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Abstract: Transient building energy simulations are powerful design tools that are used for the
estimation of HVAC demands and internal hygrothermal conditions of buildings. These calculations
are commonly performed using a (often dated) typical meteorological year, generated from past
weather measurements excluding extreme weather conditions. In this paper the results of multiyear
building simulations performed considering coupled Heat and Moisture Transfer (HMT) in building
materials are presented. A simple building is simulated in the city of Udine (Italy) using a weather
record of 25 years. Performing a multiyear simulation allows to obtain a distribution of results instead
of a single number for each variable. The small therm climate change is shown to influence thermal
demands and internal conditions with multiyear effects. From this results it is possible to conclude
that weather records used as weather files have to be periodically updated and that moisture transfer
is relevant in energy and comfort calculations. Moreover, the simulations are performed using the
software WUFI Plus and it is shown that using a thermal model for the building envelope could be a
non negligible simplification for the comfort related calculations.

Keywords: heat and moisture transfer; whole building simulation; multiyear weather files

1. Introduction

Climate change is having different effects on buildings, on one hand, requiring adapta-
tion measures to avoid their deterioration [1], on the other hand, rapidly changing weather
conditions are affecting the energy demands of buildings [2], meaning that increasing
the energy efficiency of buildings is one of the strategies of mitigation of the greenhouse
gasses emissions. This could be achieved with performing building envelopes or with more
efficient HVAC systems, furthermore the occupants’ comfort should be ensured and health
and safety requirements should be reached. In changing climate it is clear that the design
procedures based simulations that use weather files as inputs for the boundary condition
calculations could be improved considering more weather files, including extreme weather,
future weather predictions for different scenarios and multiyear weather records. In the
literature there are many examples of studies evaluating different weather files selection
and generation procedures. The most common approach used by practitioners is to use
representative weather files, that, in some cases, could be outdated. Lupato an Manzan
showed in [3] the relevance of updating weather files database for 52 Italian locations.
The general results showed that, when calculating the energy savings of a retrofitting,
the outdated weather dataset presented an underestimation of cooling savings and an over
estimation of heating savings. One approach including future weather file is presented
by Crawley, in [4], which presents a methodology to generate future weather files based
on future climate scenarios and to evaluate the effect of heat islands. Typical and extreme
weather files are generated and used to perform whole building simulations to calculate
the impact on energy use. This research found an overall increase in energy consumption,
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a reduction in the heating demand and an increase in the cooling demand. Low energy
buildings are found to be the least affected. In the paper [5] Gaur et al. present future
weather data for 11 Canadian cities based on the future scenarios with 2 and 3.5 ◦C, show-
ing that the projections suggest higher temperatures and precipitations, with a reduction of
the snow-cover and wind-speed for all cities. Nik and Arfvidsson presented in [6] a study
on the generation of future extreme weather files, single years that are used to evaluate the
impact of climate change on buildings. More recent research evaluated the effects of future
climate on buildings with building energy simulations and risk assessments. The paper [1]
presents an evaluation of the impact of climate change on energy retrofit of alpine historic
buildings, obtaining retrofit guidelines for different building typologies. Tootkaboni et al.
in [7] present the evaluation of three tools for the generation of future weather files, based
on downscaling techniques on building energy simulations, while Lu et al. in [8] used
future weather data of extreme and representative future years to perform moisture related
risk assessments. Similarly, the use of extreme weather conditions to design reliable build-
ings has been investigated and different extreme weather file generation procedures have
been presented. the paper [9] examines the near-extreme weather files used for the evalua-
tion of sun-driven vapour diffusion, proposing an alternative distribution of climate files to
be used for the risk assessment procedure. The authors of [10] presented the generation of
two extreme weather file generation procedures based on the Finkelstein-Schafer statistic
to be used for the building energy simulations, similarly in [11], a similar procedure is used
to generate extreme weather files for moisture related risk assessments.

