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Abstract: Nowadays, advanced hygrothermal simulation tools are available and they are widely used
to predict moisture-related risks in building components, such as mold growth and increased con-
ductive heat losses. This paper takes advantage of these capabilities to analyze moisture-related risks
in the innovative wood-based retrofit solutions, developed in the ongoing H2020 “e-SAFE” project.
In particular, simulations carried out through the Delphin software for the warm Mediterranean
climate of Catania (Italy) allowed assessing the effectiveness of several insulating materials used in
the wall assembly and the moisture-related performance determined by adopting either a waterproof
membrane or a vapor barrier in convenient positions. The results show that the solutions with highly
permeable and highly moisture-capacitive insulation (e.g., wood fiber) are mold free, but at the
expense of increased heat losses by up to 12%, compared to dry materials). In some circumstances,
foam glass or extruded polyurethane could be preferable, due to their high resistance to mold growth
and their flat sorption curve. The vapor-open waterproof membrane applied to the outer side of
the insulation is suggested, while a vapor barrier on the outer side of the existing wall worsens
mold-related issues.

Keywords: hygrothermal simulations; moisture-related risks; wood-based envelope solutions; cross
laminated timber; thermal insulation

1. Introduction

In the field of building performance simulations, the moisture content within building
materials and its related risks, such as the decay caused by the mold germination and
the higher heat losses, due to the increase in the thermal conductivity is often neglected.
Nowadays, transient simulation tools are widely available [1] to investigate these aspects
at the scale of the building component by accounting for the coupled heat and moisture
transport (HAMT) phenomena. These tools can already provide support to the design of
many building envelope solutions, especially the innovative ones that are composed of
materials prone to moisture damages.

This is the case, for example, of the innovative and sustainable retrofit solutions
proposed by the ongoing H2020 “e-SAFE” project, aiming to improve seismic safety and
energy efficiency of the existing non-historical building stock in the European Union. More
specifically, the e-SAFE solution, called e-CLT, consists in adding cross laminated timber
(CLT) panels to the outer walls of existing buildings, to improve seismic resistance, in
combination with an insulating material, to increase the thermal resistance. Depending on
the seismic performance required, the e-CLT can be coupled to a non-structural solution,
called an e-PANEL: this is composed of a timber frame structure, combined with the same
insulation as in the e-CLT, but does not include a CLT layer. As such, the e-PANEL improves
only the energy efficiency in those portions of the envelope where the e-CLT cannot be
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applied, for instance, close to the windows. More detailed descriptions of these solutions
can be found in recent papers, for instance in Evola et al. [2].

Some studies showed that both the e-CLT and the e-PANEL ensure a good thermal
performance, with an expected reduction by about 66% and 25% in the energy demand,
respectively, for space heating and cooling in a pilot building [2]. However, these results
do not consider the increased heat losses, due to the moisture content accumulated by
the building materials. A recent paper by the same authors [3], revealed that moisture
content may cause an increase by about 10% in the heat losses through the e-CLT solution,
if compared to the dry case. In addition, wood-based materials are particularly prone
to moisture storage because of their cellular structure, and they are highly sensitive to
decay caused by the mold growth, since wood is an organic material. In this sense, the
use of advanced hygrothermal simulation models could be useful to predict and prevent
undesirable long-term moisture damage.

The need of further research in this field is testified by recent studies that made use
of hygrothermal simulation tools to support the design stage of wood-based building
components [4–8]. For instance, Brambilla et Gasparri [4] claimed the importance of
permeability for a timber envelope, especially in cool and cold climates where moisture
transfer typically occurs outwards. In this case, a highly permeable wall assembly allows
moisture to dry out effectively in the summer. By contrast, other studies demonstrated
the necessity of using insulating materials with a low permeability and to protect them
with high vapor resistant membranes, to reduce the mold growth risk in hot and humid
climates [5], where moisture transfer typically occurs inwards instead.

Furthermore, although sustainability reasons would suggest adopting wood fiber
as insulating materials, Chang et al. [6] and Yoo et al. [8] revealed that a scarcely perme-
able outer insulation (e.g.,: extruded polystyrene (XPS) and foam glass (FG)) typically
ensures a better hygrothermal performance than the highly permeable insulation (e.g.,:
wool-type materials).

However, despite the undisputed usefulness of the hygrothermal simulation tools,
some methodological gaps should still be solved, for instance, the proper hygrothermal
characterization of the materials. In fact, the built-in databases available in the most
common HAMT simulation tools contain several materials, but these do not cover all
possible variants occurring in practical applications. As a consequence, the provided
hygrothermal properties of the materials might not be reliable. For example, if looking
at the CLT properties, the literature reveals a certain dispersion of values in the available
experimental data, especially in relation to the vapor resistance factor µ and the water
uptake coefficient A. In particular, the µ-value can vary from 50 to 456 (−), while the A-
value can vary from 1.6 to 14 g·m−2·s−1/2 [3]. The uncertainty in these CLT properties could
impact the reliability of the simulations, aimed at exploring the hygrothermal performance
and the moisture related risks in the e-CLT solution.

In this framework, this paper investigates the hygrothermal performance of two
wood-based solutions applied to the walls of a pilot building located in Catania (Southern
Italy), a city characterized by warm and humid summer and moderately cold and wet
winter seasons. The study relies on transient HAMT simulations performed with Delphin
6.1.2 software, and focuses on the mold growth risk in timber-based materials and on the
increased heat losses, due to the vapor stored within the building materials.

More specifically, this paper aims to achieve the following objectives:

• provide useful recommendations for the design of the e-CLT and e-PANEL in a warm
climate, as regards the insulation type and the application of a waterproof membrane
and of a vapor barrier;

• evaluate the impact of the CLT properties on the hygrothermal performance of the
investigated wall configuration through a sensitivity analysis of the parameters with a
higher uncertainty (i.e.,: the vapor resistance factor and the water uptake coefficient).
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2. Materials and Methods

In this study, the e-CLT and e-PANEL solutions, already introduced in [2], are applied
to a pilot building cited in Catania (Italy). In order to assess the moisture-related risks,
more specifically the mold growth and the increased heat losses, due to the humidity in
the building materials, the solutions are simulated by means of the software tool Delphin
6.1.2, developed by the Technical University of Dresden [9]. The tool uses the Finite Control
Volume (FCV) method to numerically solve the balance equations which describe the
combined heat and moisture transfer and storage for all materials in the wall assembly.

