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Abstract

The e-SAFE innovation project financed by the Horizon
2020 Programme and led by the University of Catania, is
developing, testing and demonstrating an innovative com-
bined energy-and-seismic renovation solution for Rein-
forced Concrete (RC) framed buildings based on the addi-
tion of Cross Laminated Timber (CLT) boards to the outer
walls, in combination with wood-based insulation. In this
paper, the proposed renovation solution (called e-CLT) is
investigated in terms of moisture-related risks, i.e., the
mold growth and the increase in heat losses due to Liquid
Water Content (LWC) within building materials. To this
aim, dynamic simulations are performed by means of Del-
phin 6.1, thus including combined heat and mass transfer
(HAMT) due to water vapor migration and accumulation.
The results show that, although there is no significant risk
of mold growth in the e-CLT for climate conditions preva-
lent in Northern Italy, the moisture content within the ma-
terials implies an increase by about 10 % in the heat losses
if compared with a dry wall. Furthermore, inaccurate ma-
terial properties and boundary outdoor climate conditions
can affect the reliability of the results: for this reason, a
more appropriate hygrothermal characterization of mate-
rials is recommended, as well as the identification of suit-
able climate datasets, which, however, are not always

available.

1. Introduction

Since around 80 % of the building stock in the Euro-
pean Union was built before 1990, i.e., before the en-
forcement of most EU regulations regarding the en-
ergy performance of buildings, it is apparent that
deep renovation is a key challenge towards the de-
carbonization of the existing building stock.

Part of

In this framework, the e-SAFE innovation project fi-
nanced by the Horizon 2020 Programme and led by
the University of Catania, is developing, testing and
demonstrating an innovative combined energy-
and-seismic renovation solution for Reinforced
Concrete (RC) framed buildings based on the addi-
tion of Cross Laminated Timber (CLT) boards to the
outer walls, in combination with wood-based insu-
lation. In this study, the proposed renovation solu-
tion (called e-CLT) is applied to a building with in-
fill walls made of two leaves of lightweight concrete
blocks with an intermediate air gap, a very common
envelope solution in Italy for the residential build-
ings from the 1960s to the 1980s.

While the seismic performance ensured by the e-
CLT solution is addressed in other studies, this pa-
per aims to investigate moisture-related risks by
means of Delphin 6.1 software, which allows transi-
ent simulations considering combined heat and
moisture transport (HAMT). In fact, wood-based
components are particularly prone to moisture stor-
age due to their cellular structure, and — being wood
an organic material — they are more sensitive to de-
cay caused, e.g., by mold.

Preliminary investigations by means of Glaser’s
method revealed that, although the application of
the e-CLT solution improves both thermal and hy-
grothermal behavior of the walls (Evola et al., 2021),
interstitial condensation may occur in cold climates
in case of high indoor humidity values (Costanzo et
al., 2021a). A following study (Costanzo et al,
2021b) tested the e-CLT solution in three different
climates in Italy, performing transient hygrothermal
simulations and reaching similar conclusions:

wood-based materials are likely exposed to mold
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growth — although moderate — especially in colder
climates.

Building on these previous research experiences,
this paper focuses on the reliability of the results,
which may be affected by inaccuracy of hygrother-
mal materials properties and climatic boundary
conditions. To this aim, a literature review high-
lights the dispersion of the hygrothermal property
values for wood, and the consequent effects on the
simulation results. Moreover, the paper underlines
the effects of using different weather datasets, such
as a typical meteorological year (TMY) and a
weather file available in the Delphin database for
the same location. In particular, the simulations re-
fer to Milan, a cold and humid climate in Northern
Italy. Finally, moisture-related risks are investi-
gated by looking not only at mold growth, but also
at the increase in the heat transfer through the wall
due to the liquid water content within building ma-

terials.

2. Methodology

The hygrothermal performance and the moisture-
related risk of the e-CLT solution are investigated
by means of dynamic finite element analyses per-
formed in Delphin 6.1, a commercial program de-
veloped at University of Dresden.

