCA-IF-2017-EF research
project (hellomscaproject.eu) aiming at verifying the effects and
potential criticalities of adding inner insulation layers without a
water vapour barrier in historic buildings. Following this project’s
main goal, to test the hygrothermal performance of an historic
building wall retrofitted with three different internal insulation
technologies, this paper presents the extensive and highly
laboured results of the entire in situ monitoring campaign, analysed and assessed also with 2D hygrothermal numerical simulations. The differences between the monitored data and
simulations corroborate other authors studies and suggestions
[25], emphasize the need of in situ studies, reinforcing likewise
other studies on the frailties of hygrothermal simulation, namely
[17].
In section 2, the materials and methods used in this research are
described, as well as the case study. After, in section 3, the results
and the discussion of both the in situ monitoring campaign and the

2. Materials and methods
2.1. The case-study
To assess the hygrothermal performance of various thermal
insulation technologies applied to historic masonry walls, an insitu laboratory was placed into a 15th century building in Ferrara,
Italy.
The building, namely the Palazzo Tassoni Estense is a listed
building, which is part of an UNESCO site [27]. Located on the SE
part of the city, nearby to the medieval urban walls, the ‘‘complex
of the Palazzo is located in the NW part of a block, currently housing the Department of Architecture of the University of Ferrara”
[28] (p.5). It is therefore representative of a public type building,
with significant heritage value and widespread throughout a great
area of Northern Italy.
Though the building has recently been subjected to an architecture project and a scientific restoration intervention [29], the
experiment was conducted in an area of this complex that has
not yet been refurbished. Therefore, the selected room, which is
located on the ground floor nearby to an inner courtyard, is naturally ventilated and does not have any heating or cooling system
provided.
The selected wall in which the tests were conducted is E/SE oriented, located under a porch (Fig. 1). As declared in [30] (p3),
although this factor restrict the extrapolation of the study’s results,
it also presents a unique feature of walls alike in historic buildings:
these walls do not get wet unlike most walls exposed to rainwater,
neither do such walls dry as easily, since they do not receive direct
sunlight. In other words, the phenomenon is studied in its purest
state, as it depends solely on the vapour transport phenomena.
Thanks to a visual survey and the studying of historic documents, it was possible to identify the type of bricks used for its
original construction. The ‘‘Bolognese” type (28x14x6 cm) was
commonly used in buildings in the same geographical area, with
analogue characteristics. The dimensions of the joints, even if quiet
variable, present an average thickness of 2 cm. The overall thickness of the wall is 32 cm, including the internal and external plaster. The calculated U-value, estimated in steady state conditions,
before the installation of any insulation materials was 1.44 W/m2K.
The region of Emilia Romagna (where the case study is situated)
has a humid temperate climate with very hot summers (KöppenGeiger Cfa classification [31]). The climate is characterized by a
wide annual temperature range with average temperatures low
in the winter (-1°/2 °C) and high in the summer (the average summer highs range from 25 °C to 28 °C). In the cold season, minimum
temperatures can reach several degrees below zero at night and
sometimes remain negative or close to zero even during the day
(especially in the case of fog) in the winter. In the summer instead,
the maximum temperatures can reach peaks of 38 °C or higher.
In addition, the Italian territory has been subdivided into 6 climatic zones according to ‘‘degree-days”(DD), that is the average
climate of the municipality regardless of its geographical location
[32]. The ‘‘degree-days” corresponds to the sum, extended to all
the days of the year, of the difference (only positive), between
the temperature of the internal environment (considered 20 °C)
and the daily external temperature. According to this classification,
Ferrara belongs to the ‘‘climatic zone E” with 2101  DD  3000.
2
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Fig. 1. Palazzo Tassoni Estense: the selected wall for the hygrothermal in situ analysis is located under a porch, in the courtyard of the building: a) Courtyard view, b) external
view; b) internal view.

and solutions in the (Italian) market, suitable for both HB and
new or recent buildings. The choice started from widespread materials, of which the advantages and disadvantages are well known,
in order to evaluate their feasibility for use in historic buildings.
So then, the selection and installation methods were discussed
with the national conservation authorities along with the product’s
companies, through the establishment of technical worktables
[33].
The choice of the final stratigraphy was made by considering: i)
the kind of material and how it is linked to the historic wall (following the criteria of distinguishability, compatibility, reversibility

This climate context requires a verification of the hygrothermal
performance of the wall, both in the winter period in the presence
of low temperatures and potentially resulting in problems of frost
damage and interstitial condensation, and in the summer to verify
the benefit of high temperatures in the drying process of wet
envelopes.
2.2. The insulation technologies
As declared in [30] (p3), the choice of the insulation materials
was dictated by the drive to test commonly widespread products
3
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occur - in between the material’s insulation layer and the historic
wall (points 1 and 5 in Fig. 3). In-situ data monitoring was collected every minute. Hourly averages were generated to perform
the hygrothermal simulations (all data is presented in the results
section of the paper).

