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Abstract. Recently, in the field of preventive conservation, the use of accurate whole-building
dynamic simulation models is becoming an effective approach for preventing degradation
phenomena due to changes in indoor historic climate. Among microclimate parameters, the
moisture plays a key role in the degradation of organic-hygroscopic artworks as well as in the
durability of building components. Some simulation codes combine both heat and moisture
transfer calculations, however their capability to accurately model the moisture transport is
limited. The HMWall model coupled with IDA Indoor Climate and Energy (IDA ICE) software
is one of those models.

This study aims at comparing the performance of the HMWall model with respect to WUFI Plus,
developed by Fraunhofer Institute for Building Physics (IBP). Temperature (T) and relative
humidity (RH) provided by both codes in the case of a building envelope with no infiltration,
windows and incoming solar radiation, are compared. This allows to assess whether both models
calculate the moisture transport throughout walls in the same way. Dynamic simulations have
been run over a year by using different T-RH outdoor conditions. Even if both models are based
on the same heat and moisture transport equations, RH behaviour simulated by HMWall is
significantly different from that by WUFI Plus. This mainly depends on the calculation of
saturated vapour pressure (psa) inside the material. Then, the Common Exercise 3 has been
applied to test if HMWall were capable to affect indoor RH when cladding materials with
different sorption behaviour are used.

The new HMWall implemented model is resulted more effective than the previous one, and in
the case of simplified building, RHs modelled by both programs are highly correlated.

1. Introduction

In the last years, a commensurable interest on the use of accurate whole-building dynamic simulation
models has been shown in preventive conservation studies, even though up to now this modelling
approach has been extensively applied to determine energy efficiency of buildings [1-3] and thermal
comfort optimization [4]. At the present time, the whole-building dynamic simulation model is also
becoming an effective methodology to assess the microclimate risk on artworks when changes in indoor
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historic climate occur due to refurbishment or climate change [5]. Physical measurements and simulation
provide a complete evaluation of the indoor climate and interactions among object-environment and
building-environment.

Both temperature (T) and relative humidity (RH) can induce degradation phenomena [6].
Specifically, RH is the main responsible of the deterioration in organic-hygroscopic artworks as well
as in the durability of building components. For this reason, an accurate simulation and control of RH
behaviour in these sites is of significant importance.

Most of simulation codes has been developed to model moisture exchanges between indoor and
outdoor environments setting a specific moisture storage capacity to the interior of the building [7] and
not to model the moisture flow between the air and porous surfaces, such as walls [8]. Some of them
use two simulations distinctly but running together: one for building energy or envelope simulation and
one for modelling the heat and moisture transport between the air and porous surfaces. The HMWall
model coupled with IDA Indoor Climate and Energy (IDA ICE) and WUFI® Plus (hereafter called
WUFTI) belong to the latter group [9], and their performance will be compared in this paper.

WUFI® Plus is a holistic model based on the hygrothermal envelope calculation model developed
by HM. Kunzel’s at Fraunhofer Institute for Building Physics (IBP) [10]. It takes into account sources
and sinks of moisture inside a component, liquid water transport, diffusion and vapour ab - and de-
sorption as well as the thermal parameters [11].Field and laboratory validation are performed for
WUFI® Plus more than for other hygrothermal simulation tools [12]. Moreover, it has been widely
compared with other hygrothermal sofiware [13-15] and used within the European project Climate for
Culture (CfC) [16].

The HMWall model coupled with IDA ICE has been developed in 1999 [17] and, then, updated in
2011. In the first version, the moisture transfer was modelled by one moisture-transfer potential (the
humidity by volume), whereas the liquid water transport and the hysteresis of moisture transport were
not taken into account. This version, coupled with IDA ICE 3.0, was used within the IEA Annex 41 [18]
and to model the hygrothermal behaviour inside historical buildings [19-20]. In 201 1, the code has been
edited according to the same balance heat and moisture equations of WUFI [10] (section 1.1), mainly
due to the lack of the hygrometric data of materials required to run the code. The latter has been
validated to conform with the EN 15026:2007 standard validation test; however, no study about this
HMWall model has been published yet.

Currently, the HMWall code differs from WUFI for the following features: the percentage of material
porosity is not taken into account and hygrometric properties of materials, not available in the sofiware
library, have to be extracted from available database and time-by-time compiled in the model object.
Hygrothermal curves can only be derived by mathematical relations and not built by using experimental
data. Finally, heat or moisture sources (e.g. fraction of driving rain, pipe failures, etc.) cannot be added
by the users within the wall component.