To this aim, Delphin requires—for each building material—all the hygrothermal prop-
erties that govern heat storage, heat transfer, moisture storage, vapor transport, and liquid
water transport. In particular, the following parameters are needed: bulk density ρ(kg·m−3),
specific heat capacity cp (J·kg−1·K−1), dry thermal conductivity λdry (W·m−1·K−1), vapor
diffusion resistance factor µ (-), water uptake coefficient A (g·m−2·s−1/2), and moisture
content both at relative humidity RH = 80% (θ80, in kg·m−3) and at saturation conditions
(θsat, in kg·m−3).

Furthermore, Delphin requires the knowledge of a series of hygrothermal functions,
such as the sorption curve (i.e., the moisture content when equilibrium is reached at
different relative humidity values) or the retention curve (i.e., the moisture content as a
function of the capillary pressure) which can be derived from θ80 and θsat. As many HAMT
tools, not hysteresis in the sorption curve of materials, is considered. In addition, the
definition of the hourly indoor and outdoor climate boundary conditions is needed, in
terms of air temperature (◦C), relative humidity (%), rainfall amount on a horizontal plane
(mm), wind speed (m·s−1) and direction (◦), direct and diffuse solar irradiance (W·m−2),
and long wave sky irradiance (W·m−2).

In order to reach a stabilized behavior, simulations are performed over 10 consecutive
years and by assuming as initial conditions for all construction materials T = 20 ◦C and
RH = 80%. Prior to running the simulations, the assemblies are discretized in 145 smaller
control volumes with a stretch factor of 1.3. The grid thickens towards the extreme sides:
in particular, the largest element is 16 mm thick, while the smallest element is 1 mm thick
(preliminary simulations confirmed that a finer grid does not affect the results).

2.1. Wall Assemblies and Hygrothermal Properties

The e-CLT and e-PANEL solutions applied to the walls of the pilot building described
in [2] are composed—from the inner to the outer side—by 20 mm of cement plaster, 80 mm
of hollow concrete blocks, 100 mm of non-ventilated air cavity, 120 mm of hollow concrete
blocks, and 30 mm of cement plaster. Figure 1 represents the wall assemblies after the
application of the retrofit solutions.
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Figure 1. Wall assembly of the e-CLT and e-PANEL solutions (base case). The circles identify the
investigated critical points. CLT: cross laminated timber; Ins.: insulating material; WPM: waterproof
membrane; clad.: external cladding.

The e-CLT solution adds to the existing wall the following layers: the CLT (thickness
s = 100 mm), the insulation (wood fiber with λdry = 0.04 W·m−1·K−1 with thickness of
60 mm), and the external cladding, including a scarcely-ventilated air gap (s = 20 mm) and



Sustainability 2022, 14, 14706 4 of 18

a fiber cement board (s = 12 mm). The e-PANEL solution is instead composed of a single
93-mm thick layer of wood fiber, applied to the existing wall along with the same external
cladding as the e-CLT. The thickness of the insulation layer for the e-CLT and the e-PANEL,
is calculated by imposing the same thermal transmittance (U = 0.29 W·m−2·K−1) to both
wall assemblies: this ensures coherence between the thermal resistance of the two solutions.
The selected U-value complies with the requirements set by the majority of European
national laws [10] and is widely below the threshold (U = 0.40 W·m−2·K−1) imposed by
Italian regulations in the climate zone B, where the pilot building is located [11].

In both cases, a vapor-open waterproof membrane (WPM) with equivalent air thick-
ness sd = 0.04 m is applied to the outer side of the insulation, in order to protect it from
wind-driven rain, while also allowing vapor transfer by diffusion.

Then, assuming the above wall assembly as a “base case”, six further scenarios are
tested for both the e-CLT and the e-PANEL solutions, and two additional scenarios are
tested only for the e-CLT solution, as summarized in Table 1.

Table 1. Scenarios simulated by varying from the base case: (1) the insulation type, (2) the presence
of the membranes, and (3) CLT properties: µ (-) and A (g·m−2·s−1/2) (scenarios 3 refer only to the
e-CLT solution.

Scenario

e-CLT e-PANEL

Insulation Membrane CLT Properties Insulation Membrane

Type s (mm) WPM VB µ A Type s (mm) WPM VB

Base Case WF 60 yes no 186 5 WF 93 X 0

insulation type
CORK cork 70 yes no 186 5 cork 110 X 0

FG FG 68 yes no 186 5 FG 105 X 0
XPS XPS 45 yes no 186 5 XPS 70 X 0

membranes
0/0 WF 60 no no 186 5 WF 93 0 0
0/X WF 60 no yes 186 5 WF 93 0 X
X/X WF 60 yes yes 186 5 WF 93 X X

CLT properties µ50 WF 60 yes no 50 5 - - - -
A12 WF 60 yes no 186 12 - - - -

The simulated scenarios are useful to investigate several different design solutions, as
regards the insulation type and the position of the membranes.

In particular, in the scenarios called “CORK”, “FG”, and “XPS”, three different insulat-
ing materials with different hygrothermal properties are tested, namely cork, foam glass
(FG) and extruded polystyrene (XPS). As above, the insulation thickness is determined by
imposing that the same thermal resistance as in the base case is achieved.

Moreover, scenario 0/0 differs from the base case because the wall assembly does
not include the waterproof membrane (WPM), while in scenarios X/X and 0/X, a vapor
barrier (VB) with sd = 40 m is added between the existing wall and the retrofit solutions,
respectively, in combination or not with the outer WPM.