and ‘‘minimum intervention”); ii) the material’s thickness (to guarantee a good insulation level, to limit the indoor space wasted and
to mediate between the wet and dry periods); and the iii) material
distribution in the market.
The final installation of the technologies was determined after
the weighing up of all the advantages and all of the disadvantages
of the various solutions, mainly according to the balance between:
i) the energy efficiency and the width of the technology to reach a
U-value which justifies the refurbishment intervention, not necessarily complying with the legislation, but leading to a performance
improvement together with conservation requirements; ii) the
preservation aspects, limiting the final thickness of the insulation
solution and application of the materials / installation method;
and iv) the hygrothermal aspects, because no vapour barrier was
added to limit the summer drying potential of the historic wall
or not to constrain the subsequent presence of humidity already
in the wall, [34].
The ultimate decision led to the selection of calcium silicate
(mineral foam) blocks, cork boards and stone wool panels, to have
respectively, a material with a finishing in continuity with the historic one, a biological and traditional material, used in a innovative
way and a material very wide spread in the market, characterised
by a ‘‘dry installation”.
The three selected solutions are briefly presented in Table 1. In
Fig. 2, instead, the layout of the insulation technologies on the
inner side of the historic wall is exhibited. None of these provide
a vapour barrier. As shown, for each insulation strategy, the
reached U-value varies. As known, in Italy as in many other European countries, the general approach when leading with historic
buildings, is ‘‘performance enhancement” instead of ‘‘adaptation
to standards”, so professionals are not obliged to reach a certain
compliance value. On the contrary, they are urged to achieve a
compromised solution in equilibrium between the energy efficiency improvement and the impact on the original wall structure
of a HB.

2.4. Climate conditions and the monitoring period
As presented earlier, the experiment was carried out inside a
700 m3 naturally ventilated room, with no heating or cooling system in place. Therefore, aiming to improve the experiment’s sustainability, to minimize the impact of the experiment on the
walls and to overcome the need of the entire room’s conditioning,
two in situ climatized metering hot boxes were built, pretending to
simulate ‘standard’ indoor environments.
The conditions inside the metering hot boxes were set up following the directions of several standards/guidelines (e.g. EN ISO
7730 [36], EN ISO 13,788 [37], ISO 17772–1 [38]). Temperature
(Ta) and Relative Humidity (RH) were respectively Ta  20 °C, RH
 55% that potentially guaranteed a satisfying DTa between the
indoor face of the monitored wall and the external site conditions
(the outdoor climate) [28]. In particular, the EN ISO 13,788 [37]
indicates that in the absence of well-defined controlled, measured
or simulated indoor air conditions, to define the indoor RH set-up
for heated buildings, a simplified method can be used in relation to
the outdoor temperature and in relation to the crowding (internal
occupancy) of the building. Therefore, in accordance with the standard, considering that an outdoor temperature varies between 0 °C
and 10 °C (the winter period in the climatic condition of Ferrara)
and a ‘‘standard” crowding, RH is  55%.
The full design and construction descriptions of these boxes (2.
50  2.50  4.01 m gross), allowed the studying of up to two insulation systems in parallel, which can be found in [28]. To create the
microclimate inside each box, a 2000 W heating convector and two
ultrasonic humidifiers were provided (this equipment is also fully
described in [28]). The relation between the room and the hot
boxes is synthetized in Fig. 4. The box’s dimensions were determined also by the want to install, in parallel, two insulation systems, as depicted in Fig. 5, alike to the experimental study
developed by Kloseiko et al. [20]. This study was taken as a point
of reference, where different insulation systems, measuring
1.00 m width each, were studied by placing sensors in the middle
(a 0.50 m distance from each material border was assured, ensuring sensors safety distance from the borders. In other words, the
extension of the insulation surface is enough to minimize the
impact of the influence of the material’s boundaries).
The stone wool experiment was conducted in box 1, while calcium silicate blocks and cork were tested in box 2. The insulation
technologies, applied on the indoor façade according to Fig. 2,
occupy an approximate area inside the box(es) of: a) CaSi
4 m2; b) CB 4 m2; c) SW 8 m2 (Fig. 5).
In this paper a ten and a half-month period is presented, corresponding to the monitoring campaign running from November
15th 2019 until September 30th 2020. The campaign was divided
in two phases: the ‘‘active monitoring phase” and the ‘‘passive
monitoring phase”. The period between 15th November 2019
and 12th March 2020 is referred to as the ‘‘active monitoring
phase”. During this phase the metering hot boxes were heated
and humidified (like a proper indoor environment, i.e. there was
a significant DT and DRH between the boxes and the room).
Despite the common heating period which was foreseen to be until
15th April, the boxes’ indoor environment conditioning was turned
off on 12th March because of the COVID-19 pandemic (the University building could no longer be accessed and therefore the indoor
environmental conditions inside the boxes were impossible to be
controlled). Though the ‘‘active phase” of the experiment had to