The present work follows the multiyear weather record analysis presented in [12].
The authors performed simplified moisture accumulation and mould growth risk assess-
ment of a historical wall using the multiyear weather record recorded in Udine (Italy) in
order to evaluate the validity of single year results. The research concluded that multi-
year simulations could be used to search for multiyear effects caused by the incomplete
drying of a wall at the end of the year, but that a single year simulation, performed with
a small selection of reference years (not only one) could provide a reliable risk assess-
ment. Pernigotto et al., in their work [13], evaluated the representativeness of the TRY
representative years generated using the EN ISO 15927-4:2005 procedure for 5 Italian
locations. The comparison is performed on 48 single zone simplified buildings, in terms
of weather parameters, building energy performance and building performance rating,
with the multiyear weather records being of 8 to 10 years. The authors observed that
the representativeness and the variability of the evaluated parameters varies significantly
with the location and that if a TRY is not representative of the multiyear, then misleading
results could be obtained from the simulations. Cui et al. discussed the use of a multiyear
weather record for the energy simulation o buildings in [14], showing that a single TRY
(representative) weather file leads to an overestimation or a underestimation of the energy
demands and peak demand. Cui et al. considered 10 locations, with 55-years long from
different locations. Shorter weather records were considered by Libralato et al. in [15,16].
Here the authors used the weather files for heat and moisture transfer simulations of walls,
showing that TRY generated from shorter weather records (up to 5 years) lead to results
representative of the multiyear results, allowing to consider short-term climate change.

The objective of this research is to evaluate the multiyear effects connected to the
coupled heat and moisture transfer in building envelopes when applied to whole building
energy simulations. All the multiyear analysis found in literature consider dynamic en-
velope models that neglect moisture migration. With this simplification it is not possible
to evaluate the multiyear effect of the presence of moisture in building structures, such as
the drying process of the build-in moisture. In this paper the multiyear weather record
of Udine (Italy) is used to perform building energy simulation of buildings with differ-
ent features, evaluating the multiyear effects on heating, cooling, dehumidification and
humidification requests and on comfort.
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2. Materials and Methods

The software WUFI Plus version 3.2.0.1 is used for the whole building simulations,
allowing to consider the coupled heat and moisture transfer in building envelopes. WUFI
Plus, developed by Fraunhofer Institute for Building Physics, is based on the HMT
model defined by Künzel in [17]. The whole building model has been validated several
times [18,19], compared with other software tools [20,21] and accepted as a valid compari-
son tool to evaluate new materials [22] or simplified calculation methods [23]. The coupling
of the wall HMT model and the building model allows to evaluate the effects of liquid
water (driving rain or from other sources) and vapour concentration (from internal loads)
on the energy balance of the whole building. The calculation scheme used to compute heat
and moisture transfer in walls is the finite volume technique [17] and it requires more time
with respect to the commonly used thermal models. Each wall is modelled as a 1-D wall
exposed to internal or external boundary conditions and these models are coupled with
the whole building model. For example, using WUFI Plus, the thermal simulation of a
single room for 2 years on a computer equipped with a 3.10 GHz processor and 128 GB
of RAM takes 16 s, while using the hygrothermal model it takes 4 min. The difference in
computational effort between the two models also depends on the discretisation of the
simulated walls. WUFI Plus allows to select indirectly the dimension of the calculation
volumes. In this paper the calculation grid is set to “medium” and it generates a grid for
the brick wall of 63 volumes, while the calculation accuracy is set to “low”. For the studied
cases, using a more coarse grid or higher calculation accuracies did not produce relevant
differences in the results.

