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ABSTRACT

Wood is known for its complex hygroscopic properties. Previous studies show that both the
temperature-dependency and the hysteresis in sorption should be included in the physical models,
if the most accurate results are desired from simulations of building assemblies with wood-based
materials. Literature is scarce on the topic, where the significance of these aspects on the reliability
of mould-risk assessments is inspected. Exterior walls with glass wool insulation and LDF-sheathing
were studied by using two different models with previously measured material data. Over 300
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hygrothermal simulations were carried out, where mould-indices were computed on the warm
side of the sheathing. According to both conventional and more sophisticated model, the studied
walls perform well in cold climate if no driving rain leaks in. Temperature-dependent and hysteretic
model yields slightly smaller mould-indices in general, but for certain leaky cases the difference is
significant, which indicates the importance of sophisticated sorption-properties in modelling.

1. Introduction

In boreal forest zones, wood is an abundant natural
resource, and it has been and is still being used widely as
building material and raw material for different types of
wood-based building products. Sustainable use of wood
obviously requires that the structures are designed and
constructed carefully, so that they won’t get prematurely
damaged by moisture-induced deterioration phenom-
ena. Part of modern sustainable economy is also the uti-
lization of by-products of different forest industrial pro-
cesses. An example of this is the production of building
boards from excess wood particles (e.g. sawdust and sim-
ilar excess material) by either wet or dry pressing tech-
niques. Low-density fibreboards (LDF) are such boards,
which have density of less than 400 kg/m3. LDF-boards
have physical properties, which are favourable when the
material is used as sheathing layer in exterior wall assem-
blies since they are thermally insulating and have hygro-
scopic moisture capacity while being vapour perme-
able. Wood-based materials are, however, more prone to
microbiological damages than, e.g. several mineral-based
materials. Moreover, projections of climate change pre-
dict moisture-technically more challenging conditions for
buildings to endure in future.

Numerical simulation software can offer a valuable
tool for assessing the moisture performance of envelope

structures. Defo et al. mentioned in 2022 that the most
common hygrothermal software platforms used by build-
ing practitioners, designers, academia and researchers
around the world are WUFI, DELPHIN and COMSOL Mul-
tiphysics (Defo, Lacasse, and Laouadi 2022). Both WUFI
and DELPHIN are based on hygrothermal transport mod-
els, where the connection between the moisture content
of porous material and the relative humidity (RH) in pore
air is modelled by using material-specific functions of a
single variable, which describe the equilibria between
humid pore air and stored moisture in constant temper-
ature (DELPHIN 2020; WUFI 2018). The latest version of
COMSOL'’s Heat Transfer Module contains a built-in fea-
ture called Building Materials, and by default, it applies
the WUFI-model without any extensions in the under-
lying physics (COMSOL 2024). However, the software is
essentially a flexible finite element solver for multiphys-
ical problems, and the user can modify the built-in physi-
cal models quite freely or express manually the physical
equations from the beginning. In order to model hys-
teretic sorption behaviour in building materials, we are
aware of only one ready-made software, MATCH, which
was used, for example, in the study by Libralato et al.
(2021) to study the significance of hysteresis in wood
decay risk simulations. The authors concluded that the
influence of hysteresis can be relevant in wood decay
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risk assessment. While the negligence of moisture hys-
teresis in wood may not always have a large effect on
temperature and relative humidity values, moisture con-
tents may have relevant differences in simulation results.
However, temperature-dependency of sorption was not
implemented in the modelling. As discussed by Zhang
et al. (2016), the combined effects of hysteresis and
temperature-dependency of sorption in wood are very
rarely taken into account in the hygrothermal simula-
tion studies found in literature. Zhang et al. used mod-
elling language Modelica to build a numerical model
for the analysis of wood fibre insulation board in roof
assembly and concluded that the effects of temperature-
dependency and sorption hysteresis are significant in
simulation-based mould-risk assessments. However, their
processing of the results was limited to tabulation and
comparison of accumulated numbers of hours when RH
is above the critical threshold (80% RH) according to dif-
ferent models.

The topic of the study which we present in this
paper is closely related to the research of Zhang et al.
Our previous paper related to this topic (Huttunen
and Vinha 2024) focused on improving the agreement
between laboratory measurements and numerical sim-
ulations of exterior wall structures with LDF-board as
a sheathing layer by implementing the temperature-
dependency of hysteretic sorption in hygrothermal trans-
port model. Obvious improvement in the modelling
accuracy was obtained by implementing new material
measurements of sorption temperature-dependency and
indirectly determined hysteresis parameters in the simu-
lations. In this paper, we continue the research by study-
ing the significance of these sorption-related properties
in mould-risk analyses based on long-term hygrother-
mal simulations and Finnish mould growth model (Viita-
nen et al. 2010; Ojanen et al. 2011), which considers
the effects of both temperature and relative humid-
ity in mould growth rate and yields cumulative mould-
indices from simulation results. The subject is clearly not
well-known, and by this study, we wanted to see what
kind of cases may yield opposing conclusions about the
acceptability of mould growth risk depending on whether
the hysteretic and temperature-dependent effects are
included or not in the modelling. In total, 336 simula-
tion cases were carried out for exterior wall type with
LDF-sheathing, which was modelled by both neglecting
and including the temperature-dependent and hysteretic
sorption. Other varying parameters in the simulations
were the thicknesses of the sheathing and main ther-
mal insulation layer (glass wool) and the outdoor bound-
ary conditions, where both the present and the future
moisture design years in the Finnish climate were used.
Also, the effects of air change rate in the ventilation gap

behind facade boarding and driving rain leakages were
tested.