2.3. The monitoring system and sensor placement
The newly developed system to monitor the experiment has
been fully described in [35]. In summary, a non-commercial setup
was settled for the assessment of the hygrothermal behaviour of
the internally insulated historic walls, based on Temperature (T,
°C) and Relative Humidity (RH, %) combined sensors (Telaire
T9602, Amphenol Thermometrics, Inc. St. Marys, PA, USA). The
Data Acquisition system is based on a Master Slave configuration
[28], remotely controlled. The sensors accuracy [35] is presented
in Table 2.
Sensors were placed in different points of the stratigraphy of
the three technologies, as exemplified in Fig. 3. Moreover, the
authors tried to go beyond the work developed in [21]: instead
of one single measuring point at each level of the stratigraphy, in
HeLLo two monitoring levels were defined, at 1.90 m and at
3.40 m from the floor, respectively. In this way, it was possible
to: i) minimize the potential influence of water capillarity at the
basis of the wall [30]; ii) investigate if the behaviour of the historic
wall is exactly the same at different heights; and iii) explore the
performance of spaces with tall ceilings, a physical characteristic
of rooms in HB. Historic walls of buildings which have been occupied throughout the years with different uses are likely to have
suffered interventions and might not perform homogenously,
therefore the possible changing of behaviour should be studied.
Augmenting the sample of the observation points increases the
possibility of implementing discussion and analysis, contributing
to enrich the scientific discussion.
In the present study, the most critical point of the stratigraphy
is explored, i.e. the point where the condensation is most likely to
4
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Table 1
Physical properties of the materials of the tested wall.
Insulation
material

Technology description

Total
thickness
(mm)

1 panel (100 mm) glued to the historic wall with a reversible
Calcium silicate
adhesive mortar (8 mm thick), provided of a 10 mm finishing
(mineral
mortar layer
foam) blocks
(CaSi)
Wall estimated U-value 0,33 Wm2K (-77%)

118

Cork boards (CB)

1 board (50 mm) panel supported by its own timber structure
(covered on the two faces with a thin layer of cork) punctually
fixed to the historic wall, finished with 1 gypsum fibre board
Wall estimated U-value 0,44 Wm2K (-69%)

62.5

Stone wool
panels (SW)

112.5

2 panels (40 + 60 mm) with their own steel frame (separated
from the wall by the 40 mm panel to avoid the thermal bridge),
and finished with one gypsum board
Wall estimated U-value 0,26 Wm2K (-82%)

Image

Fig. 2. Layout of the insulation distribution on the historic wall: indoor façade elevation on the left and outdoor façade elevation on the right. The extension of the tested
products varies in relation to the use of two different hot boxes (see Section 2.4 for more details).

be suspended, the remote sensing monitoring system was kept
running. Therefore, from that moment started the ‘‘passive monitoring phase”, with the boxes’ conditioning systems switched off,
running until 30th September 2020.
A synthesis of all the (hourly) monitored indoor values is presented in Table 3. As exhibited both by the average and standard
deviation (sd), but also by the interquartile range (IQR), during
the ‘‘active phase”, the indoor environment inside both boxes
was kept in quite similar conditions – mean parameter data values

Table 2
Synthesis of sensors accuracy [35]
Temperature range (°C)

0–20

20–40

40–70

Accuracy

up to ± 1 °C

± 0.5 °C

up to ± 1 °C

Relative Humidity range (%)
Accuracy

0–20
up to ± 4 %

20–80
±2%

80–100
up to ± 4 %
5
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Fig. 3. Vertical section schemes of the position of the sensors: (i) sensors 8 and 4 - external surface of the original historic wall (HW); (ii) sensors 7 and 3 - internal surface of
the insulation materials (placed on the internal face of the HW); (iii) The remaining sensors are placed in between the stratigraphy layers of the insulation technologies.
Materials: (a) Cork boards panels (CB); (b) Calcium silicate blocks (CaSi); (c) Stone wool boards (SW).

In the framework of this research, the outdoor climate was also
monitored. Due to the specific location of the studied wall - under a
porch of the courtyard of the building, only T and RH values were
monitored, as rain and solar radiation action were disregarded.
Outdoor monitored climate data correspond to the beginning of
the experiment set up, until the end of September, therefore
between 15th November 2019 and 30th September 2020.
From all of the data presented in Table 3, the numbers concerning the ‘‘passive phase” stand out, namely: i) although RH (%) outdoor values in Ferrara were lower in summertime, their amplitude
is similar to the other periods of the year; ii) during this same period – also due to the absence of the active systems - , the average
and IQR values relating to T (°C), unveil the similitude of these
parameters in the various ‘‘environments”; iii) RH (%) average values in the boxes was generally higher than those of the room or
outdoors, but varied much less. The IQR also stated this. This fact
shows that in the absence of the active systems, inside a relatively
tight environment, and especially during the cooler seasons, the
vapour transmission phenomena is driven indoors.
2.5. The hygrothermal simulations
Two dimensional simulations were carried out following EN
15,026 [39] recommendations, thanks to the software Delphin 6.0.20 [22] developed at the Technical University of Dresden
(TUD) by the Building Climatology Department.
The hygrothermal models were designed according to the
stratigraphy sections presented in Fig. 3 (a to c). The indoor climate
files (T and RH values measured inside each box) result from a
combination of monitored data - between 15th November 2019
and 30th September 2020 -, with EN 15,026 [39], for the period
between 1st October and 14th November (signalled by the light

Fig. 4. Selected room (plan view) for tests and the location of the two monitoring
boxes. Relative positioning of the T/RH sensors of the monitoring system (in red) of
the environmental conditions (Outside – under the porch; selected room – a nonclimatized indoor environment; inside – climate chambers: box 1 and box 2).

were not very spread out. Although there was slightly more variation in box 2 than in box 1, it can be stated that the environment
inside the boxes was controlled.
6
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Fig. 5. a) Positions of the two metering hot boxes and the insulation technologies, b) The two metering boxes in the test room.