This paper aims at investigating for the first time the capability of the HMWall model, updated in
2011 and coupled with IDA ICE 4.7.1 released in 2015, to calculate the moisture transport across walls
at increasing complexity of the building structures and boundary conditions. First, a simplified building
envelope was modelled in IDA ICE and WUFTI and, then, a comparison of time series of RH modelled
by both models, was carried out. This has allowed to assess only the moisture transfer across walls,
which is the main focus of this exercise. Then, the Common Exercise 3 (CE3) developed by the
Fraunhofer IBP in the framework of IEA Annex 41 and also used within the CfC was applied to evaluate
the capability of HMWall to simulate the influence of different cladding material in the rooms on the
RH.

A successful performance of HMWall model coupled with IDA ICE will provide a validated
improvement of IDA ICE packages to both users and experts of preventive conservation of historical
buildings and artworks.

1.1. Basic governing equations
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Both models are based on the following balance equations for heat (eq. 1) and moisture (eq. 2) transfers
[10]:

dH oT

Tt V-(1-V9)-h,-Vg, 1)
where dH/dT is the heat capacity of the wet material (J/m*K); §7/5t is the change of temperature (T) in
time (K/s),; 4 is the thermal conductivity of the wet material (W/m-K); 4, g, is the latent heat source,
h, is the evaporation enthalpy of water (J/kg) and g, is the vapour diffusion flux (kg/m?-s).

dw S
ap ot~ (9w+9,) 2)

where w is the equilibrium water content (w) and ¢ is the relative humidity, dw/dg is the moisture
storage capacity of the material (kg/m?); d¢/dt is the change of relative humidity (¢ or RH) in time (1/s);
gw is the capillary moisture flux (kg/m*s), i.e. Dg-Vp with D¢ as the liquid conduction coefficient of
water (kg'm/s); g, as above, i.e. Jp' V(RHpsa) With 0, as the water vapour permeability of material
(kg/m-s-Pa) and py. as the saturated vapour pressure of water (Pa).
In both codes, J, is calculated as the ratio between J, (the water vapour permeability of air given by
Schirmer’s equation) and u (the dimensionless vapour resistance factor of the material).
Concerning Dy, the codes use two different equations both reported in [10]. In WUFI, Dg is the product
between the capillary transport coefficient (Dw), once the water absorption coefficient of the material
(Aw) is known, and dw/dRH. In HMWall, Dg is calculated taking into account both wet (u.) and dry (i)
cup vapour diffusion resistance factor. One of the main issues is that x4, is not available in database and,
if any, only for few materials.
The sorption curves are calculating as a function of RH and not dependent on T, since the equilibrium
water content (w) is assumed to be little sensitive to T changes [10].
Equations 1) and 2) are strongly related when the number of variables in both equations are limited to
T and RH. In fact, it follows that: A in eq.1 is moisture-dependent; the enthalpy flux is related to g, so
that heat transfer considers the contribution of water vapour phase change; and g, is dependent on T
through psat.

2. Material and method

In this paper, the examination of the performance of the HMWall model coupled with IDA ICE 4.7.1
has been carried out as shown in the schematic workflow in Figure 1. The workflow consists of test
cases at increasing complexity of the building envelope. In this way, it has been possible to assess: a)
the capability of HMWall to calculate the heat and moisture transport across walls when the only
difference between indoor and outdoor climate is given by RH (first test case); b) the capability of
HMWall to simulate the influence of different cladding material on the indoor RH (second test case).
All simulations have been run in transient conditions using hourly step over a year.

Test cases at increasing complexity

—>

1. Simplified building model

Performance assessment of
HMWall model
for
the heat and moisture transfer
by a comparison with WUFI
Plus

2. Common Exercise 3

Performance assessment of
HMWall model
about
influence of different materials
on the variations of
relative humidity

Figure 1. Schematic workflow of
methodology applied in this study.