2. Materials and methods
2.1. Hygrothermal models

Modelling of combined heat and moisture transport in
porous building materials is conventionally based on con-
servation equations for energy and mass (Kiinzel 1995, EN
15026 2007):

oT
(pcp)effg =V.(VT+ hv5pV(¢psat)) (M
ow op
s fa =V -(DwVo + 3pV(ppsar)) (2)
where:
(PCp)eff = (W(ﬁo)cp,water + Pdrycp,dry) 3)

- ow(p)  dulp)

o = Pdry o

(4)

Since for wood and wood-based materials the mois-
ture capacity function ¢ is known to have temperature-
dependent and hysteretic properties, we redefine it by
differentiating the moisture content w with respect to
both relative humidity ¢ and temperature T:

aw((p,T)_ ou 8_¢+@ﬂ
4 oT ot

ot dp ot
0 oT
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and usefor&, (¢, u, T) the hysteretic formula presented by
Rode and generalized by Frandsen (Frandsen 2007 Rode,
Hansen, and Hansen 1990;):
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where ug and uy are the primary sorption curves with
temperature-dependency in adsorption and desorption.
A and B are material-specific parameters. For the temper-
ature derivative, we use:
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The simulations were carried out by using COMSOL Mul-
tiphysics version 6.1 (later: Comsol). In order to model




the more sophisticated moisture capacity (Equations 5-9)
in the LDF, the Coefficient Form PDE module was used
together with the State Variables functionality, which
allows the hysteretic effects to be modelled by solving T
and ¢ for step i + 1 by using the moisture content u from
previous step i and updating the u afterwards by explicit
formula:

0
Uip1 = Ui + &4 (@ig1, Uis Tigr) - (a—f) ir1 - At
oT
+ &1 (@i, Ui Tigr) - =) At (10)

Other material layers were modelled by using the built-in
Building Materials feature. First-order BDF was used in the
time-stepping. From here on in this paper, we refer to as
TDH model the model, where we applied Equations 5-9
in modelling of the LDF's temperature-dependent and
hysteretic moisture storage behaviour, and to as conven-
tional model the simpler model, where the Equation 4 is
applied as such.

Because in the TDH model, the moisture content and
relative humidity are not strictly connected by the sorp-
tion isotherm, the treatment of the liquid water transport
term £Dy, Vg is not trivial. The liquid water transport coef-
ficient Dy, is typically given as a function of moisture
content w, and it is used to model the convective flux of
water by the capillary diffusion model where the driving
potential of the capillary flux is the gradient of moisture
content:

Geap = —Duw(w) - Vw = =&(p) - Dw(w(p)) - Vo (11)

In the TDH model, we replaced the conventional term
¢Dy, Vo with its moisture gradient form D, Vw, but since
the moisture content is not one of the unknown vari-
ables to solve for in the time-stepping algorithm, we must
use the distribution of w (i.e. pgy, - u) from the previous
time-step (also utilizing the State Variables functional-
ity) to compute both the Dy, (w;) = Dy (paryui) and Vw; =
Pdry Vu; and use them in the Coefficient Form PDE module
as ‘Conservative Flux Source’.

2.2. Material data

Determination of the novel material properties related to
the LDF material (dry density, 280 kg/m3), which was used
in this study, is reported by Huttunen and Vinha (2024).
A relatively simple experiment carried out with a temper-
ature chamber and test tubes filled with the material in
different moisture contents indicated that the moisture
capacity of LDF increases significantly when temperature
decreases. The measured data were applied to analyse
and compare simulations with conventional model and
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TDH model to measurements of exterior wall laboratory
experiments (similar wall type with LDF-sheathing and
glass wool insulation), which were also used to determine
the hysteresis parameters involved in equation 6 by opti-
mization approach. Values A = 0.9 and B = 3.3 yielded
the best fit against the measurements and we have used
those values in all the TDH simulations of this paper.