Table 3
Synthesis of the indoor environmental monitored values between 15 Nov 19/11Mar 20 (lines 1 and 2) ‘‘active phase”, and 12 Mar 20/30 Sept 20 (lines 3 and 4) ‘‘passive phase”
Box1
T (°C)
Active phase
1
Average ± sd
2
Interquartile range (IQR)
Passive phase
3
Average ± sd
4
Interquartile range (IQR)

Box2

Room

RH (%)

T (°C)

RH (%)

T (°C)

20.8 ± 0.6
0.3

55.5 ± 4.5
1.4

20.2 ± 0.5
0.8

54.0 ± 3.6
2.0

22.0 ± 5.2
7.4

64.3 ± 2.7
4.2

21.2 ± 5.0
7.0

64.7 ± 3.2
4.9
7

Outdoor
RH (%)

T (°C)

RH (%)

9.5 ± 2.2
3.3

68.6 ± 9.3
9.0

8.2 ± 3.2
4.2

78.5 ± 13.2
14.2

22.0 ± 5.2
7.4

55.0 ± 8.0
10.9

21.6 ± 5.9
7.9

58.4 ± 13.6
20.7
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- Stone wool. The characterization was performed in the laboratories of the Fraunhofer IBP (Institute for Building Physics) [41];
for this reason, data was appropriately formatted to fit the characterization of the ‘‘new” material of the DelphinÒ database.

grey rectangle). The outdoor datafile instead, was derived both
from monitored data (between 15th November 2019 and 30th
September 2020) and a previously existing hourly climate dataset
[30]. The graphical visualization of all this data is shown in Fig. 6.
For the construction of this model, all the data regarding building materials was selected from DelphinÒ’s Material Database
6.0.20 [22]. In particular, the parameters regarding bricks and exterior plaster refer to historic materials, as defined by the 3enCult
European Project [40]. The hygrothermal characterization of the
insulation stratigraphy, instead, comes from the discussion with
the companies involved in the HeLLo project which lead to the following different approaches:

The main properties of all the materials are shown in Table 4.
The simulation models of the three insulation technologies were
calibrated using field measurements. A satisfactory relation
between the calculated results and the in-situ data was achieved.

3. Results and discussion

- CaSi. The material already available in the DelphinÒ’s Material
Database corresponds exactly to the installed material. For this
reason, it was simply selected from the list;
- Cork. The material already available in the DelphinÒ’s Material
Database was used in the absence of the lab tested hygrothermal installed material;

3.1. Data presentation: In situ monitoring and simulation
In the following paragraphs, the results of the monitoring phase
and the simulations are presented for each material technology.
Some of the reading information is common for each of the material’s results:

Fig. 6. Hourly annual data of external and internal climates: (a) Temperature (°C); (b) Relative Humidity (%). The light grey rectangle refers to the climate file created with EN
15,026 [39] values (period between 1st October and 14th November).
8
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within 20 °C). Moreover, in these points (point 1 and 5 in Fig. 3.
b), the T (min  max) values, varied between 6.65 °C  29.17 °C
at 3.40 m, and 6.32 °C  29.10 °C at 1.90 m.
In the case of the RH (%), at both measurement points, it was
always below 95%. Nonetheless, it is worth mentioning that the
sensor accuracy over 80% decreases and therefore the 95% threshold for condensation might have been achieved. For the same reasoning, RH (%) monitored differences at both levels should not be
considered significant: RH (min  max) values, varied between
65,08%93.86% at 3.40 m, and 63.19%90.40% at 1.90 m, respectively. Nonetheless, the initial building moisture and successive
drying out period was visible: RH (%) between the insulation and
the historic wall decreased until 1st October 2020, reaching values
below 65%.
Additionally, the in situ data was compared with the simulation. It was verified that the simulated values over dimensioned
the monitored T (°C), especially in the spring-summer season:
the global difference between the measured (average of the two
sensors) and the simulated values varied between 0.00 °C  5.16
°C and RMSE = 2.71 °C. During the ‘‘active-phase”, the RMSE = 0.67,
which is comparable with the instrumental error (±1 °C when
0  T (°C)  20). In this case, the RMSE is even lower than the sensors accuracy.
On the contrary, the RH (%) simulated values were underestimated. The field data showed higher RH (%) values than those suggested in the simulation. It is likely that the underestimation of RH
(%) by the software is caused by the overestimation of interseasonal drying. Both the field and the simulation data showed