Finally, the impact of the CLT properties on the hygrothermal performance of the
e-CLT solution, is considered in scenarios “µ50” and “A12”, by means of a parametric
analysis regarding the vapor resistance factor µ and the water uptake coefficient A. While
the base case is simulated supposing µ = 186 and A = 5 g·m−2·s−1/2, according to the
suggestions reported in [4], the scenario µ50 considers the CLT with µ = 50 (-) as suggested
by the standard EN ISO 10456 [12], and scenario A12 considers A = 12 g·m−2·s−1/2, which
is close to the highest value reported in the literature [13,14].

All materials are selected from the built-in Delphin database but, in some cases,
they were updated, according to technical data sheets, standards, and the literature. In
particular, the CLT and the wood fiber are selected from materials experimentally tested by
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the Technical University of Dresden. All hygrothermal properties used in the simulations
are reported in Table 2.

Table 2. Hygrothermal properties of the selected materials. “id” is the identification code used in the
Delphin software material database. (*) indicates the modified properties. In case of an air gap, the
thermal conductivity is an equivalent value, ensuring the due thermal resistance.

Id Name ρ cp λ µ A θ80 θsat

kg·m−3 J·kg−1·K−1 W·m−1·K−1 - g·m−2·s−1/2 kg·m−3 kg·m−3

Existing wall
242 Cement plaster 1390 850 0.750 33 30 40.7 430.0

508 * Hollow blocks (80 mm) 845 * 1000 0.290 * 15 177 11.4 319.4
15 * Non-ventilated air gap 1.3 1050 0.560 * 1 0 0.0 1000.0

508 * Hollow blocks (120 mm) 667 * 1000 0.390 * 15 177 11.4 319.4

Retrofit solutions
712 * CLT 450 * 1843 0.120 * 186 5 * 59.8 728.1
1762 * Wood fiber (WF) 50 * 1000 0.040 1 5 12.7 590.3

515 Cork 114 2253 0.047 29 9 9.8 93.3
70 Foam glass (FG) 140 850 0.045 700,000 0 1.1 950.0
188 Extruded polystyrene (XPS) 40 1500 0.030 150 0 1.1 950.0

External cladding
15 * Scarcely-ventilated air gap 1.3 1050 0.220 * 1 0 0.0 1000.0

654 * Fiber cement board 1159 1188 0.600 * 26 14 70.9 283.6

Since this paper aims to investigate the moisture-related risks in the CLT and in the
insulation layers, the hygrothermal behavior of the investigated materials (i.e., the CLT, the
WF, the CORK, the FG, and the XPS) needs to be described in more detail.

Thus, in order to better understand the relationship between the water content and
the relative humidity in these materials, Figure 2 reports their sorption curve. This curve
represents the moisture content θ (m3/m3) when equilibrium is reached with the environ-
ment at different relative humidity values RH (-). In the absence of a full experimental
characterization, the sorption curve can be plotted by knowing θ80 and θsat, according
to the various models available in the literature. For instance, Equation (1) refers to the
Künzel model [15], where the parameter “b” is found through best-fit techniques.

θ = θsat
(b − 1)RH

b − RH
m3·m−3 (1)
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Figure 2 suggests that the CLT has a higher moisture capacity than the insulating
materials. This means that it tends to store a larger amount of moisture: for instance, at
RH = 80% the CLT stores about four–five times more moisture than wood fiber, and six
times more than cork. Furthermore, the data reported in Table 2 also suggest that the CLT
has a higher vapor resistance than cork and WF (equivalent air thickness sd = 18.6 m), thus
contributing to reduce the vapor diffusion phenomena.

As regards the insulating materials, they differ from each other mainly in terms of
vapor resistance: the FG is the most resistant one to vapor diffusion (µ = 700,000), followed
by XPS (µ = 150), and cork (µ = 29), while the wood fiber (WF) used in the base case has
µ = 1. The liquid water uptake is A = 9 g·m−2·s−1/2 for the cork and A = 5 g·m−2·s−1/2 for
the WF, while no liquid transport occurs in the XPS and FG (A = 0). Looking at the sorption
curve in Figure 2, the FG and the XPS have a flat sorption curve, meaning that they tend to
store very little moisture even at high RH values.

2.2. Climate Data and Boundary Conditions

According to the pilot location, the simulations rely on the climate data of Catania
(Italy), a city representative of Csa climate conditions in the Mediterranean area, according
to Köppen–Geiger’s classification [16]. The climate dataset used for the simulations is a
moisture reference year (MRY) prepared, according to the criteria reported in Annex B of
the Standard EN ISO 15026:2007 [17].

The MRY refers to the weather data recorded from 2005 to 2019 at the weather station of
the Sicilian Agrometeorological Information System (SIAS) in the immediate surroundings
of the city (latitude: 37.26◦, longitude: 15.04◦, elevation: 10 m a.s.l.). The procedure used
for the integration of the missing data is described in [18].

Starting from these data, the Standard suggests three different criteria to identify
the MRY, based on which condition (i.e., low temperature, high temperature, or rain
penetration) is most critical for the specific moisture problem analyzed. Since this is not
known a priori, preliminary simulations are performed by using three MRYs, namely a
COLD, a HOT, and a RAINY year, built as reported in Table 3. In doing so, the effect of the
exposition is also considered. The results of these preliminary simulations will be reported
and shortly discussed in the Section 3.1.

Table 3. Selection of the MRYs according to the Standard.