2.1. Weather Record

The weather files measured in Udine from the 1996 to 2020 are considered. The mea-
surements include dry bulb temperature, relative humidity, solar irradiation, wind speed
and direction, rainfall intensity. The Weather Record is measured at the weather station
of Udine Sant’Osvaldo (Italy), is kindly supplied by ARPA FVG (OSMER). The location
of the weather station is Latitude 46.03◦, Longitude 13.23◦, Altitude above sea level 91 m.
According the Köppen classification, Udine has a temperate climate and, depending on the
considered year, it could be classified as Cfa “Humid subtropical climate” (for example in
1996) or Cfb “Temperate oceanic climate” (for example in 2020).

Temperatures and solar irradiation are the variables that mainly influence heating
and cooling loads in buildings. The annual averages are presented in Figure 1. Relative
humidity and rainfall intensity, on the other hand, influence moisture migration. Their
annual averages are presented in Figure 2.
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Figure 1. Annual mean temperature and annual mean solar irradiation measured at the station of
Udine—S. Osvaldo, Italy.
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Figure 2. Annual mean relative humidity and annual mean rainfall intensity measured at the station
of Udine—S. Osvaldo, Italy.

From the point of view of the building energy calculations it is convenient to consider
the Heating Degree Days (HDD) or the Cooling Degree Days (CDD) presented in Figure 3.
HDD and CDD are calculated using respectively the Equations (1) and (2) on the whole
year period, considering hourly data. Commonly the high values of HDD are indicators of
high heating loads, while high CDD values indicate high cooling loads.

HDD =
n

∑
h=1

∆TH,h

24

∆TH,h =

{
Th − Tb if Th − Tb > 0
0 else

(1)

CDD =
n

∑
h=1

∆TC,h

24

∆TC,h =

{
Tb − Th if Tb − Th > 0
0 else

(2)

where:

• n is the total number of hours in the considered year,
• Th is the air dry-bulb temperature at hour h,
• Tb is the base temperature, set to 20 ◦C for the heating period and to 26 ◦C for
• the cooling period,
• ∆TH,h is the positive temperature difference for the HDD calculation,
• ∆TC,h is the positive temperature difference for the CDD calculation.
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Figure 3. Annual heating degree days and cooling degree days measured at the station of Udine—S.
Osvaldo, Italy.
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2.2. Study Cases

In order to quantify the effects of multiyear simulations, a simple building geometry is
considered (Figure 4). The floor of the building is 48 m2 (6 m × 8 m × 2.7 m) and the south
facing wall has four 1 m × 1 m windows. The building envelope is composed by vertical
walls (Table 1), roof (Table 2) and floor (Table 3). The vertical walls are brick walls with
internal plaster without insulation (R = 3.06 m2K/W), while the windows have double
pane glazing and wooden frames Uw = 2.87 W/m2K. The roof is made of concrete and
covered with plaster on the internal side (R = 0.56 m2K/W) and with a roof membrane on
the outside, applied on a layer of wood separated from the concrete by an air gap of 5 cm.
The floor is in concrete and covered by a layer of 2 cm of wood, with an air gap of 1 cm
between them (R = 0.55 m2K/W). The material properties are taken from the WUFI Plus
Material database. Thermal bridges are neglected.

Table 1. External wall build up and material properties.

Material/Layer ρ c λ Thickness
(from Outside to Inside) [kg/m³] [J/kgK] [W/mK] [m]

Brick 765 850 0.158 0.48
Lime Plaster 1600 850 0.7 0.02

Table 2. Roof build up and material properties.

Material/Layer ρ c λ Thickness
(from Outside to Inside) [kg/m³] [J/kgK] [W/mK] [m]

Roof Membrane 2400 1000 0.5 0.0001
Spruce 400 1880 0.086 0.02

Air Layer 50 mm 1.3 1000 0.28 0.05
Concrete 2322 850 1.7 0.2

Lime Plaster 1600 850 0.7 0.02

Table 3. Floor build up and material properties.

Material/Layer ρ c λ Thickness
(from Outside to Inside) [kg/m³] [J/kgK] [W/mK] [m]

Concrete 2322 850 1.7 0.3
Air Layer 10 mm 1.3 1000 0.071 0.01

Spruce 400 1880 0.086 0.02

Figure 4. Building geometry modelled in WUFI Plus.