i) between all the survey’s analysed points, it was decided to
show only the one relating to probable interstitial condensation,
being the most significant point (points 1 and 5 in Fig. 3);
ii) graphs show the entire monitoring/simulation period. A dotted grey rectangle underlines the main heating period (‘‘active
monitoring phase”): 15th November 2019 and 12th March 2020;
iii) each graph shows: T (°C) and RH (%) measured inside the
box and outdoors, with grey lines; T (°C) (orange line) and RH (%)
(dark blue line) measured at 3.40 m (Fig. 7), the critical point; T
(°C) (yellow line) and RH (%) (blue line) measured at 1.90 m
(Fig. 7), the critical point; and the simulated data (green line).
iv) As the T (°C) values outdoors, under the porch, were never
negative, neither were those in either of the sensors placed at
the ‘‘critical point”, so, frost damage was disregarded (and it was
not even assessed through simulation).
Additionally, some variations in simulations are proposed for
each stratigraphy, starting from the specific need from the conservation authorities, aiming at enriching the discussions on the
experimental results and to present variations to the monitored
configurations.
3.2. Calcium silicate (mineral foam) blocks (CaSi)
Hourly averages of all the monitored and simulated CaSi values
between 15th November and 30th September are presented in
Fig. 8. There was no significant difference between T (°C) measured
at 3.40 m or 1.90 m in between the insulation (CaSi) and the historic wall (this difference fits in the sensor accuracy which stays

Table 4
Main hygrothermal properties of the chosen materials. Density (q), specific heat (Cp), porosity (hpor ), thermal conductivity (kdry ), vapour resistance (ldry ) and capillary absorption
coefficient (Aw).
Material

ID Delphin DB

q[kg/m3]

Cp[J/KgK]

hpor [m3/m3]

kdry [W/mK]

ldry [-]

Aw[kg/m2s05]

Lime Mortar
Historical Brick (*)
Lime plaster External (*)
Lime plaster Internal
Calcium silicate (mineral foam)
Glue Mortar (for Mineral insulation Board)
Gypsum fibre board
Thermocork
Oak
Stone wool
Steel
Gypsum board

143
532
520
629
596
77
413
418
458
–
238
599

1570
1759
1604
1498
126
830
1133
114
588
70
7800
745

1000
1092
869
802
968
815
1228
2253
1584
1030
470
1826

0.408
0.336
0.395
0.435
0.951
0.685
0.626
0.957
0.630
0.950
–
0.719

0.7
0.624
0.69
0.412
0.045
0.155
0.341
0.047
0.212
0.033
47
0.177

11.0
24.5
19
9.3
5.7
13.0
16.8
28.9
9.6
1
–
11

0.176
0.184
0.179
0.018
0.004
0.003
0.057
0.009
0.016
–
–
0.179

Fig. 7. Reading scheme of the monitoring/simulation’s graphs.
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Fig. 8. Hourly monitored and simulated hygrothermal conditions, between 15th November and 30th September with CaSi insulation technology (118 mm), at the probable
condensation point: a) T (°C); b) RH (%).

measured at both heights was observed, RH (min  max) values,
varied between 60,67%76.30% at 3.40 m, and 53.77%60.20% at
1.90 m, respectively. In other words, the maximum RH (%) value
registered at the lower sensor equalled the minimum value registered at 3.40 m.
The simulation overestimated the T (°C) values: the global difference between the measured (average of the two sensors) and
the simulated values varied between 0.00  3.73 and, RMSE = 2.01.
During the ‘‘active-phase”, RMSE = 0.87, which is lower than the
instrumental error. In some moments the simulation overestimated the onsite RH (%) behaviour, in others it underestimated
it. This difference was re-emphasized by the end of July. Statistically: the difference between the RH (%) measured (average of
the two sensors) and the simulated values varied between 0.00 %
10.38 % and RMSE = 5.92 % – this value is higher than the sensors
accuracy. As visible in Fig. 9.b), the RH (%) simulation curve better
fitted the data registered by the sensor placed at 3.40 m during
most of the time. If data had been collected solely at 3.40 m, and
the same analysis was performed, the difference would be lower
0.00 %  8.10 %, and RMSE = 3.96 %, fitting the instrumental error ± 2
% when 20  RH (%)  80.

an apparent seasonal dependency – higher RH (%) values in the
winter and lower in the summer. Statistically, the global difference
between the measured (average of the two sensors) and the simulated values varied between 3.36 %  23.71 % and RMSE = 11.66 %.
When analysed separately, in both phases, active and passive, the
RMSE value was more than the double of the instrumental error.
Nonetheless, it is worth to mention that such error increases up
to ± 4 % when RH  80%.
3.3. Cork boards (Co)
Co hourly data, monitored and simulated, between 15th
November and 1st October, are presented in Fig. 9. No significant
difference between the T (°C) measured at 3.40 m or at 1.90 m in
between the insulation (Co) and the historic wall (as the difference
fits the sensor accuracy which stays within 20 °C) was verified.
Moreover, in these points (point 1 and 5 in Fig. 3b), the T
(min  max) values, varied between 7.89 °C  29.03 °C at
3.40 m, and 8.01 °C  29.47 °C at 1.90 m.
RH (%) values were always below 80%, therefore, the risk of condensation was clearly never present. Herein, RH (%) differences
10
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Fig. 9. Hourly monitored and simulated hygrothermal conditions, between 15th November and 30th September with Co insulation technology (62.5 mm), at the probable
condensation point: a) T (°C); b) RH (%).