MRY Critical Condition Criterion (Standard) Year Selected

COLD low temperature The yearly mean temperature closest to the 10-percentile of the
temperature distribution over the entire period (at least ten years) 2006

HOT high temperature The yearly mean temperature closest to the 90-percentile of the
temperature distribution over the entire period (at least ten years) 2016

RAINY rain penetration The yearly rainfall closest to the 10-percentile of the rain fall
distribution over the entire period (at least ten years) 2015

Figure 3 shows the comparison between the climate datasets selected as MRYs (COLD,
HOT, and RAINY), considering the monthly and yearly statistical distribution of the dry
bulb temperature, the relative humidity, the global solar irradiation, and the long wave
sky irradiance. These data are plotted by means of boxplots, where the vertical boxes
identify the interquartile range, i.e., they are limited by the first (lower) and the third
(upper) quartiles. The horizontal segment and the cross inside each box are respectively the
median and mean value. The whiskers (vertical lines) include the entire range of values,
except for the outliers, i.e., the values that deviate from the upper/lower interquartile range
by more than 1.5 times the interquartile extension (outliers are represented by circles).
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The effect of the wind-driven rain (WDR) is also accounted for in the simulations: this
is calculated by Delphin, according to the standard EN ISO 15927-3 [19], using a reduction
coefficient of 0.7 to include the rain splashing effect [20]. In particular, the incident WDR
depends on the rainfall, the wind speed, and its direction: for this reason, these data are
reported in Table 4.
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Table 4. Comparison between the MRYs: rain on the horizontal plane, wind speed, and wind direction.

Monthly Total Rain on the
Horizontal Plane [mm] Monthly Mean Wind Speed [m/s] Wind Prevalent Direction

COLD HOT RAINY COLD HOT RAINY COLD HOT RAINY

Jan 114.2 21.4 73.8 2.4 2.6 2.4 E SW SW
Feb 134.8 10.8 157.8 2.4 2.8 2.7 W SW SW
Mar 9.0 57.6 95.4 2.8 2.5 2.7 W SW SW
Apr 20.6 6.4 8.2 2.1 2.9 2.6 W W W
May 0.8 11.8 4.8 2.2 2.6 2.6 E NE SW
Jun 22.2 14.2 6.0 2.0 2.4 2.3 E NE NE
Jul 4.2 0.0 9.4 1.8 2.5 2.2 W NE SW

Aug 22.6 35.8 29.4 2.0 2.3 2.2 E E SW
Sep 28.4 101.0 172.8 1.9 2.2 2.3 W SW SW
Oct 184.0 16.2 210.8 1.8 2.3 2.2 E SW SW
Nov 67.6 104.6 51.2 1.9 2.2 2.3 SW SW SW
Dec 169.6 152.4 12.8 1.7 2.8 1.7 W SW SW

Year 64.8 44.4 69.4 2.1 2.5 2.3 W SW SW

Furthermore, a water source is assigned to the outer surface of the insulation protected
by the WPM: this is set to 1% of the rain flux incident on the external surface, and is
measured in kg·m−2·h−1. This approach is followed by several studies [6,21] in compliance
with the recommendations of the ASHRAE 160 Standard [22] and allows the simulation of
a rain leakage through the cladding. The hourly data sheet for the rain leakage is obtained
by preliminary simulations and by requiring as an output the rain flux normal to the
external surface.

As regards the outdoor boundary conditions, the outside heat transfer coefficient
and the surface vapor diffusion coefficient are set to 25 W·m−2·K−1 and 7.5·10−8 m·s−1,
respectively. The solar absorption coefficient is set to 0.6 and the long wave emissivity is
set to 0.9 (default values).

The indoor climate conditions are set according to EN ISO 15026 [17], and consider
the variation in indoor air temperature and relative humidity as a function of the outdoor
conditions: the indoor air temperature ranges from 20 ◦C to 26 ◦C and the relative humidity
ranges from 35% to 65%. The inside heat transfer coefficient and surface vapor diffusion
coefficient are respectively set to 7.7 W·m−2·K−1 and 2.5·10−8 m·s−1 [17].

2.3. Risk Assessment

The hygrothermal performance of the e-CLT and e-PANEL is investigated, in terms of
mold growth risk in the critical points identified in Figure 1 and the increased heat losses,
due to the moisture content within the building materials.

The mold growth risk is evaluated, according to the model developed at the Technical
Research Center of Finland (VTT) [23], which defines a mold index (MI), depending on
the temperature and relative humidity values of the investigated surfaces. The MI ranges
from 0 to 6: MI < 1 means that no mold growth occurs, 1 ≤ MI < 3 means that mold risk is
moderate but acceptable, MI ≥ 3 means that mold growth is not acceptable. The model also
takes into account the sensitivity of the specific materials to mold growth: Table 5 shows
the sensitivity classes assumed in this study for the investigated materials, according to the
classification reported in [24].

The increase in the heat losses is evaluated in terms of the moisture-dependent U-value.
Since Delphin is not able to provide, as an output, the thermal transmittance as a func-
tion of the moisture content, this has been calculated in post-processing through the
following formula:

U =

[
1

h0,e
+

n

∑
i=1

si

λi
+

1
h0,i

]−1

W·m−2·K−1 (2)
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Table 5. Sensitivity classes for the CLT and various insulating materials. (*) indicates the
modified properties.

Id Name Type of Material Type of Surface Type of Mold Growth

712 * CLT Sensitive Sensitive Relatively low mold decline
1762 * Wood Fiber Sensitive Sensitive Almost no mold decline

515 cork Sensitive Sensitive Almost no mold decline
70 FG Medium resistant Durable Almost no mold decline

188 XPS Durable Medium resistance Almost no mold decline

Here, h0,e and h0,i are respectively the outside and inside heat transfer coefficients pre-
viously defined, n is the number of layers and λi (W·m−1·K−1) is the moisture-dependent
thermal conductivity of each layer, which instead is given as an output of the simula-
tions. According to the materials model available in the Delphin database, the moisture-
dependent thermal conductivity is given by the following relation [25]:

λ = λ(θ) = λdry + 0.56 · θ W·m−1·K−1 (3)

where λdry is the dry thermal conductivity and 0.56 is the thermal conductivity of water.
This means that the moisture-dependent thermal conductivity is a sort of weighted average
of the thermal conductivity of the dry material and the water. Actually, this relation
implies a slight simplification of the most rigorous and sophisticated models available in
the literature [26], and deviates from them by around 1% for the wood fiber and around
4% for the CLT. Furthermore, Equation (3) is consistent with the experimental results
reported in [27].