The software allows the combined heat and mois-
ture transport (HAMT) within porous building ma-
terials to be considered. To this aim, it requires hy-
grothermal material properties and functions (e.g.,
porosity, density, specific heat capacity, thermal
conductivity, water vapor resistance factor, liquid
conductivity, moisture storage curve), and indoor
and outdoor climatic boundary conditions (e.g.,
temperature, relative humidity, driving rain, wind
speed, wind direction, short and long wave radia-
tion). The selection of appropriate material proper-
ties and climate data is a paramount issue due to
their effect on the reliability of the results; for this
reason, this paper pays particular attention to these
issues, as highlighted in this Section.
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2.1 Materials

The e-CLT solution is here applied to a typical Ital-
ian wall structure composed of (from internal to ex-
ternal side): cement plaster (20 mm), hollow con-
crete blocks with volcanic aggregates (80 mm), non-
ventilated air cavity (100 mm), hollow concrete
blocks with volcanic aggregates (120 mm) and ce-
ment plaster (30 mm).

As regards the e-CLT solution, this is composed of
(from internal to external side): CLT (100 mm), low
density wood fiber (60 mm), scarcely-ventilated air
gap (20 mm) and a fiber cement cladding (12 mm).
The proposed solution also includes a vapor-open
foil (sa = 0.04 m) to protect the insulation layer from
the effect of wind-driven rain, applied to the exter-
nal side of wood fiber. Materials are selected from
the Delphin database; some properties have been
modified according to technical sheets and stand-
ards in case of missing materials. Table 1 and Table
2 show the hygrothermal properties of the selected
materials. In case of air gaps, the thermal conductiv-
ity is defined as an equivalent value calculated from

the air gap thermal resistance.

Table 1 — Thermal properties of selected materials: “id” is the
identification code on material database, (*) indicates modified
properties

id Material p (3 Aary
kgm?® Jkg!K!' W-m?K!

242  Plaster 1390 850 0.75

508 Hollow blocks (80 mm) 845 1000 0.29%
15 Non-ventilated air gap 1.3 1050 0.56*
508 Hollow blocks (120 mm) 667* 1000 0.39*
712 CLT 450* 1843 0.12*
1762 Wood fiber 50* 1000 0.04

15 Scarcely-ventilated air gap 1.3 1050 0.22*
654  Fiber cement cladding 1160 1188 0.60*

Table 2 — Hygric properties of selected materials: “id” is the iden-
tification code on material database, (*) indicates modified prop-
erties

id  Material " A 080 Oeff
- g'm?2s?5 kg-m? kg'm?

242  Plaster 33 30 40.7 430.0
508 Hollow blocks (80 mm) 15 177 114 319.4
15  Non-ventilated air gap 1 - - -

508 Hollow blocks (120 mm) 15 177 11.4 319.4
712 CLT 186 2-5-12* 59.8 728.1
1762 Wood fiber 11 5 12.7 590.3

15  Scarcely-ventil. air gap 1 - - -
654  Fiber cement cladding 26 14 70.9 283.6
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The hygrothermal characterization of the CLT re-
quires a more detailed literature review, both be-
cause it is a missing material from the Delphin da-
tabase, and because there are some discrepancies
amongst the various sources surveyed. In particu-
lar, those parameters related to moisture transport,
namely the water vapor resistance factor (p-value)
and the water uptake coefficient (A-value), show a
high dispersion of their values. Thus, CLT is repre-
sented through the database material Spruce radial
(id.: 712), experimentally tested by the Technical Uni-
versity of Dresden. However, since the manufactur-
ing process can make CLT denser than the original
wood (Lapage, 2012), density is replaced by the value
supplied by manufacturers (p = 450 kg'm-), whereas
dry thermal conductivity refers to EN ISO 10456
Standard (CEN, 2007a) (A = 0.12 W-m1-K-1).