Concerning the simulation, much like in the previous technologies, when it comes to the T (°C), the simulation overestimated the
T (°C) values, especially after the springtime: the global difference
between the measured (average of the two sensors) and the simulated varied between 0.00 °C  4.49 °C and RMSE = 2.06 °C. During
the ‘‘active-phase”, the RMSE = 0.56, which is comparable with the
instrumental error (±1 °C when 0  T (°C)  20). In this case, the
RMSE is even lower than the sensors accuracy.
During a considerable part of the year, the RH (%) simulation
curve either overestimated or underestimated the field data. Statistically, the global difference between the measured (average of the
two sensors) and the simulated values varied between 0.00 % 
12.87 % and RMSE = 7.50 %. If only the ‘‘active-phase” was
observed, RMSE = 5.93 %, approaching the instrumental error (up
to ± 4 % when RH  80%). From the observation of Fig. 10.b), it is
visible that the simulation curve (RH, %) better fitted the monitored
values at 3.40 m. If data had been measured solely at 3.40 m, the
difference between the simulation and the monitored data would

3.4. Stone wool panels
Part of the results of this insulation technology were previously
divulged in [30]. Previously, only a short 3-month monitoring period was presented and discussed. Herein, Fig. 10, shows the entire
dataset.
The T (°C) profile of the monitored data was not very different
from the other materials, i.e., no significant difference was found
between T (°C) measured at 3.40 m or at 1.90 m, at the likely condensation point. At these points, the T (min  max) values, varied
between 6.53 °C  30.18 °C at 3.40 m and 5.78 °C  29.76 °C at
1.90 m.
RH (%) was not so ‘‘homogeneous”. A visible difference was
found between the RH (min  max) measured at 1.90 m,
64.12%85.24% and 3.40 m, 62.15%94.19%, respectively.
Although the condensation limit (95%) was never reached, much
like with the CaSi, a reasonable doubt can be noted, due to sensors
accuracy over 80%.
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Fig. 10. Hourly monitored and simulated hygrothermal conditions, between 15th November and 30th September with SW insulation technology (112.5 mm), at the probable
condensation point: a) T (°C); b) RH (%).

be less significant: 0.00 %  11.68 % and RMSE = 6.32 %. If only the
‘‘active-phase” was observed, RMSE = 4.12 %, fitting the instrumental error ± 2 % when 20  RH (%)  80.
In sum, differences were found between simulated and monitored data in all models. The lowest RMSE values were found in
Co simulations. Some general observations can be drawn:

As previously mentioned, with the aim of enriching this study
discussion, proposing some alternatives, and improving the calibration of the hygrothermal simulation models developed for these
insulation technologies, some small variations were performed in
every model, as shown in the next paragraphs. In order to improve
the readings of the new figures, the indoor and outdoor climate
data was removed.

- Generally, the simulated data better fitted the in-situ data in the
‘‘active-phase” rather than on the ‘‘passive” one. This tendency
was stronger for T (°C) rather than RH (%). This can be due to the
daily fluctuations of the outdoor temperatures (day / night)
which are less pronounced than in periods of high and uncontrolled temperatures (passive phase);
- In the cases of Co and stone wool panels, the simulation better
fitted the data that was collected at 3.40 m;
- The differences between the in-situ and the simulation data can
be due to the non-homogeneity of the historic wall and /or the
underestimated thermal inertia of this wall (likely higher) and/
or the simulation might not be perfectly parameterized. For
example, the materials characteristics, such as porosity, might
not be perfectly parameterized and this might determine
greater variations in RH.

3.5. Variations of the simulations
3.5.1. Calcium silicate (mineral foam) blocks
As the CaSi insulation technology corresponds to a ‘‘wet” installation method, a few variations were introduced and new simulations were performed:
i) instead of looking at the last year of the simulation, as is
common practice, authors looked at the first year of the simulated data, and compared it with the field monitoring campaign, which started after the installation;
ii) a new simulation was run, changing the initial RH (%) value,
from 80% to 95%;
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No significant differences between the original simulation and
the new one [iii)] with the clay adhesive mortar were obtained,
therefore, no new figure is shown concerning this simulation. In
summary, it can be stated that the different properties of the mortars induced practically no change in the final result of the generated RH (%) at the probable condensation point.
Finally, one latest variation was introduced [iv)]: reducing the
CaSi blocks width to 6 cm (to pursue the conservation requirements). Two simulations were in fact performed, considering the
initial RH at 80% and at 95%.
At 80% initial value, both the data of the first year and the data
of the last year of the new simulation (with 6 cm width of CasSi)
showed slightly better results than that of the initial simulation,
of 10 cm material width in the ‘‘passive phase”, but worse behaviour during winter time if the last year data is observed, Fig. 12.
At 95% initial RH value, if the first-year simulated data is observed,
6 cm behaves better than the construction solution currently
installed (no Figure is shown to avoid data redundancy). Nonetheless, in a broader perspective, if the last year of the simulation is
observed, 10 cm seems to behave better at wintertime (the most
critical period of the year).