3. Results

Following the report of the results of the preliminary simulations aimed to select
the most appropriate MRY (Section 3.1), this section presents the results regarding the
mold growth risk evaluated in the critical points of the e-CLT and e-PANEL solutions
(Section 3.2), as well as the increase in the U-value caused by the moisture content for each
simulated scenario (Section 3.3). All results refer to the tenth simulated year, i.e., after a
stabilized behavior is reached.

3.1. Selection of the MRY

Preliminary simulations are performed in order to select the most appropriate MRY
among those suggested by the Standard, depending on the critical conditions that ensure
the worst performance, in terms of moisture problems. In doing so, also the effect of the
wall orientation is considered: indeed, different orientations imply different rainfall and
solar irradiation values. The results are here reported and discussed. They refer only to the
base case of the e-CLT solution, because similar conclusions derive from the other scenarios.

As shown in Figure 4, the COLD year ensures the worst performance, in terms of
mold growth (maximum MI = 0.71) in an east-orientated façade. The results suggest also
that the effect of the climate dataset and of the wall orientation on the moisture-dependent
U-value is negligible. In fact, the increase in the U-value ranges from about 11.10% to
12.10%, compared to the dry case. For these reasons, the COLD year is selected as the MRY
and east is selected as the critical orientation for the wall.
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Figure 4. Mold index in point a2 evaluated for each MRY (COLD, HOT, and RAINY) and for the
north, east, south, west wall orientations.

3.2. Mold Growth Risk

In order to evaluate the mold-safety of the investigated solutions and to compare the
different scenarios, the MI is calculated for the following critical points (Figure 1):

• the outer side of the CLT in the e-CLT solution (point a1);
• the outer side of the insulation in the e-CLT solution (point a2);
• the outer side of the insulation in the e-PANEL solution (point b).

Apart from the sensitivity class of the materials to mold growth (Table 5), the MI de-
pends also on the temperature and relative humidity values in the investigated points. For
this reason, Figures 5 and 6 report the hourly profiles of these quantities in the base case for
both solutions (i.e., with WF protected with the WPM, µ = 186 (-) and A = 5 g·m−2·s−1/2 for
the CLT), while for all scenarios the boxplots show the corresponding statistical distribution
for the sake of comparison.
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Considering the e-CLT base case, the temperature ranges from about 10 ◦C to 32 ◦C in
point a1, and from about 1 ◦C to 42 ◦C in point a2. Instead, the RH can exceed 80% between
October and March in both points, reaching 96% in point a2. In the winter, point a1 keeps
at a lower temperature and a slightly lower RH than point a2, thus suggesting that the
insulation layer is more exposed to mold-risk than the CLT layer.

In the other scenarios, the temperature distributions are very similar, with just some
slight differences in point a1 after changing the insulation type (Figure 5). In this case, the
extreme values deviate by about 2 ◦C from the base case.
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On the contrary, the RH is more sensitive to the different design scenarios (Figure 6).
Indeed, by comparing the RH values in the simulated scenarios for the e-CLT, one can
further notice that:

• the RH variation in the CLT is very narrow if insulating materials, other than WF,
are used;

• the absence of the WPM in the scenario 0/0 increases the maximum RH in both points,
while the VB in scenarios 0/X and X/X keeps the RH in the outer side of the CLT
almost constant, at around 70%;

• the increase in the vapor permeability, and above all the increase in the water uptake
coefficient of the CLT, determine a shrinkage of the boxplots for both sides.
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The behavior of point b is quite similar to point a2. In particular, the RH values in the
outer side of the e-PANEL insulation tend to be slightly lower than those in the equivalent
point of the e-CLT.

Based on these results, it is possible to state that the proposed variants, in terms of insu-
lating material, position, and type of membrane, as well as the CLT properties, mainly affect
the RH distribution within the wall assembly, rather than the temperature distribution.

Once the time trend of the temperature and RH has been determined, the MI is
calculated, according to the VTT model. Figure 7 shows the time trend of the MI: this plot
compares each scenario to the base case for both solutions (i.e., e-CLT and e-PANEL). The
trends refer only to the outer side of the insulation, since the MI in the outer side of the CLT
never exceeds 0.3, and has not been reported for the sake of conciseness.
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Figure 7. Time trend of the mold index (MI) on the outer side of the insulation.

According to the VTT mold growth model [25], the points are considered mold-free
when the MI is below the threshold of 1: therefore, the base case is mold-free in both
solutions. Looking at the variants, all of these wall assemblies do not show mold growth
issues, even when using CORK for which the MI is higher than one but lower than 3.

As far as the insulation type is concerned, the best scenarios are those using FG and
XPS for which the MI is very close to 0. Furthermore, considering the different combinations
of the membranes, the base case (where the insulation is protected by the WPM), is the
best scenario with a MI < 1, while the worst scenario is the case 0/X, with a vapor barrier
placed in the inner side and no water-proof membrane protecting the outer insulation layer.
Intermediate results are achieved by scenarios 0/0 and X/X. Regardless, in these three
cases the mold growth is still acceptable (MI < 3).

As far as the CLT properties are concerned, the mold risk is more sensitive to the
variation of the water uptake coefficient A than to the vapor resistance factor of the CLT.
However, the different value of these parameters does not yield considerable variations in
the results.
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In general, the results for the e-CLT and e-PANEL follow the same trend. Considering
the scenarios where the insulation type is tested, the difference in the MI between the
solutions is negligible, especially for the CORK, the FG, and the XPS. Nevertheless, in the
presence of WF, the e-PANEL assembly ensures a very slight better performance than the
e-CLT assembly.

3.3. Moisture-Dependent U-Value

This section reports the results regarding the moisture-dependent U-value, calculated
as described in Section 2.3 for the e-CLT and the e-PANEL. In order to verify its possible
correlation with the mean moisture content in the insulation and in the CLT layer, Figure 8
reports the time trend of the moisture content, along with the statistical distribution (box-
plots) for each simulated scenario.
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In all cases, the CLT keeps a higher moisture content (5.0% on average) than the
insulation (1.1% on average). This is due to their different sorption curve: indeed, the
CLT absorbs much more moisture than the insulating materials under the same relative
humidity conditions.