As regards moisture transport parameters, the glue
between lumber boards in a CLT panel can affect the
u-value and A-value because it acts as a seal. Nev-
ertheless, some studies show good agreement be-
tween CLT and transverse wood’s hygric properties
(AlSayegh, 2012; Lapage, 2012): Table 3 sums up ex-
perimental p-value and A-value for softwoods and
CLT, based on different species as reported in the
literature. As shown in Table 3, moisture transport
parameters depend firstly on species and fiber di-
rection. The EN ISO 10456 Standard (CEN, 2007a)
reports p=50 for timber, i.e., the proposed re-
sistance to vapour diffusion is about four times
lower than spruce radial and ten times lower than
spruce tangential as gathered from the Delphin da-
tabase. However, if compared with literature values
(AlSayegh, 2012; Kordiziel et al., 2020), the p-value
varies from 146 to 456 for softwoods and CLT
boards made of softwood with transverse fiber di-
rection. This means that p-value of spruce radial (p
= 186) can be assumed as a reliable value for simu-
lations.

Coming to the A-value, this varies between 1.6 g'm-
2505 and 14 g-m?2-s05 for transverse fiber direction.
The wide range of values covered in the literature
mainly depends on the preparation of test speci-
mens. For instance, the presence of wood imperfec-
tions (e.g., checks, cracks, holes) could make wood
more permeable to moisture, as confirmed by
(Raina, 2021) by means of the visual evaluation of

absorbed water from a surface with a small hole

during the water uptake test. For this reason, (Al-
Sayegh, 2012) selected test specimens that are more
representative of the material without checks, thus
obtaining A-value = 1.9 — 2.0 g'm?2-s%°. In contrast,
(Lapage, 2012) tested samples including “checks,
cracks, pitch pockets and other deviations from
ideal conditions”, and determined higher A-values
(4 — 14 g'rm2-s05). The size of the sample can also af-
fect the experimental results: indeed, small samples
are likely to minimize the effects of checks and gaps
in the boards (McClung et al., 2014). This could ex-
plain A-values (2.1-2.8 g-m?s?0% found out by
(Kordiziel et. al., 2020), who used samples with
smaller surface area than the minimum set in the
Standard.

Table 3 — Softwoods and CLT features from literature (SPF:
Spruce-Pine-Fir)

Source Type P u* A
kgm? - gm?2s03

Delphin data- ~ Spruce (radial) 395 186 12

base Spruce (tangential) 395 488 5

Spruce (longitudinal) 395 5 12

ENISO 10456  Timber 450 50 -
(CEN, 2007a)

(Lapage, 2012)  CLT, Eastern SPF 486 - 4-7
CLT, Western SPF 500 - 12
CLT, European soft- 340 - 10-11
wood
CLT, Him-Fir 522 - 14
(Alseyeg, 2012) CLT, Eastern SPF 370 328 2.0
CLT, Western SPF 440 456 1.9
CLT, European soft- 340 311 1.6
wood
CLT, Him-Fir 380 277 2.5
(Cho et al., 2019) CLT 602 630 -
(Kordiziel et al., CLT, SPF + Douglas Fir 423 - 25-28
2020) SPF without adhesive 426 146 2.8
SPF with adhesive 426 168 2.4
(Raina, 2021) CLT, European spruce - - 1.9-36
CLT, European spruce — - - 7-12
without covered edges
(Chang et al,, Larch (radial) 570 75 -
2020) Larch (tangential) 570 109 -
Larch (longitudinal) 570 5 -
CLT, larch and ply- 600 79 -
wood

*dry cup, RH chamber =50 %

Lastly, the sealing of edges could also influence test
results. To this purpose, (Raina, 2021) tested various
samples with and without sealed edges, demon-

strating that the A-value can reach 12 g'rm2-s05due

51



Gianpiero Evola, Alessandra Urso, Vincenzo Costanzo, Francesco Nocera, Luigi Marletta

to water absorbed from longitudinal fiber of the cut
uncovered edges. Not surprisingly, the results are
close to those reported by (Glass & Zelinka, 2010)
for softwood in longitudinal direction (10 — 16 g'm-
2.5°05). In view of this, and considering A-values of 2
and 12 g-m?2:s%5 as reasonable extreme conditions,
this paper assumes 5 g-m?2-s05 as an intermediate
value for spruce. However, simulations are re-
peated for other A-values to perform a sensitivity

analysis.