2.1. A simplified building model
The first test case is to perform the simulation considering a simplified building having the following
characteristics: an envelope of a parallelepiped with a volume of 26.0 m?, with height of 2.6 m and a
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length of 2.5 m oriented in east-west direction and of 4.0 m in north-south. It was designed without
windows and with a flat ceiling. All opaque components are built by a monolayer of lime silica brick of
0.2 m, whose hygrothermal properties are reported in Table 1. Air changes by infiltration are set to 0.0
h'! and no thermal bridges are taken into account. The initial values of indoor T and RH are 10°C and
50%, respectively. The file of the external environmental conditions consists of T and RH values taken
at I-hour time slot, so that no contribution from solar radiation and ventilation can affect the heat and
moisture transfer calculations. This is very important to avoid misleading with input parameters, such
as wind, infiltration or radiation, whose setting varies from a code to another code. Two simulations
are run with outdoor temperature To,=10°C and relative humidity RH,..=60% (the first simulation) and
Tou=10°C and RHuyu=40% (the second simulation). A third simulation is run setting To.,=10°C and
RHou as a sinusoidal curve (RHpin=42.0% and RHyax=58.0%), in order to assess the response of both
models when there is a seasonal variation of RH over a year. The simulations are performed over the
period from January, 1°' to December 31° at 1-hour step. In this test case, variations of RH are mainly
driven by water vapour partial pressure (py) transferred across walls and by the moisture storage capacity
of envelope, since the heat transfer is constant and, consequently, the psx which is a function of T is
constant.

Table 1. Hygrothermal properties of lime silica brick as provided by MASEA Datenbank -
Materialdatensammlung fiir die energetische Altbausanierung

Hygrothermal properties Value
Density (p) 1830.0 kg/m?
Heat capacity (cp) 850.0 J/(kg'K)
Thermal conductivity (A) 1.0 W/(m'K)
Wet cup vapour diffusion resistance factor (pw) 18.0

Dry cup vapour diffusion resistance factor (pa) 27.0

Free water saturation (Wy) 257.1 kg/m?
Equilibrium water content at 80% rel hum (Wso) 27.5 kg/m?
Water absorption coefficient (Ay) 0.059 kg/(m?-s"?)

2.2. The Common Exercise 3 (CE3)

The Common Exercise 3 (CE3) consists of a double climatic chamber (test room and reference room)
[7]. A detailed description of this exercise can be found in [18]. The CE3 aims at simulating the indoor
climate of two rooms in order to assess the influence of the sorption of different material on the RH in
the rooms. Four boundary conditions around the rooms are set, so that internal walls are surrounded
by controlled T and RH areas, whereas external walls are exposed to weather data of Holzkirchen, i.e.
its TRY (Test Reference Year-type) weather data. Indoor T is controlled by a small radiator (with
maximum heat dissipation of 1000 W) at 20+£2°C and the moisture production corresponds to 2.4 kg/day.
Natural air changes by infiltration correspond to 0.09 h™! for the reference room and 0.07 h™! for the test
room, whereas mechanical ventilations are 0.63 h™'and 0.66 h™!, respectively. The exercise consists in 3
steps, in which simulations are run with different cladding materials in the test room: 1) test room only
with aluminium foil; 2) test room with gypsum boards on the walls and 3) test room with gypsum boards
on the walls and roof. This paper will show the results from HMWall coupled with IDA ICE 4.7.1, to
assess the influence of different materials on RH peaks [18], in the case of test room.

3. Results and discussion

3.1. A simplified building model

Figure 2 shows the scatter diagram (HMWall vs WUFI Plus) of indoor modelled RH values driven only
by the moisture transport across walls. The initial indoor RH is 50% and the boundary RH is 60%. The
WUFI RHs tend to increase towards the RH boundary value, whereas the HMWall RHs remain quite
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constant around initial condition (RHmx=50.3%). The slope of linear regression (red line in Figure 1) is
0.03%, demonstrating that the two codes have modelled indoor RH with significant differences. In fact,
the RHs modelled by HMWall seem not be affected by the moisture transport across walls, suggesting
that no difference between indoor and boundaries RH has been detected.