In this study, we also used the same temperature-
dependent sorption data as in the study by Huttunen and
Vinha (2024), but numerically in a more compact form
rather than using the straightforward 2D interpolation of
unstructured data. The experimental data were obtained
by preparing several test tubes with LDF samples, which
were conditioned to different moisture contents via des-
orption process, i.e. the initially wet samples were dried
for different periods of time in the same conditions. In
addition to sample material, humidity probes were also
inserted in the tubes, and the sealed tubes were condi-
tioned at different temperatures while monitoring how
the humidity reading changes as the temperature drops
gradually from 20 °C to -20 °C. By visual inspection of
the temperature-dependent sorption data, we can see
that the previously interpolated polynomial fits depict-
ing the constant moisture content curves in (T, ¢)-space
(see the blue lines in Figure 1) are almost linear (except
for the region which is both very cold and very humid
and which is discussed later in the paper), and their coef-
ficients change very gradually. Thus, we used the follow-
ing multilinear formula for the temperature-dependent
moisture content:

u(p,T) = uzo°c(p) + kr(p) - (293.15K —T) (12)

The temperature-dependent primary curves for adsorp-
tion and desorption ug(p,T) and ug4(p, T) were both
defined by using the same equation 12. The function
kr(p) was constructed as piecewise linear function for
which the values at intersection points were computed at
10% RH intervals as shown in Table 1.

Since in this study we modelled situations where the
LDF material clearly has moisture contents above the ref-
erence point 80% RH (e.g. because of the driving rain
leakage, see later sections), the capillary moisture flux
should be included in the models. The liquid water trans-
port coefficient D,, was modelled as a nonlinear function
of water content by using two values, D, at 80% RH and
D,, at 100% RH. Between these points it was interpolated
logarithmically and below 80% RH it was zero. We used
values D,,(80% RH) = 2.82 - 1072 m?/s and D,(100%
RH) = 4.85 - 10719 m?/s. For the water vapour diffusion
resistance factor u value 4.6 was used (Vinha et al. 2013).

An example of very similar reference material can be
found in the material database of WUFI Pro 6.3 soft-
ware with the name ‘AiF Wood-Fiber Insulation Board WF
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Figure 1. Visualized results from the test tube experiment reported by Huttunen and Vinha (2024).

Table 1. Tabulated values for temperature-dependency function k7 (¢) constructed as piecewise linear function.

@ [% RH] 0 10 20 30 40
kr(p) [1073/K] 0 0.17 0.20 0.29 0.40

50 60 70 80 90 100
0.52 0.58 0.83 0.99 1.58 1.58

high density’ (Fraunhofer-IBP source folder, added 2016-
08-25) (WUFI 2018). Regardless of the name, the mate-
rial's dry density is 260 kg/m3. It has a constant water
vapour diffusion resistance factor 5.0 and for liquid water
transport the values D,,(80% RH) = 7.66 - 10~'3 m?/s
and D,,(100% RH) = 5.06 - 10~'° m?2/s; i.e. it has almost
four times smaller value at 80% RH than the value we
used. Because there is uncertainty in the knowledge of
this complex material behaviour and no new measure-
ments for the studied material’s capillary transport prop-
erties were not made, we carried out also a compara-
tive batch of computations where capillary transport was
completely neglected (D,,(80% RH) = D,,(100% RH) = 0)
in order to get knowledge of the significance of liquid
water transport in the studied topic, when the material’s
ability to transfer moisture by vapour diffusion is high.

2.3. Studied wall types, boundary conditions and
mould growth calculations

Comparison between conventional and TDH model was
carried out with one-dimensional geometry representing
the exterior wall shown in Figure 2. The material layers
were as follows (from outside to inside):

- facade boarding (spruce), 22 mm

- ventilated air gap, 22 mm (effective A = 0.13
W/(m-K) and ¢ = 0.56)

— LDF-sheathing, 12 mm or 25 mm (1 = 0.05
W/(m-K))

- glass wool thermal insulation, 200 mm or 300 mm
(A = 0.035 W/(m-K))

- plastic vapour barrier, S = 50 m
- gypsum board, 13 mm

Hence, four different combinations of material layer
thicknesses were studied (LDF 12 or 25 mm, glass wool
200 or 300 mm). Neglecting the thermal effect of the load-
bearing studs in the thermal insulation layer, the roughly
calculated U-values of the studied wall types vary from
0.11 W/(m?K) to 0.16 W/(m?2K).

For other materials than the LDF, the necessary prop-
erties were adopted from the WUFI database.

For the boundary conditions, Finnish building phys-
ical design conditions (Laukkarinen et al. 2022) for the
present and the future climate were used. The critical year
(Jokioinen 2011) was used for the present and for the
future its projections 2050 and 2080 (RCP8.5) generated
by the Finnish Meteorological Institute. Studied struc-
tures were oriented into both north and south. WUFI-
software was used to calculate the normal components
of radiation (short- and long wave) and driving rain to
be used in Comsol models. In ideal cases, no absorption
of driving rain was implemented. In comparison, faulty
cases were studied where 1% in total of the driving rain
(ASHRAE 160 2021) was added as moisture sources inside
the structure so that 0.5% was absorbed evenly by the
facade boarding and the other 0.5% was absorbed evenly
by 1-mme-thick outermost layer of the LDF-sheathing. The
surface colour of the facade was assumed to be bright,
and for short-wave absorptivity value of 0.2 was used
and for long-wave absorptivity and emissivity 0.9. Differ-
ent constant values were tested for the air change rate
per hour (ACH, 1/h) in the ventilated air gap. The choice
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Figure 2. lllustration of the material layers inside the studied wall types.