The infiltration is set to 0.3 ACH during all the day, the internal loads are convective
and radiant heat loads, both set to 2 W/m2 during all the day, while the moisture loads are
set to 200 g/h from 9:00 to 17:00. To compute the heating and cooling demands and the
humidification and dehumidification demands, the room is modelled with an ideal HVAC
system with heating, cooling, humidification and dehumidification. These ideal systems
are set to maintain the temperatures between 20 ◦C and 26 ◦C and the relative humidity
between 40% and 60%. Two simulation settings of the software WUFI Plus are used,
the thermal and the hygrothermal simulation; the first considers only the heat transfer
through the walls, while the latter considers the coupled heat and moisture transport,
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allowing the modelling of moisture buffering effect of the building materials and the effect
of driving rain; the wall HMT model is coupled with the room model. The hygrothermal
approach, being subject to the liquid and vapour water transport, have slower responses
to the environment. Initial conditions are then more relevant on the results than in the
thermal only simulation.

3. Results

Different aspects of multiyear simulations have been evaluated in this research, first
comparing the results of thermal simulations with hygrothermal simulations, then evaluat-
ing the long-term dynamic effects of weather on the building envelope that are not shown
in single year simulations.

3.1. Moisture Transport

The multiyear simulations are performed using the thermal building and the hy-
grothermal building model. The initial conditions for the building materials are set to
20 ◦C and 80% RH. This setting for the thermal model implies that the material properties
considered are the ones measured at 80% RH (higher thermal conductivities than dry state).

The choice of the model influences the internal conditions results and the heating and
cooling demands. The first comparison, presented in Figure 5, shows the difference be-
tween the calculated heating energy, cooling energy, humidification and dehumidification
demands. As expected from the climate of Udine, the cooling demands and the humidifica-
tion demands are low with respect to the heating and the dehumidification demands.

Heating and cooling demands show clearly the effects of a short therm climate change.
Considering the heating demands calculated with the thermal simulation, the years before
2000 have values above 150 kWh/m2 (mean 141 kWh/m2 ) and the cooling demand values
are below 0.5 kWh/m2 until 2003. From the year 2014 the heating demands are below
135 kWh/m2, with a mean of 127 kWh/m2. The average value of the heating demand
for the 25-year period is 134 kWh/m2, the minimum is 115 kWh/m2 and the maximum
152 kWh/m2. The maximum cooling demand is 2.3 kWh/m2, while the mean annual
cooling demand is 0.5 kWh/m2.

As expected, heating demands calculated with the hygrothermal model considering
rain (25-year-mean 145 kWh/m2) are all larger than the ones calculated with the ther-
mal (25-year-mean 134 kWh/m2) and hygrothermal without rain model (25-year-mean
133 kWh/m2) of the same year. This difference is higher during the year 2014, wich corre-
sponds to the year with higher annual rainfall (Figure 2). Similarly, requests for cooling are
larger when calculated by the thermal model and lower when the hygrothermal model is
used, in this case, given the low cooling demands the differences between the mean values
are negligible.

The dehumidification plot of Figure 5 shows that the hygrothermal model without rain
calculates lower demands than the thermal model, due to the simulation of the moisture
buffering effect of the plasters, while the hygrothermal model with rain requests larger
demands than the other two models, due to the moisture loads given by the driving rain,
again, with the largest difference on the 2014. The moisture buffering effect is also seen in
the humidification plot, where the humidification demand calculated in the thermal model
is fully satisfied by the moisture accumulated and released by the walls.
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Figure 5. Annual building system demands calculated for the building, with the models thermal,
hygrothermal with rain and hygrothermal without rain.