52
- RHvalues
y=0.03x+48.28 - - -linear fitting
< 51
3
:
II B D Figure 2. Scatter diagram of simulated RH
o 50 1 values (HMWall vs WUFTI Plus) over a year.
The hygrometric boundary condition is set
to 60%. Temperature is 10°C, constant
inside and outside the envelope.
49
49 50 51 52 53 54 55 56
RH wur (%)

Since T was constant (Tin = Tow= 10°C), the ps: Was expected to be constant and equals to 12.30 hPa
according to Magnus formula [21] for the pressure of water vapour at the saturation. It was observed
that the psa calculated by HMWall was 13.08 hPa.
Moreover, it was found that the codes used a different calculation of the water vapour transfer (gv)
between the wall surface and the boundary air layer close to it. In WUFI Plus, g, is determined in analogy
to that used for the heat transfer, and water vapour transfer coefficient (J3,) is derived from the convective
heat transfer coefficient. In HMWall, the calculation of moisture transfer at the boundaries of the
building component is different from that in WUFI, since g, is calculated as the discretized derivative
of the vapour pressure between the last layer of wall material and the boundary air layer.
For the above reasons, we have modified this HMWall model (hereafter called HMWall old) and in
order to verify the sensibility of the code at g, calculated as described by [10] and used in the WUFI
Plus, two HMWall codes have been implemented as follows:

e HMWall (A), where only ps. has been updated;

e HMWall (B), where psa is the same of HMWall (A) and g, is also calculated as in the same as

that in WUFL

Figure 3 shows the scatter diagrams of the modelled RH values when the boundary conditions are set to
RH,u=60%. RHs modelled by HMWall (A) and HMWall (B) tend to increase over time towards the
equilibrium with the boundary condition in accordance with WUFI. Both HMWall (A) and (B) codes
underestimate the maximum RH value modelled by WUFI, as if they buffer the moisture transport
towards indoor over time. However, the coefficient of determination (R?) is 0.994 for HMWall (A) and
0.996 for HMWall (B) (Table 2), showing a visible improvement of both codes with respect to the
HMWall _old (R*>=0.771).
When the boundary conditions are drier (RHo,=40%) than the indoor climate (Figure 4), RHs modelled
by HMWall (A) and HMWall (B) tend to decrease in accordance with WUFI. However, HMWall (A)
(left panel in Figure 4) shows a better behaviour with respect to HMWall (B) with a slope of linear
fitting close to unity. HMWall (B) (right panel of Figure 4) seems to go in equilibrium with boundaries
more rapidly than the other two. The R? (Table 2) is 0.998 for HMWall (A) and 0.993 for HMWall (B).
Figure 5 shows the scatter diagrams of the modelled RH values when the hygrometric boundary
conditions are defined as a sinusoidal curve. RH values modelled by both HMWall (A) and HMWall
(B) are highly correlated with those modelled by WUFI. The slope of both linear fittings is 0.78, showing
that both HMWall codes are in accordance to each other, when the hygrometric boundary conditions are
more complex than the previous cases whose boundary conditions are constant.
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Figure 3. Scatter diagram of modelled RH values (HMWall vs WUFI Plus) over a year. The hygrometric
boundary condition is set to 60%. T was constant (Tin= Tow= 10°C).

RH HMWall(A) (%)

~
&

51
50
49

A B~ A
D N o

B~ b
w

y=1.01x-0.16

42
42 43 44 45 46 47 48 49 50 S1

RH

WUFI (%)

RH HMWall(B) (%)

N
8]

51
50
49

5 b~ b
& N @

o~
N

43

y=1.33x-16.92

42
42 43 44 45 46

47 48 49 50 51

RH (%)

WUFI

Figure 4. Scatter diagram of modelled RH values (HMWall vs WUFI Plus) over a year. The hygrometric
boundary condition is set to 40%. T was constant (Tin= Tow= 10°C).

RH HMWall(A) (%)
(83
o

52

a
'y

49 s © RHvalues
e -~ -linear fitting
—— ~bisectrix
48
48 49 50 51 52
0,
RH WUE (%)

RH HMWall(B) (%)

52

51

50

49 P © RH values

i - - -linear fitting

— — ~bisectrix

48

48 49 50 51 52
0,
RH WUFI ( A))

Figure 5. Scatter diagram of modelled RH values (HMWall vs WUFI Plus) over a year. The hygrometric

boundary condition is a sinusoidal curve with a RH decrease in summer. T was constant (Ti, =

10°C).

Tow =



Florence Heri-Tech — The Future of Heritage Science and Technologies IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 364 (2018) 012024 doi:10.1088/1757-899X/364/1/012024

Table 2 summarizes the R>, MBE (Mean Biased Error) and RMSE (Root Mean Squared Error)
calculated for each case. Differences between HMWall (A) and HMWall (B) are at the third decimal
place, demonstrating that both codes calculate the moisture transport in similar way. Especially, the
HMWall (A) seems to be more in accordance with WUFI when boundaries are drier than indoors, since
both the MBE and the RMSE are close to zero. Concerning the HMWall (B), it usually underestimates
the RH modelled by WUFI except for the case 3 (MBE = 0.0%). For both the HMWall (A) and (B), the
RMSE is close to the unity in the case 1 and close to zero in the case 3, whereas a significant difference
is in the case 2 when RMSE is 0.1% and 1.2%, respectively.