of realistic value for the ACH is a complex question and
it has a significant effect on the results and conclusions
as is discussed later in this paper. Applicable formulas
for computing wind- and temperature-dependent ACH
in ventilated air gap such as in the studied structures are
presented in the study by Falk and Sandin (2013). In ideal
case, the formulas yield relatively high values for the ACH,
roughly speaking from 100 1/h to even 300 1/h. For the
sake of simplicity, we used 100 1/h for the ideal refer-
ence, but lowered it to 50, 25 and 10 1/h to see how the
structures perform if the gap contains blocking elements
(e.g.leaves or other organic matter) or poor workmanship
prevents the air flowing freely. For the indoor conditions,
we used a constant temperature of 21 °C and changing
relative humidity computed from the excess indoor mois-
ture (5 g/m? in cold periods and 2 g/m3 in warm periods).
The plastic vapour barrier is assumed to be undamaged
and properly installed preventing the indoor humidity
from intruding in the structure via air leakages; i.e. the
structures were modelled as perfectly airtight.

The Finnish mould growth model (FMGM) for build-
ing materials (Ojanen et al. 2011; Viitanen et al. 2010) was
used in the postprocessing of the hygrothermal simula-
tion results and to compare the different models in the
perspective of mould-risk analysis. FMGM is used to com-
pute dimensionless mould index (MI) from temperature
and relative humidity time-series. Ml is a continuous and
cumulative variable describing the predicted mould cov-
erage in certain interfaces between material layers. Ml is
defined as a continuous variable between 0 and 6 with
the definition shown in Table 2 (Viitanen et al. 2010).

The model was originally developed for the analysis of
mould growth in wood, but it has been extended later
to be used for a variety of different building materials
(Ojanen et al. 2011). The studied LDF material belongs to
the sensitivity class 2 (‘sensitive’) and Ml calculations were
done accordingly; 5 years’ simulations (with the same test
year consecutively) were carried out for all studied cases
where the last year of results were used to compute the
MI. Preliminary simulation tests showed that for the stud-
ied types of structures, 5 years is along enough simulation

Table 2. Descriptions of the mould growth rate at different Mls.

Index Description of the growth rate

0 No growth

1 Small amounts of mould on surface (microscope), initial stages of
local growth

2 Several local mould growth colonies on surface (microscope)

3 Visual findings of mould on surface, 10% coverage, or, < 50%
coverage of mould (microscope)

4 Visual findings of mould on surface, 10-50% coverage, or, > 50%

coverage of mould (microscope)
Plenty of growth on surface, > 50% coverage (visual)
6 Heavy and tight growth, coverage about 100%

v

period in order to get almost identical results from the last
2 years. In the comparison of studied cases, we used the
same critical limit value 1.0 for the maximum allowable
MI, which is also used as a performance criterion in the
Finnish moisture-safety analysis method (Vinha 2014).

2.4. Numerical details

In total 282 quadratic 1D-elements were used in every
model regardless of the changing geometric dimensions
between different cases. Relative tolerance was set to
0.0005. Because the values of relative humidity in dimen-
sionless units and temperature in Kelvins have different
orders of magnitude, proper scaling of the variables is
important. For relative humidity variables, manual scal-
ing was used (with the value 1.0), and for temperatures,
the automatic method was used. Fully coupled solver was
used with constant damping factor of 0.7 in Newton's
method. Jacobians were updated with every iteration.
Maximum time-step was set to 1 hour.

Comsol’s internal parallelization feature Batch Sweep
was utilized. Simulations were done in batches of 8 cases
per batch and using 8 simultaneous jobs. Computations
were carried out in a high-performance cluster main-
tained by the Tampere Center for Scientific Computa-
tion (TCSC). Simulation time with the TDH models varied
between 7 and 12 hours for one batch when using 2 x Intel
Xeon Gold 6148 processors. With conventional model, the
time varied between 1 and 2 hours. The used numerical
settings are not optimized to minimize the computation
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Table 3. Maximum mould indices (MMI) from the simulations, where ACH of the air gap
was 100 1/h. Lipr and Lgw are the LDF and glass wool material layer thicknesses in

millimetres.
No rain leak 1 % rain leak
Lor Lew Year Orientation| MMleony MMipy | MMl MMlirpy
12 200 2011 North 0.66 0.67 0.68 0.66
12 200 2050 North 0.95 0.90 0.97 0.97
12 200 2080 North 1.23 1.16 1.22 1.17
12 200 2011 South 0.41 0.40 0.50 0.48
12 200 2050 South 0.66 0.64 0.84 0.78
12 200 2080 South 1.11 0.97 1.18 1.12
25 200 2011 North 0.33 0.27 0.33 0.25
25 200 2050 North 0.52 0.45 0.54 0.45
25 200 2080 North 0.79 0.69 0.92 0.69
25 200 2011 South 0.17 0.14 0.25 0.18
25 200 2050 South 0.34 0.27 0.39 0.33
25 200 2080 South 0.58 0.48 0.70 0.60
12 300 2011 North 0.90 0.86 0.94 0.96
12 300 2050 North 1.17 1.14 1.18 1.15
12 300 2080 North 1.45 1.37 1.49 1.38
12 300 2011 South 0.60 0.66 0.73 0.68
12 300 2050 South 1.00 0.91 1.10 1.04
12 300 2080 South 1.23 1.19 1.40 1.30
25 300 2011 North 0.52 0.43 0.56 0.43
25 300 2050 North 0.78 0.67 0.78 0.68
25 300 2080 North 1.10 0.97 1.09 0.99
25 300 2011 South 0.32 0.25 0.39 0.31
25 300 2050 South 0.52 0.46 0.62 0.53
25 300 2080 South 0.89 0.74 0.98 0.86