2.2 Climate Boundary Conditions

The simulations are carried out for Milan (lat: 45°,
long: 9°, altitude: 103 m) a cold and humid climate
in Northern Italy. In order to assess the most appro-
priate available dataset for this location, the paper
considers: i) the weather file from the Delphin data-
base and ii) the TMY weather file from Linate (2004
—2018) downloaded from the website (Climate.One-
Building.org, 2022) (Fig. 1). In both cases, the inves-
tigated wall is oriented facing north, thus excluding
the effect of direct solar radiation. For this reason, the
plots in Fig. 1 only report the mean diffuse solar radi-
ation.

Considering yearly mean values, the Delphin dataset
shows 13 % higher diffuse solar radiation, but it ap-
pears colder (by 3 °C on average), more humid (by
6 % on average) and rainier (by 20 % on average) than
the Linate dataset. This suggests that it will more
likely induce moisture-related risks. Nevertheless,
the long wave sky radiation (LWR) data is missing in
all Italian weather files within the Delphin database,
which implies excluding long wave radiation ex-
change from the simulation, thus affecting the relia-
bility of results. On the other hand, Linate TMY is not
built ad hoc for hygrothermal simulations, i.e., it is
not representative of the worst climate conditions
from the point of view of moisture-related risks. The
selection of the most appropriate dataset thus re-
quires preliminary simulations, as discussed in Sec-
tion 3.1.

The outside heat transfer coefficient and surface va-
por diffusion coefficient are 25 W-m2K-! and 7.5-108
m-s?, respectively, while their indoor values are 8
W-m2K-'and 2.5-10% m's’, respectively. The solar ab-
sorption coefficient is set to 0.6. The incident wind-
driven rain (WDR) is calculated by Delphin
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according to EN ISO 15927-3 Standard (CEN, 2009),
using a splash coefficient of 0.7. In addition, a water
source is assigned to the side of the insulation pro-
tected by the water-proof membrane, set equal to 1 %
of the rain flux incident on external surface. This set-
ting simulates rain leakage through the cladding.
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Fig. 1 — Comparison between weather data from Delphin Database
and from a web service (Climate.OneBuilding.org, 2022)
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On the other hand, the indoor conditions are set ac-
cording to EN ISO 15026 Standard (CEN, 2007b). The
standard offers a simplified approach to take the
change in indoor temperature and relative humidity
as a function of external conditions into account
(Fig. 2). It is here relevant to highlight that moisture-
related risks may also depend on the indoor condi-
tions (Brambilla & Gasparri, 2020). This issue will be

investigated in future studies.

30°C 100%
25°C 90%
20°C r 80%
15°C 70%
10°C 60%
5°C 50%
0°C 40%

Fig. 2 — Indoor climate conditions as a function of outdoor temper-
ature from Linate TMY, according to EN ISO 15026 (CEN, 2007b)

2.3 Initial Conditions

The simulations are performed over a 10-year-long
period, in order to obtain stabilized behavior; the in-
itial conditions correspond to 20 °C temperature

and 80 % relative humidity for all materials.

2.4 Outputs

Moisture related-risks are evaluated for the e-CLT
solution applied to the investigated existing wall by
requesting as outputs from Delphin the time-de-
pendent liquid water content (LWC) in both the CLT
and the insulating material, as well as the tempera-
ture and relative humidity from which calculating
the mold index (MI) by means of the tool PostProc
2.2.3.

In particular, the LWC (m3m?) represents the vol-
ume fraction of liquid phase accumulated in the
pores of the materials (Bauklimatik Dresden, 2022).
Instead, according to the VIT model (Ojanen et al,,
2010), MI measures the mold growth rate in a scale
from 0 (no mold growth) to 6 (very heavy and tight
mold growth); the authors also suggest that MI val-
ues above 3 are not acceptable. The model also con-
siders the sensitivity of materials to mold growth: in
this specific case, the CLT and the wood fiber are set

as “sensitive”.

Further outputs are the mean conductive heat flux
throughout the wall and the moisture-dependent
thermal conductivity for each layer of the wall. They
are required to assess the increase of thermal losses
and U-value due to humidity within building mate-
rials.