By comparing the insulation types, one can observe that the mean moisture content in-
side the insulation layer mainly depends on the sorption curve of the considered insulating
material. Thus, the moisture content is higher in the WF (base case), followed by the CORK,
the FG, and the XPS scenarios. In particular, the FG and the XPS show a moisture content
close to zero, according to their flat sorption curve, independently of the relative humidity.
Moreover, the mean moisture content in the CLT layer seems to be mainly affected by the
vapor resistance of the insulating material. Indeed, the highest moisture content values
pertain to the FG scenario (sd = 476,000 m), followed by the XPS scenario (sd = 68 m),
and the CORK scenario (sd = 20 m). Indeed, highly vapor resistant insulation limits the
moisture transport by diffusion from the CLT to the outdoors.

Looking now at the results concerning the membranes, the missing WPM in scenario
0/0 does not significantly affect the moisture content distribution, while the vapor barrier
in scenarios X/0, which corresponds to the base case, and X/X causes a shrinkage of the
box plots in the CLT layer. This means that the presence of the inner vapor barrier makes
the CLT less sensitive to the moisture coming from the inner side.

The behavior of the insulation layer in the e-PANEL solution is similar to what has
already been described for the insulation layer in the e-CLT.

Figure 9 shows the yearly increase in the U-value, compared to the dry case, which
is mainly affected by the insulation type. The wall assembly insulated with WF en-
sures the worst performance: the moisture content determines a yearly mean increase
by about 12% (up to 0.325 W·m−2·K−1) in the e-CLT, and by about 10% in the e-PANEL (up
to 0.320 W·m−2·K−1). Moreover, the best results are ensured by the wall assemblies, respec-
tively, insulated with FG and XPS. However, although these materials significantly limit
the moisture storage and transfer, it is not possible to keep the U-value increase below 6%
in the e-CLT and below the 2% in the e-PANEL. The scenarios with different combinations
of the membranes do not cause significant variations, in terms of the moisture-dependent
U-value. Likewise, the uncertainty in the CLT properties does not significantly affect the
results, although they determine a wide variability on the moisture content in the CLT
layer (Figure 8). Once again, the assembly performance is more sensitive to a variation
in the A-value then in the µ-value, and lower A-values ensure slightly more conservative
results. The increased U-value is about 11% with A = 12 g·m−2·s−1/2, compared to 12%
with A = 5 g·m−2·s−1/2.
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Figure 9. Increase of the yearly mean U-value in the retrofit solutions for each scenario, with respect
to the dry U-value.

4. Discussion

The results presented in the previous section provide recommendations for the design
of the wood-based retrofit solutions called e-CLT and e-PANEL, applied to the specific
investigated wall assembly and climate, by demonstrating the consequences of using
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different insulating materials and membranes. Furthermore, they clarify the effects of two
key hygrothermal properties of the CLT, namely the A-value and µ-value.

Under the warm climate conditions that are typical of Southern Italy and most coun-
tries facing the Mediterranean Sea, all of the assemblies considered in this study are mold
safe. In fact, the MI in a ten-year-long period is below the risk threshold (MI < 3). The
increase in the U-value ranges from 6% to 12% in the e-CLT assembly and from 1% to 10%
in the e-PANEL assembly.

The base case where the thermal insulation is provided through wood fiber, and an
outer waterproof membrane is installed, ensures a good performance, in terms of mold
growth (MI < 1), despite the high sensitivity of the materials to mold growth. However,
even if the wood fiber determines acceptable MI values, it provides the worst performance,
in terms of the moisture-dependent U-value (increase by about 12% and 10% from the dry
value for the e-CLT and e-PANEL, respectively). In fact, due to its higher sorption capacity,
the WF absorbs more moisture than other insulating materials under the same relative
humidity. The result also suggests that those solutions providing higher RH values do not
necessarily imply the most evident increase in the U-value, the latter depending on the
moisture content.

Moreover, the use of cork must be carefully evaluated because it is prone to a non-
negligible mold growth, even if the risk is still acceptable (MI < 3).

The XPS and the FG ensure a better performance, in terms of both mold growth
and the moisture-dependent U-value, but they are not recommended for environmental
sustainability reasons [2]. One can also observe that, although the FG and the XPS reach
about the same RH-values in the critical point (outer side of the insulation) as the CORK,
no mold risk emerges because they are not sensitive to mold growth, according to their low
sensitivity class.

Instead, the good performance of the XPS and the FG, in terms of the limited U-value
increase, is due to the extremely low moisture content (close to zero) within the insulation
layer, according to their flat sorption curve.

The type and position of the membranes do not affect the U-value but rather the MI.
Although each combination is mold-safe, the weatherproof membrane in the outer side of
the insulation (scenario X/0) is always suggested, since it provides the lowest MI profile
for both solutions. By contrast, the presence of an inner vapor barrier always worsens the
hygrothermal performance, especially without the WPM (scenario X/X). More specifically,
the absence of the WPM allows moisture (in both liquid and vapor forms) to penetrate
from the outside through the insulation layer, while the vapor barrier then inhibits this
amount of moisture from moving inwards.

As a general conclusion, these results suggest that the investigated moisture-related
risks are affected by the hygrothermal properties of the insulation material, mainly the
sorption curve and the sensitivity class to mold growth. The results also show that the RH
and moisture content conditions in the CLT layer do not significantly affect the investigated
moisture-related risks. In fact, point a1 is always mold-free, and it is not possible to
find a clear correlation between the moisture content in the CLT and the increased U-
value. This suggests that the water content in the insulation has a high impact on the
moisture-dependent U-value, although the CLT has higher moisture content values than
the insulating materials, due to its higher sorption capacity.