times and faster computations are very likely possible
without sacrificing the reliability of results. However, the
used settings were estimated to be stable and numeri-
cally accurate by visual inspection of preliminary simula-
tion tests before running the final batches.

3. Results

In this section we show results which are all from the
same reference point in every studied structure, which is
the interface between the LDF-sheathing and the glass
wool insulation. The maximum MIs (MMI) computed from
the last years of the simulation results in the reference
point are shown in Tables 3-5. The first batch of sim-
ulations covered the cases where ACH in the air gap
was 100 1/h while the other parameters were varied
(Table 3). Results where the critical limit for MMI < 1.0
is exceeded are highlighted with yellow, otherwise with
green. Since we are primarily interested in comparing the
conventional model and the TDH model, the results are
arranged in adjoining columns accordingly. The higher

Mls in comparable cases are bolded for better visual com-
parison of the results.

Both north-and south-oriented structures with 12 mm-
thick sheathing and 300 mm GW insulation do not ful-
fil the strict performance limit MMI < 1.0 in future cli-
mates. Also, the structure with 12 mm LDF 4 200 mm GW
exceeds the limitin the 2080 climate. The MMI excess over
1.0 is not however major. Differences between the con-
ventional model and the TDH model in MMIs are small,
when the ACH in ventilation gap is strong (100 1/h). With
this ACH, the hygrothermal performance of all the studied
structures is surprisingly good even if there is a 1% driving
rain leak (of which the 0.5% part is directed to the 1-mm
outermost layer of the sheathing.). In Table 4 are shown
similar results for cases, where the ACH was lowered to
values 50, 25 and 10 1/h.

The hygrothermal performance against mould growth
risk turns gradually worse when ACH in the ventilation
gap drops from 100 1/h. The most significant differences
between the conventional model and the TDH model
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varied between 50, 25 and 10 1/h. 1% driving rain leak included in every case.

501/h 251/h 101/h
Lioe Lew Year Orientation | MMleonw. MMipy | MMleonw. MMy | MMlcon,.  MMirpy
12 200 2011 North 0.86 0.47 131 0.51 4.48 4.71
12 200 2050 North 1.06 0.77 2.13 0.64 4.03 4.07
12 200 2080 North 1.36 0.98 1.85 0.89 4.56 4.12
12 200 2011 South 0.73 0.31 1.66 0.33 4.41 4.52
12 200 2050 South 0.98 0.57 1.77 0.54 4.37 4.73
12 200 2080 South 1.31 0.93 1.95 0.89 4.53 4.34
25 200 2011 North 0.49 0.15 1.35 0.13 3.97 4.03
25 200 2050 North 0.64 0.29 1.00 0.25 3.64 3.49
25 200 2080 North 1.01 0.47 1.34 0.46 4.26 4.02
25 200 2011 South 0.32 0.10 1.00 0.06 3.98 3.97
25 200 2050 South 0.43 0.20 1.14 0.15 3.72 4.25
25 200 2080 South 0.79 0.42 1.51 0.33 4.26 3.59
12 300 2011 North 1.07 0.73 2.00 0.75 4.96 4.94
12 300 2050 North 1.29 0.96 1.95 0.96 5.09 4.53
12 300 2080 North 1.68 1.22 2.47 1.16 4.77 4.45
12 300 2011 South 1.08 0.49 1.88 0.62 491 4.86
12 300 2050 South 1.20 0.85 2.16 0.89 4.99 4.33
12 300 2080 South 1.71 1.13 2.43 1.12 5.26 4.66
25 300 2011 North 0.76 0.29 2.13 0.33 4.74 4.57
25 300 2050 North 0.94 0.49 1.69 0.44 4.72 4.42
25 300 2080 North 1.21 0.76 1.69 0.68 4.98 4.51
25 300 2011 South 0.50 0.20 1.63 0.17 4.65 4.34
25 300 2050 South 0.79 0.36 1.63 0.28 4.79 4.09
25 300 2080 South 1.04 0.66 1.86 0.59 4.98 4.66

Lipr and Lgw are the LDF and glass wool material layer thicknesses in millimetres.

in terms of conclusions occurred when ACH was 25 1/h.
According to the TDH results, the performance of the
structures may be somewhat better when the air change
rate is lower than 100 1/h but still higher than 10 1/h (at
least 25 1/h). With both models, the mould growth risk
turns extremely serious with a 10 1/h air change rate if
thereis driving rain leak. Despite the improvements in the
TDH model compared to the conventional model, there
are still different sources of uncertainties included in the
TDH model also and we should be cautious in making
conclusions from these results. However, it seems that
accounting for the temperature-dependency of sorption
and hysteresis in analysis of mould growth risk of struc-
tures with LDF-sheathing (and likely also in other similar
wood-based material layers) yields in some cases clearly
less critical results and more optimistic conclusions.