As shown in Figure 6 the variation of the heating demands considering hygrothermal
model with rain could be relevant, up to 30% in the year 2014, with an average of 8% while
dehumidification demand has higher variations, up to 132% for the year 2014, with an
average of 25%. The negative value of the hygrothermal model without rain is due to the
moisture buffering effect, while the positive increase of the model with rain is due to the
high rain load.
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Figure 6. Percent difference from the thermal model of the annual building system demands calcu-
lated for the building, with the model hygrothermal with rain and hygrothermal without rain.

3.2. Initial Conditions

If different moisture contents are considered as initial conditions the demands are
influenced. Figure 7 shows the results of eight simulations performed considering the
hygrothermal model with rain and the thermal model for four initial conditions of the
material of the walls (20% RH, 50% RH, 80% RH and 95% RH). The 20% RH is a low
moisture content state that is rarely found and it represents a case close to the dry state
at which the material properties are measured; the 50% is a low humidity state, that
could be as a realistic condition; 80% RH is commonly used as initial condition in risk
analysis as a conservative initial condition (high moisture content); 95% RH is used to
represent a wet case, commonly found in new buildings or to buildings that have been
left exposed to driving rain. Thermal simulations do not consider the moisture migration
and the simulations are performed using the thermal properties of the materials at the
relative humidity value set as initial conditions. As expected, Figure 7 shows that the
thermal simulations have different values of heating and cooling demands every year, due
to the different fixed properties. Contrary, the heat demands calculated with hygrothermal
simulations with rain have relevant differences from each other only from 1996 to 1998,
after this period the walls are in moisture equilibrium with the environment and have
all similar behaviours. The cooling demands differences are more evident in the plot
due to the scale, but they are of the same order of magnitude of the heating ones. The
thermal simulation with the materials set at 50% RH has in average 0.6% higher heating
demands than the one at 20% RH, while the ones set at 80% RH and 95% have higher
heating demands of the 1.6% and 6% respectively.
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Figure 7. Annual building system demands calculated for the building, with the models thermal,
hygrothermal with rain for different values of relative humidity set as initial conditions for the
building walls.

To visualise the multiyear effects of the initial conditions, the percent variations of
the demands from the hygrothermal 20% RH case are presented in Figure 8. Setting the
initial conditions to 50% RH increases the heating need from the 20% RH simulation of the
0.9% on the first year, 0.15% on the second; at 80% RH the first year increase is of 3% and
the second year 0.5%; When the initial RH is set to 95%, the first year heating need is 13%
higher than the 20% RH case, 1.93% during the second year, above 1% until 2002 and for
the rest of the years the percentage is above 0.5%. A similar behaviour is found calculating
the dehumidification need, where the percentages are higher, due to the moisture released
by the materials in the environment.
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Figure 8. Variation due to different initial moisture contents on building system demands calculated
for the building, with the hygrothermal model with rain.

The mean moisture content variation of the layers of the ceiling is represented in
Figure 9. In this figure it is possible to see how the moisture content of the concrete layer
and of the plaster layer settles during the years. the plaster layer reaches the dynamic
equilibrium content while the concrete does not reach equilibrium. The concrete layer is
not exposed to the outdoors, while the plaster layer is facing indoors. The moisture transfer
in the concrete layer is slow and it affects the thermal properties of the building for the
whole multiyear explaining why the heating demand calculated with 95% RH as initial
condition has a difference above the 0.5% for the whole multiyear.

Figure 9. Moisture content of the concrete layer and plaster layer of the ceiling: comparison between
different initial moisture contents. Simulation performed with hygrothermal model with rain.