More specifically, the moisture-dependent U-value
(W-m2-K") is calculated as follows:

1
1 S;

uU(LWC) = —+i ' 1

L L 1
hy. &% (LWC) hy, @

where ho.eand ho; are respectively the outside and
inside heat transfer coefficient, previously defined,
n is the number of layers and Ai (W-m™-K") is the
moisture-dependent thermal conductivity of each
layer, computed by Delphin as a function of LWC,
given the dry thermal conductivity Aday (Vogelsang
et al., 2013):

A =MLWC) = Ay, +0.56- LWC )

This study does not consider the influence of temper-
ature on thermal conductivity, since Delphin does
not include any built-in functions for the selected ma-
terials to this scope. However, by taking into account
the conversion coefficients reported in Annex A of
EN ISO 10456 Standard (CEN, 2007a), the maximum
variation of A within the range of temperatures oc-
curring in this study would be around 3 % for the
insulating material, and even less for the other ma-

terials.
3. Results And Discussion

3.1 The Role of the Weather Data

As mentioned above, the influence of weather data
is preliminarily investigated. The main target is to
understand which dataset is more appropriate, or
implies more conservative results, in terms of mois-
ture-related risk.

The simulations are repeated with i) weather data
from the Delphin database, which does not include
the LWR exchanges, ii) weather data from Linate
TMY, with and without LWR exchanges. The results
are reported in Fig. 3 and Fig. 4.

If looking at the results obtained using the weather
file from the Delphin database (grey solid line in
Figs. 3-4), the yearly mean LWC is 0.054 m3m?3in
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In particular, the yearly mean LWC in the external

the external side of CLT and 0.012 m3m-=3in the ex-

side of both CLT and wood fiber increases by

ternal side of wood fiber. There is no risk of mold in

around 4 %. The risk of mold growth is higher in the
wood fiber, for which the maximum Ml is2.17 —0.27

both materials. Instead, the results from the simula-

tions run with the TMY from Linate reveal that in-

respectively taking and not taking into account

cluding LWR exchanges worsens the hygrothermal
behavior of the e-CLT. In fact, using Linate TMY
with LWR implies temperatures and relative hu-

LWR exchanges. Although the MI is still below the

critical threshold

in the first case its values tend to

7

increase over the years. This means that excluding

midity profiles respectively lower and higher than

the LWR exchanges, for instance by using the Italian

the case without LWR, which also means higher

LWC and ML

weather files available in Delphin, can underesti-

mate moisture-related risks.
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For this reason, the results discussed in the follow-
ing sections refer to simulations performed with
Linate TMY, even if this weather file is not built ad
hoc for hygrothermal simulations. Future studies
will rely on suitable extreme weather data for Milan,
for instance created according to EN ISO 15026
(CEN, 2007b).

3.2 Humidity and Increased Heat Flux

In order to assess the increase in the heat losses due
to LWC within building materials, the mean heat flux
transferred through the wall is calculated considering
thermal conductivity respectively dependent, or in-
dependent, on moisture content. Thus, simulations
are repeated assuming for each material respectively
Eq. 2 and Eq. 3.

A=y ®)

The results are reported in Fig. 5: not taking into ac-
count the variation in thermal conductivity due to
moisture content within materials would underesti-
mate heat losses by about 9.7 % on average. Similarly,
the moisture-dependent yearly mean U-value (U =
0.326 W-m2K-) increases by 11.0 % with respect to
the U-value in dry conditions (U = 0.290 W-m2-K™).

7
6
5
4
3
2
1
0
-1
8 EFEREFVELE

Fig. 5 — Monthly mean conductive heat flux: comparison between
simulations taking and not taking into account moisture-dependent
thermal conductivity

In a similar study, (Danovska et al., 2019) studied the
impact of humidity and temperature on the thermal
behavior of insulated timber walls for a series of Ital-
ian cities, and found out that the mean increase in
heat losses — considering the actual thermal conduc-
tivity of materials —is below 6 % on average in North-
ern Italy locations and below 10 % in Southern Italy,
the highest values pertaining to the most insulated

wall structures. Finally, Fig. 6 suggests that the

monthly mean U-value of the wall retrofitted through
the e-CLT solution can be linearly correlated with
mean LWC of wood fiber with R? = 0.99. This means
that the thermal performance of the e-CLT solution
applied to the investigated wall decreases linearly

with the amount of the LWC in the insulation layer.