Table 5 shows the comparison of results from cases
where D,, = 0, which were simulated to get a notion of
the significance of the role of liquid water transport in the
performance of the LDF-sheathing. In general, the MMIs
are very close to each other regardless of the negligence
of liquid water transport in both the conventional model
and TDH model.

To see the seasonal differences between the results of
TDH model and conventional model, we have shown the

last year’s RH results from two cases in Figures 3 and 4.
We can see that with no driving rain leak there are only
minor differences between the models with the structure
LDF 25 mm, GW 200 mm (present climate 2011, orien-
tation: south and ACH 100 1/h). Only one temperature
curve is shown since the temperature results from the
two models are almost identical. With the same material
layer thicknesses, the RH stays clearly at a lower level in
the TDH model when a driving rain leak is applied and
ACH lowered to 25 1/h (Figure 4). In Figure 5 are shown
similar RH-curves for structure LDF 25 mm, GW 300 mm
(ACH 10 and 50 1/h, driving rain leak included) for the
whole 5 years. We can see that with poor ventilation (ACH
10 1/h) both models end up in a similar annual cycle,
where RH is always higher than 90% RH. If the ACH is
50 1/h, both models show significant drying behaviour
during summers. During winters the conventional model
yields however somewhat higher RH-values, which for
this case leads to MMI exceeding just about the critical
limit: MMI = 1.07 (conventional) and MMI = 0.73 (TDH
model).

Figure 6 shows the development of MI for structure
LDF 12mm, GW 300 mm (Orientation: North, the year
2011) with three different air change rates: 50, 25 and
101/h.
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Table 5. Comparison of maximum mould indices (MMI) from the simulations where the effect
of Dy, = 0 was studied.

Conventional model TDH-model

501/h 251/h 501/h 251/h

Lor Lew Year Orientation MMl MMipw=o| MMI  MMipw-o| MMI  MMipuso| MMl MMipy=o
12 200 2011 North 0.86 0.95 1.31 1.41 0.47 0.47 0.51 0.48
12 200 2050 North 1.06 1.04 2.13 1.68 0.77 0.67 0.64 0.62
12 200 2080 North 1.36 1.31 1.85 1.88 0.98 0.98 0.89 0.95
12 200 2011 South 0.73 0.68 1.66 1.16 0.31 0.35 0.33 0.29
12 200 2050 South 0.98 0.88 1.77 1.59 0.57 0.58 0.54 0.54
12 200 2080  South 1.31 1.18 1.95 1.49 0.93 0.96 0.89 0.88
25 200 2011 North 0.49 0.56 1.35 1.23 0.15 0.13 0.13 0.12
25 200 2050 North 0.64 0.69 1.00 0.97 0.29 0.30 0.25 0.24
25 200 2080 North 1.01 0.92 1.34 1.21 0.47 0.47 0.46 0.41
25 200 2011  South 0.32 0.43 1.00 1.15 0.10 0.08 0.06 0.06
25 200 2050  South 0.43 0.41 1.14 1.00 0.20 0.20 0.15 0.15
25 200 2080 South 0.79 0.74 1.51 1.32 0.42 0.41 0.33 0.38
12 300 2011 North 1.07 1.07 2.00 1.92 0.73 0.70 0.75 0.74
12 300 2050 North 1.29 1.28 1.95 2.67 0.96 1.00 0.96 0.93
12 300 2080 North 1.68 1.57 247 2.47 1.22 1.21 1.16 1.18
12 300 2011  South 1.08 0.93 1.88 1.81 0.49 0.48 0.62 0.51
12 300 2050 South 1.20 1.15 2.16 1.96 0.85 0.89 0.89 0.97
12 300 2080  South 1.71 1.53 2.43 1.95 1.13 1.13 1.12 1.10
25 300 2011 North 0.76 0.71 2.13 1.60 0.29 0.28 0.33 0.44
25 300 2050 North 0.94 0.95 1.69 1.73 0.49 0.60 0.44 0.48
25 300 2080 North 1.21 1.30 1.69 1.97 0.76 0.79 0.68 0.68
25 300 2011  South 0.50 0.53 1.63 1.34 0.20 0.19 0.17 0.18
25 300 2050 South 0.79 0.69 1.63 1.35 0.36 0.37 0.28 0.29
25 300 2080  South 1.04 1.00 1.86 1.83 0.66 0.66 0.59 0.57

Lipr and Lgw are the LDF and glass wool material layer thicknesses in millimeters. Driving rain leak is included in

every case.
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Figure 3. Temperature and relative humidity from simulation case: L pr, 25 mm; Lgw, 200 mm; Year 2011; South, ACH 100 1/h and no
driving rain leak (conventional vs. TDH).
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Figure 4. Temperature and relative humidity from simulation case: L pr, 25 mm; Lgw, 200 mm; Year, 2011; South, ACH 25 1/h and 1%
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Figure 5. RHResults in the reference point from total simulation periods (5 years) for structure LDF of 12 mm, GW of 300 mm, Orientation:
North, Year 2011 and 1% total driving rain leak (conventional vs. TDH).