Finally, although the uncertainty in the CLT properties does not imply considerable
discrepancies in the results, higher µ-values and lower A-values of the CLT ensure more
conservative results.

5. Conclusions

In the framework of the ongoing e-SAFE project, which aims to combine energy
savings and seismic safety through structural (e-CLT) and non-structural (e-PANEL) timber-
based solutions, this paper provides a hygrothermal investigation of these solutions in
terms of moisture related risks, i.e., mold growth and increased heat losses, due the water
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vapor retained in the materials. The investigated solutions are applied to a pilot building
located in Catania (Italy), representative of a warm climate in the Mediterranean area, with
the aim of providing recommendations regarding the suitable insulation strategy and the
possible adoption of waterproof membranes and vapor barriers.

To this aim, the e-CLT and e-PANEL are simulated by means of the software tool
Delphin 6.1.2, which allows the transient combined heat and moisture transport analysis.

The main results are summarized as follows:

• The wood fiber insulation is a good compromise to encompass mold-safety and
sustainability, but the moisture content that it can accumulate increases by up to 12%
the conductive heat losses. The use of cork does not ensure a good performance
with respect to other solutions, neither in terms of mold growth, nor in terms of the
moisture-dependent U-value. The best moisture-related performance is ensured by the
extruded polystyrene and foam glass because they are less sensitive to mold growth,
while also absorbing less moisture, due to their flat sorption curve.

• The vapor-open waterproof membrane applied to the outer side of the insulation is
always suggested, while a vapor barrier in the outer side of the existing wall worsens
the mold conditions.

• The uncertainties in the definition of some hygrothermal properties of cross laminated
timber do not impact significantly the moisture related risks considered. However,
considering lower µ and lower A values ensures slightly more conservative results.

In conclusion, in order to go beyond this case study and in compliance also with the
ambitions of the e-SAFE project, which aims to apply these solutions in a wider European
context, this study will be repeated under different climate conditions and wall assemblies.
In addition, further studies will deal with the increase of the heat losses, due to moisture
content, looking at the scale of the building, rather than the scale of the component.

Author Contributions: Conceptualization, G.E. and V.C.; methodology, G.E. and A.U.; software, A.U.
and V.C.; formal analysis, G.E. and V.C.; resources, F.N. and G.E.; writing—original draft preparation,
A.U.; writing—review and editing, A.U., F.N., V.C. and G.E.; visualization, A.U.; supervision, F.N.
and G.E.; funding acquisition, G.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This paper was carried out in the framework of the “Energy and seismic affordable
renovation solutions” (e-SAFE) project, which has received funding from the European Union’s
Horizon 2020 research and innovation programme under Grant Agreement No. 893135. Neither the
Executive Agency for Small-and-Medium-sized Enterprises (EASME) nor the European Commission
is in any way responsible for any use that may be made of the information it contains. Some activities
were also partially funded by the University of Catania in the framework of the SIS-RENEW research
project (Piano di incentivi per la Ricerca 2020–2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. João, M.P.Q.; Delgado, E.; Barreira, N.; Ramos, M.M.; de Freitas, V.P. Hygrothermal Numerical Simulation Tools Applied to Building

Physics; Springer: Amsterdam, The Netherlands, 2013.
2. Evola, G.; Costanzo, V.; Urso, A.; Tardo, C.; Margani, G. Energy Performance of a prefabricated timber-based retrofit solution

applied to a pilot building in Southern Europe. Build. Environ. 2022, 222, 109442. [CrossRef]
3. Evola, G.; Urso, A.; Costanzo, V.; Nocera, F.; Marletta, L. Heat and mass transfer modelling for moisture-related risks in walls

retrofitted by timber materials. In Proceeding of the 5th Building Simulation Applications Conference (BSA 2022), Bozen, Italy,
29 June–1 July 2022.

4. Brambilla, A.; Gasparri, E. Mould Growth Models and Risk Assessment for Emerging Timber Envelopes in Australia: A
Comparative Study. Buildings 2021, 11, 261. [CrossRef]

http://doi.org/10.1016/j.buildenv.2022.109442
http://doi.org/10.3390/buildings11060261


Sustainability 2022, 14, 14706 18 of 18

5. Strang, M.; Leardini, P.; Brambilla, A.; Gasparri, E. Mass Timber Envelopes in Passivhaus Buildings: Designing for Moisture
Safety in Hot and Humid Australian Climates. Buildings 2021, 11, 478. [CrossRef]

6. Chang, S.J.; Yoo, J.; Wi, S.; Kim, S. Numerical analysis on the hygrothermal behavior of building envelope according to CLT wall
assembly considering the hygrothermal-environmental zone in Korea. Environ. Res. 2020, 191, 110198. [CrossRef] [PubMed]

7. Yoo, J.; Chang, S.J.; Yang, S.; Wi, S.; Kim, Y.U.; Kim, S. Performance of the hygrothermal behavior of the CLT wall using different
types of insulation; XPS, PF board and glass wool, Case Studies. Therm. Eng. 2021, 24, 100846. [CrossRef]

8. Kukk, V.; Kaljula, L.; Kers, J.; Kalamees, T. Designing highly insulated cross-laminated timber external walls in terms of
hygrothermal performance: Field measurements and simulations. Build. Environ. 2022, 212, 108805. [CrossRef]

9. Delphin, Simulation Program for the Calculation of Coupled Heat, Moisture, Air, Pollutant, and Salt Transport. Available online:
https://bauklimatik-dresden.de/delphin/index.php?aLa=en (accessed on 12 May 2022).

10. Evola, G.; Costanzo, V.; Marletta, L. Hygrothermal and Acoustic Performance of Two Innovative Envelope Renovation Solutions
Developed in the e-SAFE Project. Energies 2021, 14, 4006. [CrossRef]

11. Inter-Ministerial Decree 26/06/2015. Applicazione Delle Metodologie di Calcolo Delle Prestazioni Energetiche e Definizione
delle Prescrizioni e Dei Requisiti Minimi Degli Edifici. Ministero Dello Sviluppo Economico 2015. (In Italian). Available
online: https://www.mise.gov.it/index.php/it/normativa/decreti-interministeriali/decreto-interministeriale-26-giugno-20
15-applicazione-delle-metodologie-di-calcolo-delle-prestazioni-energetiche-e-definizione-delle-prescrizioni-e-dei-requisiti-
minimi-degli-edifici (accessed on 12 May 2022).