iii) another simulation was run with a different adhesive glue
mortar;
iv) one last variation was performed reducing the material
width to 6 cm.
Concerning [i)], the temperature of the simulated data of the
first year, when compared to the last year of the simulation
(Fig. 8.a), did not differ significantly and therefore it is not shown
(max DT = 0.1 °C). RH (%) values, instead, were quite different
(max DRH = 15 %) and, therefore, this data is presented in Fig. 11.
As exhibited by the pink broken line, the RH simulation of the first
year is closer to the in-situ data, considering that this corresponds
to the initial months after the installation. Nonetheless, the simulation data underestimates the field measurements almost
throughout the entire monitoring period.
Given the obtained results from the initial simulation and its
first variation, the second action [ii)] was changing the initial RH
(%) value of the simulation, from 80% to 95%. Once again, in terms
of T (°C), no significant difference was noticed (max DT = 0.4 °C). In
terms of RH (%) some variations are found (max DRH = 27 %): the
data of the first year overestimated the RH (%) behaviour profile,
while the last year’s data overlapped with the initial simulation,
underestimating the values of the data collected in situ. In other
words, whether the initial RH value is 80% or 95%, if solely the data
of the last year is observed, from any of the simulations, the same
results are obtained. That is, between variation [i)] and [ii)] - which
aimed at bringing closer the simulation values to the monitored
ones, the one that better serves the purpose is [i)]. Consequently,
no Figure is shown for [ii)].
Notwithstanding such results, it was decided to introduce
another variation, admitting 95% as the initial RH value [iii)]:
instead of using the same material in both the mortar layers, the
adhesive and the finishing mortar, the adhesive layer was replaced
by a clay mortar, of which the properties are shown in Table 6 (this
clay mortar presents a much higher capillary absorption
coefficient).

3.5.2. Cork boards
Concerning Co, the authors promoted three variations:
i) Simulation with a 10 cm width of thermal insulation material, cork;
ii) Simulation with two gypsum boards instead of one
fibreboard;
iii) Simulation with a variation to the software’s library material
– the authors edited the cork material in the Delphin software’s library with the thermal characteristics of the material tested in situ, as described in Table 7, ‘‘Mixed cork”.
The results of the first variation [i)] are presented in Fig. 13. As
expected, augmenting the material’s width, would lower the T (°C)

Fig. 11. Monitored and simulated RH (%) conditions, between 15th November and 30th September with CaSi insulation technology, at the probable condensation point
[original simulation and scenario i)].

Table 6
Main hygrothermal properties of the two kind of mortars used for CaSi blocks simulation density (q), specific heat (Cp), porosity (hpor ), thermal conductivity (kdry ), vapour
resistance (ldry ) and capillary absorption coefficient (Aw).
Material

ID Delphin DB

q[kg/m3]

Cp[J/KgK]

hpor [m3/m3]

kdry [W/mK]

ldry [-]

Aw[kg/m2s05]

Glue Mortar (for Mineral insulation Board)
Clay Mortar (historical)

77
128

830
1568

815
488

0.685
0.468

0.155
0.582

13.0
11.4

0.003
0.176
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Fig. 12. Monitored and simulated RH (%) conditions, between 15th November and 30th September with CaSi insulation technology, at the probable condensation point
[original simulation and scenario iv), with initial RH value equal to 80%].

Table 7
Hygrothermal properties of cork used in the simulation. Density (q), specific heat (Cp), porosity (hpor ), thermal conductivity (kdry ), vapour resistance (ldry ) and capillary
absorption coefficient (Aw).
Material

ID Delphin DB

q[kg/m3]

Cp[J/KgK]

hpor [m3/m3]

kdry [W/mK]

ldry [-]

Aw[kg/m2s05]

Thermocork
‘‘Mixed cork”

418
–

114
160*

2253
2100*

0.957
0.9*

0.047
0.042*

28.9
10.7*

0.009
0.009

(*) The values in bold correspond to the thermal properties values of the cork provided by the company.

the authors propose a new hypothesis: an equilibrium between the
energy performance reduction (reducing the insulation material by
2 cm) and an increase of the vapour resistance, balancing also the
space reduction of the proposed solution: in summary, the new
scenario is made of 8 cm stone wool and two gypsum boards of
internal finishing. While the T (°C) results between both simulations are negligible (max DT = 0.3 °C, therefore not shown), RH
(%) is not (max DRH = 5.9 %): please consider Fig. 15. During the
winter period, a very smooth difference can be found between
the original simulation and the new one (in terms of T, °C), but
both curves overlap from springtime. In terms of RH (%), the new
simulation suggests that RH (%) will always be lower than 90%,
therefore reducing the condensation risk.

at the probable condensation point, as the heat transferred from
the ‘‘indoor environment” would have to cross a higher insulation
width (max DT = 1.8 °C). In terms of RH (%), the achieved maximum value would be lower than when the 5 cm width was tested
in wintertime, reaching practically the same values during the
drying-out phase, as observable in Fig. 13.b) (max DRH = 3.2 %).
The outputs of the new simulation [ii)], two gypsum boards finishing, introduced practically no change: the hygrothermal curves
obtained with the two gypsum boards practically overlap those
generated with one single fibreboard. Only during wintertime, it
could be observed that there is a very slight increase of the RH
(%) value (max DT = 0.4 °C; max DRH = 2.6 %). Due to the insignificant differences, no figures are presented.
Finally, concerning [iii)], no significant differences were
observed in terms of T (°C), therefore no data is shown, but
smoother RH (%) values were obtained, as evidenced in Fig. 14,
when compared with the original simulation.