We can see that with poor ventilation (10 1/h), both
models lead to MI rising already in April and ending up
at to very high level around MI = 5 in the end of the
year. With ACH 50 1/h the TDH model also predicts some
development of MI, but lower than conventional model.
In terms of making conclusions about the hygrothermal

reliability against mould growth risk, a significant dif-
ference between the models occurs with ACH 25 1/h,
when the conventional model yields MMl slightly over 2.0
while the corresponding MMI from the TDH model stays
under 1. In these cases, the rate at which mould index
rises is similar with both models in autumn, but with the



10 P. HUTTUNEN AND J. VINHA

6

—— ACH 50 1/h (conv.)
——ACH 50 1/h (TDH)
—— ACH 10 1/h (conv.)
ACH 10 1/h (TDH)
ACH 25 1/h (conv.)
——ACH 25 1/h (TDH)

Mould index [-]
w

0
Jan Feb Mar Apr

May Jun

Jul Aug Sep Oct Nov Dec

Time [month]

Figure 6. Mould index curves for structure LDF of 12 mm, GW of 300 mm, Orientation: North, year 2011 and 1% total driving rain leak

(conventional vs. TDH).

conventional model, the structure is less dry after winter
and the MI starts to rise already in April and favourable
conditions for mould growth continue through the sum-
mer.

4. Discussion

In this research, we studied the effect of temperature-
dependent and hysteretic sorption in the computational
mould-risk analyses of exterior wall with LDF-sheathing
and glass wool insulation. The research was carried out by
implementing comparative simulations between models

including and neglecting the temperature-dependent
and hysteretic sorption and varying parameters rele-
vant to the moisture performance of the studied wall
type. According to the results, including the temperature-
dependent and hysteretic sorption in LDF yields in gen-
eral slightly more positive prediction of the performance
against the risk of mould growth inside the structures in
both present and future climate in cold zones such as
Finland. The difference between the models was not sig-
nificant for cases with unfaulty structures, i.e. where the
facade boarding is tight against the driving rain and the
ventilation behind the boarding is sufficient. The studied
structures performed mostly well even with the driving
rain leak when the ACH of the ventilation was 100 1/h, but
the performance of leaking structures decreased gradu-
ally when the ACH was lowered. According to Falk and

Sandin (2013), the air change rate of a 22-mm ventilation
gap in typical exterior walls of short buildings due to
winds and buoyancy should thus be sufficient if the gap
contains no choking elements essentially restricting the
airflow. If the gap is partially blocked due to e.g. poor
workmanship or accumulated organic matter such as
leaves so that the average ACH is 10 1/h or less, the prog-
nosis for the performance of structures with driving rain
leak is very bad, regardless of which model is used.

When analysing the results regarding any sorption-
related mechanism and its effects on the moisture capac-
ity &, it should be remembered that by definition it has
zero effect in a stationary state. Analogous to heat capac-
ity, moisture capacity causes delay in the change of
humidities inside the structure when conditions change
outside. The general pattern in the changing moisture
loads from outdoor conditions is that during winters the
undefective structures tend to accumulate moisture to
some extent, and during summers they structures dry
out. The combined effect of TDH for the studied struc-
tures (without driving rain leaks) seem to be that it lowers
the peak RH-level in the reference point during winters.
According to both models, with poor ACH in the ventila-
tion gap and driving rain leaks the humidity rises to very
high levels during summers, keeping the structure moist
throughout the whole year and leading to serious risk of
mould growth.

To illustrate the complexity of our original research
question, let us itemize at least a few of the most



significant factors, which each have its own role here in
the big picture:

- As explained by Rode, Hansen, and Hansen (1990),
modelling hysteresis means that the hygrother-
mal state of moisture changes along the scanning
curves between primary adsorption and desorp-
tion curves. As the scanning curves are always
less steep than both adsorption and desorption
curve, the effect of hysteresis alone (i.e. without
temperature-dependency) decreases the effective
value of &, meaning that in general, the hygro-
scopic delays should be smaller than what conven-
tional models would predict.

- Temperature-dependency of sorption increases
the equilibrium moisture content when tempera-
ture decreases and vice versa when temperature
increases. Thus, when relative humidity tends to
increase when temperature decreases (and vice
versa), the temperature-dependency of sorption
presumably retards the relative humidity change
due to temperature changes. According to the
measurements reported by Huttunen and Vinha
(2024), the moisture capacity of LDF (and in pre-
sumably other wood products also) increases as the
temperature decreases also at temperatures below
0°C.