12. EN ISO 10456:2007; Building Materials and Products, Hygrothermal Properties, Tabulated Design Values and Procedures for
Determining Declared and Design Thermal Values. CEN: Brussels, Belgium, 2007.

13. Lepage, R.T.M. Moisture Response of Wall Assemblies of Cross-Laminated Timber Construction in Cold Canadian Climates.
Master’s Thesis, University of Waterloo, Waterloo, ON, Canada, 2012.

14. Raina, L. Capillary movement of water in a radial direction and moisture distribution in a cross-section of CLT panel. Master’s
Thesis, Tallinn University of Technology, Tallinn, Estonia, 2021.

15. Künzel, H. Simultaneous Heat and Moisture Transport in Building Components—One and Two Dimensional Calculation Using
Simple Parameters. Ph.D. Thesis, IBP, Stuttgart, Germany, 1995.

16. EN ISO 15026:2007; Hygrothermal Performance of Building Components and Building Elements—Assessment of Moisture
Transfer by Numerical Simulation. CEN: Brussels, Belgium, 2007.

17. Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World map of the Koppen-Geiger climate classification updated. Meteorol. Z.
2006, 15, 259–263. [CrossRef]

18. Costanzo, V.; Evola, G.; Infantone, M.; Marletta, L. Updated Typical Weather Year for the Energy Simulation of Buildings in
Mediterranean Climate. A Case Study for Sicily. Energies 2020, 13, 4115. [CrossRef]

19. ENISO 15127-3:2009; Hygrothermal Performance of Buildings—Calculation and Presentation of Climatic Data—Part 3: Calculation
of a Driving Rain Index for Vertical Surfaces from Hourly Wind and Rain Data. CEN: Brussels, Belgium, 2009.

20. Bottino-Leone, D.; Larcher, M.; Troi, A.; Grunwald, G. Impact of climatic parameters on rain protection layer design for refurbished
historic buildings. Renew. Sustain. Energy Rev. 2021, 152, 111688. [CrossRef]

21. Wang, L.; Wang, J.; Ge, H. Wetting and drying performance of cross-laminated timber related to on-site moisture protections:
Field measurements and hygrothermal simulations. In Proceeding of the E3S Web of Conferences, Yogyakarta, Indonesia,
7–8 September 2020.

22. Standard 160-2016; Criteria for Moisture-Control Design Analysis in Buildings (ANSI Approved). ASHRAE: Atlanta, GA, USA, 2016.
23. Ojanen, T.; Viitanen, H.; Peuhkuri, R.; Lähdesmäki, K.; Vinha, J.; Salminen, K. Mold growth modeling of building structures using

sensitivity classes of materials. In Proceedings of the ASHRAE Conference Buildings XI, Toronto, ON, Canada, 25–29 June 2010.
24. PostProc 2 Manual. Available online: https://bauklimatik-dresden.de/postproc/help/en/index.html (accessed on 17 June 2022).
25. Vogelsang, S.; Fechner, H.; Nicolai, A. Delphin 6 Material File Specification, 6th ed.; Technical Report; Institut für Bauklimatik

Technische Universität Dresden: Dresden, Germany, 2013.
26. Zhu, F.L. Investigating the effective thermal conductivity of moist fibrous fabric based on Parallel-Series model: A consideration

of material’s swelling effect. Mater. Res. Express 2020, 7, 045308. [CrossRef]
27. Danovska, M.; Pernigotto, G.; Baggio, P.; Gasparella, A. Simulation uncertainty in heat transfer across timber building components

in the Italia cimates: The role of thermal conductivity. Energy Build. 2022, 268, 112190. [CrossRef]

http://doi.org/10.3390/buildings11100478
http://doi.org/10.1016/j.envres.2020.110198
http://www.ncbi.nlm.nih.gov/pubmed/32949614
http://doi.org/10.1016/j.csite.2021.100846
http://doi.org/10.1016/j.buildenv.2022.108805
https://bauklimatik-dresden.de/delphin/index.php?aLa=en
http://doi.org/10.3390/en14134006
https://www.mise.gov.it/index.php/it/normativa/decreti-interministeriali/decreto-interministeriale-26-giugno-2015-applicazione-delle-metodologie-di-calcolo-delle-prestazioni-energetiche-e-definizione-delle-prescrizioni-e-dei-requisiti-minimi-degli-edifici
https://www.mise.gov.it/index.php/it/normativa/decreti-interministeriali/decreto-interministeriale-26-giugno-2015-applicazione-delle-metodologie-di-calcolo-delle-prestazioni-energetiche-e-definizione-delle-prescrizioni-e-dei-requisiti-minimi-degli-edifici
https://www.mise.gov.it/index.php/it/normativa/decreti-interministeriali/decreto-interministeriale-26-giugno-2015-applicazione-delle-metodologie-di-calcolo-delle-prestazioni-energetiche-e-definizione-delle-prescrizioni-e-dei-requisiti-minimi-degli-edifici
http://doi.org/10.1127/0941-2948/2006/0130
http://doi.org/10.3390/en13164115
http://doi.org/10.1016/j.rser.2021.111688
https://bauklimatik-dresden.de/postproc/help/en/index.html
http://doi.org/10.1088/2053-1591/ab8541
http://doi.org/10.1016/j.enbuild.2022.112190

	Introduction 
	Materials and Methods 
	Wall Assemblies and Hygrothermal Properties 
	Climate Data and Boundary Conditions 
	Risk Assessment 

	Results 
	Selection of the MRY 
	Mold Growth Risk 
	Moisture-Dependent U-Value 

	Discussion 
	Conclusions 
	References