4. Conclusions
The paper presents the results of the evaluation, both by in situ
measurements and dynamic software simulations, of the
hygrothermal behaviour of three internal insulation systems for a
historic brick wall. The study aimed to assess the possible condensation problems at the most critical point of the stratigraphy,
between the wall and the insulation material, without the installation of any water vapour barriers, to limit the modification of the
original hygrothermal behaviour of the wall.
The monitoring campaign ran between 15th November 2019
and 30th September 2020. In situ data was used for calibrating
the 2D simulation model carried out with Delphin 6.0.20 software.
The results mainly confirm the initial theory: under such climatic
conditions, during the monitoring period and with the studied
stratigraphy, both in situ monitoring and the simulation predictions evidenced no risk of frost damage to the brick wall, one possible and common problem with indoor insulation technologies.
With regards to the risk of interstitial condensation, the simula-

3.5.3. Stone wool panels
In [30], the authors have already proposed a few simulation
variations, namely: i) reducing the stone wool thickness to 6 cm;
ii) reducing the stone wool thickness to 8 cm; and iii) adding a second gypsum board to the internal finishing (one single layer was
installed and was initially simulated). Scenarios i) and ii) showed
the decrease of energy performance from that solution and a very
small difference in RH (1%) at the likely condensation point. The
third scenario, iii), resulted in an improvement of the vapour resistance of the internal finishing, that could contribute to the reduction of the moisture accumulation during the wetting period.
Nonetheless, this scenario was responsible for a delay during the
drying phase.
As during the drying phase, moisture content significantly dried
out from the interstitial area in all the studied simulations, herein,
14
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Fig. 13. Monitored and simulated hygrothermal conditions, between 15th November and 30th September with Co insulation technology, at the probable condensation point
[original simulation and scenario i)].

Fig. 14. Monitored and simulated hygrothermal conditions, between 15th November and 30th September with Co insulation technology, at the probable condensation point
[original simulation and scenario iii)].
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Fig. 15. Hourly monitored and simulated RH (%) values, between 15th November and 30th September with the SW insulation technology, at the probable condensation point
[points 1 and 5, Fig. 3b)].

ii) the simulation overestimated the T (°C) values, especially in
the spring-summer seasons, demonstrating that the historic wall’s
thermal inertia is higher than predicted;
iii) since the T (°C) was overestimated for all the tested stratigraphy, the RH (%) simulated values were different from the monitored ones, including variations in all the situations. In particular,
when the RH (%) monitored value is higher than 80%, a reasonable
doubt can be appointed due to the sensors’ accuracy levels, which
may justify such a discrepancy.
Nevertheless, part of the criticalities is assignable to the difficulties in the characterisation of the historic materials, through the
software database. In other words, the results reinforce the limitations of the materials’ library software, suggesting advanced parametric studies of various coefficients which characterize these
materials.
All these aspects underline the importance of the in situ analysis to increase the awareness about the hygrothermal behaviour of
historic envelopes. The authors aim to continue the monitoring
campaign to enrich the data collection during a longer period
and in the future, to test new insulation technologies and new
kinds of historic wall materials from different case studies.

tions showed no risk even in the absence of a water vapour barrier.
Some of the installed technologies presented high RH (%) values,
but these were lower than the reference values in all the situations/periods. In addition, the amount of water vapour accumulated during the winter season dried out during spring/summer
period. The differences between the in-situ data and the simulation
evidenced that, undoubtedly, the simulation alone would not be
enough to properly evaluate the interventions.
Some variations to the simulations were performed to analyse
different configurations, underlining some issues: i) the use of
‘wet installation systems’ requires a longer drying period, during
which the presence of moisture may influence the original
hygrothermal performance of the wall; ii) the insulation material’s
thickness is a very delicate topic and should be deeply studied to
understand the best balance between the energy’s enhancement
and moisture accumulation. In all the analysed cases, a greater
thickness of the insulation corresponds to a better performance
during the winter period but a more difficult drying period during
the summer season. The final choice depends on the maximum RH
(%) value reached during winter.
When in critical situations, as when RH (%) values are close to
the admitted ones (around 95%), instead of adding a water vapour
barrier, an improvement of the vapour resistance of the internal
finishing (for example adding a second gypsum board), could be
sufficient enough to reduce the moisture accumulation during
the wetting period, in compliance with the requirements of the
conservation authorities that ask to maintain, as much as possible,
the original water vapour diffusion transport characteristics, of historic brick walls. In addition, the gypsum board acts as a
hygrothermal flywheel, absorbing excess humidity from the indoor
environment and returning it when it has dropped.
From this newly developed study, the authors can state that the
absence of the vapour barrier is a possible path to be considered, in
historic buildings’ energy refurbishment. This means that, even in
the historic context, different insulation technologies are a possibility, after an accurate analysis and balance between energy efficiency, technology thickness, conservation and hygrothermal
aspects.
The development of the research steps has also confirmed several criticalities anticipated through energy modelling of historic
buildings [25]:
i) in situ monitored data showed RH differences measured at
different heights of the wall due to the wall texture irregularity;
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