Table 2. The coefficient of determination (R?), the mean biased error (MBE) and the root mean squared
error (RMSE) calculated for HMWall (A) and HMWall (B) in three different hygrometric boundary
conditions.

Parameter Case 1 Case 2 Case 3
A B A B A B
R? (%) 0.994 0.996 0.998 0.993 0.979 0.977
MBE (%) -0.8 -0.8 0.1 -1.1 -0.1 0.0
RMSE (%) 1.0 0.9 0.1 1.2 0.2 0.2

3.2. The Common Exercise 3

Three simulations have been run according to the three steps defined in the common exercise: 1) test
room only with aluminium foil; 2) test room with gypsum boards on the walls and 3) test room with
gypsum boards on the walls and roof. For this exercise, the maximum daily variations of RH modelled
by HMWall (A) and HMWall (B) have been calculated in order to assess the influence of different
cladding materials on the indoor RH.

Figure 6 shows that the HMWall (B) generally model higher daily span of RH values with respect to
HMWall (A) in both rooms, which result to be very similar each other even though walls and ceiling of
the test room were coated by aluminium foils, which means no sorption.

Scatter diagrams of the maximum daily RH variations computed for test2 are in Figure 7. In test room
(right panel), the daily RH variations modelled by HMWall (A) are affected by gypsum boards covering
walls provoking their reduction up to 6% with respect to HMWall (B). Results from test3 are not shown
since no significant differences have been detected with respect to test2.

Generally, the maximum daily variations of RH modelled by HMWall (A) are lower than those modelled
by HMWall (B).

4. Conclusion

A preliminary comparison between the HMWall model and WUFI Plus has been carried out in the
test case of a simplified building. The difference between the two codes mainly depended on the
calculation of saturated vapour pressure (psa) inside the layer material. This bug has been found and
solved thank to the accessibility and adjustability of the HMWall code by the users. Moreover, it has
been found that HMWall model did not calculate the water vapour transfer (g,) between the wall surface
and the boundary air layer close to it considering the effect of convection. For this reason, two HMWall
codes, called HMWall (A) and HMWall (B), have been derived in order to verify the sensibility of the
code at g, calculated as that in WUFIL. Both HMWall (A) and (B) show a visible improvement with
respect to the previous HMWall code when RHo,=60%. The HMWall (A) seems more compatible with
WUFI, especially when the hygrometric boundary condition is drier than indoor. In the case of a
sinusoidal RH behaviour of boundaries, both HMWall (A) and (B) are quite similar with WUFI.

The main difference between codes can be related to the calculation of the liquid conduction
coefficient of water (D). In HMWall, Do only varies as function of the saturated pressure (psa) and the
water vapour permeability of material (5,), since pw and pq do not change over the calculation, whereas,
in WUFI, Do varies according to the water content (w) and hence with RH inside the material.
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From the Common Exercise 3, a comparison between HMWall (A) and (B) has been carried out. For
both HMWall models, aluminium foils seem not to affect the indoor RH, whereas gypsum boards tend
to reduce the maximum daily variations of RHs. However, the effect of gypsum boards is more effective
in HMWall (A), suggesting that this model would allow a better simulation of sorption given by gypsum.

Further studies will be addressed in order to compare the results, modelled by modified HMWall
models, with respect to the measured indoor data (not available at current state). The future goal is to
validate the HMWall model coupled with IDA ICE, that better simulates indoor climate, in order to be

definitively implemented in the software.
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Figure 6. Scatter diagram HMWall (B) vs HMWall (A) of maximum daily RH variations modelled in
reference room (left panel) and test room (right panel) when walls and ceiling are covered only with
aluminium foil (testl). Simulation has been run from January 17" to February 2™ 2005.
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Figure 7. Scatter diagram HMWall (B) vs HMWall (A) of maximum daily RH variations modelled in
reference room (left panel) and test room (right panel) when walls and ceiling are covered with gypsum
boards (test2). Simulation has been run from February 14" to March 30™ 2005.
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