0332 T
0.330 U-value R Decjr—
0.328 (W/m2K) P
0.326 P
A | [R2=09918]
0.324 -
0.322 AEH .‘"
0.320 ‘

075 085 095 1.05 1.15 125 135 145
Mean liquid water content in wood fiber (%)

Fig. 6 — Moisture-dependent monthly mean U-value

3.3 The Water Uptake Coefficient

A sensitivity analysis is finally carried out to ob-
serve the CLT performance as a function of its A-
value. The top plot in Fig. 7 shows the hourly pro-
files of mean LWC throughout the CLT, respectively
with A-value =2, 5 and 12 g-m2-s%5 according to lit-
erature. In principle, higher A-values imply higher
LWC during winter.

0.058
0.056
0.054
0.052 +
0.050
0.048
0.046
0.044

0.5

0.4

0.3

0.2

Fig. 7 — Influence of A-value on mean liquid water content and
external face mold index. All values in legend are in g/m?s'2
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Overall, A-value does not significantly affect the e-
CLT thermal performance: indeed, the yearly mean
LWC ranges between 0.051 — 0.053 m3m=3, which
does not imply variations in the heat losses. Finally,
looking at the MI in the CLT (bottom plot of Fig. 7),
the increase in A-value determines slightly higher
mold growth risk. Indeed, in this case the moisture
content between CLT and wood fiber is absorbed
more rapidly towards the inner side. However, the
risk is negligible (MI < 0.4).

4. Conclusion

In this study, the e-CLT building retrofit solution,

applied to a typical existing Italian wall, is investi-

gated in terms of moisture related risks, i.e., the
mold growth and the increase in heat losses due to
liquid water content within building materials.

Moreover, this paper focuses on the role of weather

data and of the water uptake coefficient of the CLT

material on simulations. Since e-CLT is an innova-
tive retrofit solution, this topic is not addressed in
the literature except for some preliminary analyses
carried out by the same authors (Costanzo et al.,
2021b). With respect to the above-referenced study,
the current research confirms that a moderate mold
growth risk (MI > 1) can occur in a cold and humid

Italian climate, while also discussing the role of CLT

hygrothermal properties in greater detail. Further-

more, the reliability of the Italian weather files
within the Delphin database is assessed in a system-
atic way.

The conclusions can be summed up as follows:

- excluding the long wave heat transfer from the
simulation, for instance, when using Delphin
database Italian weather files, leads to underes-
timate moisture-related risks;

- the inaccuracy on the A-value of CLT does not
significantly impact on the LWC and MI;

- the increased heat losses due to LWC within
building materials amount to around 10 %

- the monthly mean U-value is linearly depend-
ent on LWC in the insulation layer, and on av-
erage can vary by around 11 % if compared to
an equivalent dry wall.

The next steps of this research activity will investi-

gate the hygrothermal behavior during extreme me-

teorological years, selected from long-term weather
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acquisitions in different climate zones. In addition,
further analyses are planned to better characterize
hygrothermal properties of materials by means of

experimental analyses.

Nomenclature

Symbols
A water uptake coefficient (g-m2s05)
CLT cross laminated timber
Cp specific heat capacity (J-kg'-K-1)
HAMT  heat and moisture transport
A thermal conductivity (W-m1K)
Adry dry thermal conductivity (W-m™"K)
LWC liquid water content (m¥m-)
LWR long wave radiation
MI mold index (-)
water vapor resistance factor (-)
p density (kg-m-)
Sd equivalent air layer thickness (m)
080 moisture content at 80 % RH (kg-m)
Oeff effective saturation (kg-m=3)
U thermal transmittance (W-m-2K-)
WDR wind-driven rain
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