- According to the Finnish mould growth model,
mould growth is possible when relative humidity is
greater than 80% RH (for the LDF belonging to the
sensitivity class 2 (Ojanen et al. 2011)) and tempera-
tureis between 0 and 50 °C. The mould growth rate
increases as the temperature increases (Viitanen
etal.2010).

Consequently, without a sufficient set of comparative
simulations it impossible to assess what is the extent of
the combined effect of temperature-dependent and hys-
teretic sorption on the computational mould-risk analy-
ses. This research was limited to studies of single exterior
wall type, where the relatively small hygroscopic mass
of the wall consists almost only of the LDF-sheathing.
The studied effect is interesting and important in struc-
tural parts such as the sheathing since it experiences con-
stantly changes in outdoor temperature and humidity. On
average, the effect of TDH was relatively small in cases
where the facade boarding is tight against driving rain.
When using 1.0 as the critical limit for MM, the differ-
ences between the conventional and TDH model become
significant in cases with leaking facade and ACH around
25-50 1/h in the ventilation gap. In these cases, the TDH
model predicts better performance for the hygrothermal
performance of the studied structures.

JOURNAL OF BUILDING PERFORMANCE SIMULATION 1

Although we assume that for the studied LDF-
sheathing the TDH model with the recently determined
material parameters is a more accurate and thus prefer-
able model than the conventional model in these types of
simulations, there are still several sources of uncertainty
due to physical simplifications, which should be also in
the focus of future research of hygrothermal transport
models. Widely used models in research have still several
open questions, e.g. how freezing affects moist porous
media and how driving rain leakages and liquid water
transport in overhygroscopic regions should be modelled
efficiently with different types of materials. This study was
limited to investigate the TDH effects implemented in an
otherwise conventional hygrothermal model where rel-
atively simple approaches were used in driving rain leak
and liquid water transport modelling.

While thorough theoretical discussion related to the
hygroscopic behaviour of wood and wood-based mate-
rials at a microscopic level is out of the scope of this
paper, we mention that the sorption mechanism of wood
changes fundamentally when moisture content exceeds
the fibre saturation point (FSP) entering the overhy-
groscopic range. Roughly simplified, sorption is caused
by water-attracting hydroxyl groups of celluloses in the
hygroscopic range (i.e. when moisture content is below
the FSP) and in the overhygroscopic range the capillary
effects of water dominate the shapes of the sorption
curves. Therefore, it is possible that there is distinctive
change in the temperature-dependency coefficient of
sorption around the limit between hygroscopic and over-
hygroscopic ranges. In this study, we used constant value
for kr(p) for the range 90% RH < ¢ < 100% RH. The
experimental data reported in the study by Huttunen
and Vinha (2024, Table 2) indicates that the temperature-
dependency is strong also in that range, but it is peculiar,
that the three test tubes with moisture contents cor-
responding to humidities 99.5, 94.6 and 89.2% RH (at
20°C, desorption) ended up in an almost same reading,
about 81% RH, when the temperature was gradually low-
ered to-20°C. Apparently, more research on temperature-
dependent sorption in wood is needed, and if similar test
tube method is used in measuring new data, a large num-
ber of test tubes with moisture contents in the > 90%
RH range should be prepared (from both adsorption and
desorption) to get a better view of the temperature-
dependent sorption behaviour and also to get a more
dense dataset for constructing more suitable kr(p) with
better ability to model the expected nonlinear material
characteristics related to the temperature-dependency.

A difficult question is how we could determine accu-
rately the temperature-dependency of sorption especially
in cold and moist conditions with an experimental
setup, which could simultaneously control and measure
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directly with high precision all the relevant variables of
the material sample, i.e. temperature, relative humid-
ity and moisture content. Nevertheless, if such setups
and direct methods are unconceivable, we could also
attempt to think up and design dynamic experiments,
where material sample or test structure is subjected
to dynamic hygrothermal conditions and where we
can record data which carries information related to
temperature-dependent and hysteretic sorption (like the
wall structure laboratory test in the study by Huttunen
and Vinha (2024) which was used to estimate material
parameters) even though the parameter estimation from
dynamic data is challenging and computationally heavy
task. With the present-day availability of powerful com-
puting resources, it is however possible to approximate
the probabilities of unknown parameters from complex
time-series data, e.g. via statistical inversion techniques
based on Bayesian inference of measurement data as was
done by Huttunen and Vinha (2023).
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List of symbols

p density, kg/m?

(@ specific heat capacity at constant pressure, J/(kg-K)
T temperature, K or °C

time, s

thermal conductivity, W/(m-K)

hy latent heat of vaporization, J/kg

Op water vapour permeability, kg/(m-s-Pa)

® relative humidity, - or % RH

psat  partial pressure of water at saturation, Pa

w moisture content, kg/m3

é differential moisture capacity, kg/kg or kg/m3
D, liquid water transport coefficient, m?/s

N~

0 auxiliary function, -
u moisture content, kg/kg
g moisture flux, kg/(m?s)

kr temperature-dependency parameter, 1/K

At  time-step, s

Sd vapour diffusion equivalent air layer thickness, m
U vapour resistance factor, -
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