Figure 10 shows the comparison between the previously presented multiyear hy-
grothermal simulation (Figure 5) and the single year simulation of every year in the record,
thermal and hygrothermal. The single year simulations are performed using each year as
weather file and with a year of initialization period, so that the year is repeated two times
and only the second year is considered in the presented results; each year is obtained with
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a single simulation, while the multiyear simulations are calculated with a single simulation
of 25 years without initialization periods. The larger differences are found for 2014, being
the year with the highest rainfall; the difference is of about −20% for thermal single year
simulation, while for the hygrothermal single year simulation the difference is above 10%.
Single year hygrothermal simulations have absolute differences of 8% on average and the
single year thermal simulations of 3.4%. The errors are smaller than the ones from the
multiyear hygrothermal calculations of Figure 6, showing, for this specific case, that the
moisture transport effect is more relevant.
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Figure 10. Variation due to multiyear simulation on wall moisture content calculated for the building,
south facing wall, from the hygrothermal model with rain.

3.3. Influence of Building Envelope

In this section the same building is considered, but a layer of internal insulation (10 cm
of Glass-Fiber board) is added to the assemblies. This resulted in lower heating loads and
in higher cooling loads. Including the insulation layer, the cooling demand, as expected, is
not zero for all the years, while the heating demand is lower. The results are presented in
Figure 11.

To evaluate the influence of internal walls two simulations are performed considering
additional internal masses. Two configurations with additional internal walls with a total
surface of 40 m2, one considering a light wall of two gypsum panels with a 10 cm air layer
and one solid brick wall (12 cm) covered with internal plaster (2 cm) on both sides and onw
configuration with a layer of 4cm of plaster on the external walls. All simulations resulted
with no humidification demand. As expected the heating demands have small variations
between the cases, while the cooling demand is affected, with a reduction of the demand
for the simulations with the additional mass. The case with the brick wall and the one with
the additional plaster have lower demands than the gypsum board wall. All the additional
mass configurations reduce the cooling demand and, due to the reduced thermal losses
through the opaque envelope. no multiyear effects are found for these cases.
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Figure 11. Annual building system demands calculated for the building, with the hygrothermal
model with rain with additions of thermal mass: a 4 cm layer of plaster, an internal partition wall
made of gypsum panels and a brick wall.

3.4. Comfort Calculations

To evaluate the effect of the hygrothermal multiyear simulation on comfort calculations
the insulated case with different internal superficial layer is considered. This case represents
a retrofit measure used for historic buildings that allows to maintain the façade aspect.
The comfort calculations are performed using the ASHRAE thermal sensation model for
both men and women, with exposure time of 1 h. The model result is a number between
3 and −3 to be interpreted using the ASHRAE sensation scale in Table 4. The thermal
sensation scale calculation procedure is here used to consider also air humidity and to
obtain a comparable indicator of the indoor environment independent of the occupants
behaviour and level of clothing. The results of are shown in Figure 12. Only the month
of August is considered for each year and the distribution of the thermal sensation is
represented in box-plots. The simulations are performed on a building with insulation,
with different internal layers. The cooling, dehumidification and humidification are turned
off. Due to the hygroscopic properties of the internal layers there are no multiyear effects
but the results are affected by the model used for the simulation and it is possible to
evaluate which material could help to control in a passive way the internal conditions.

Table 4. ASHRAE thermal sensation scale.

Hot Warm Slightly Neutral Slightly Cool ColdWarm Neutral Cool

Thermal sensation +3 +2 +1 0 −1 −2 −3
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Figure 12. Box-plots representing the distribution of the hourly values of Thermal sensation in the
month of August of every year, obtained with the thermal and hygrothermal models, considering the
base case and a base case with different internal surfaces.

4. Discussion

WUFI Plus model is based on several simplifying assumptions, for example, when
modelling the sorption equilibrium of the materials moisture hysteresis is neglected. It
has been shown that moisture hysteresis is relevant in moisture damage analysis [24,25]
and in energy or comfort calculations [26,27]. Nevertheless the HMT model is already
demanding in terms of computational time: a 18 zone hygrothermal simulation (not
presented in the paper) required 480 min, 45 min for the thermal simulation. In both
cases the computational effort is to large to be used in optimization procedures or in
statistical analyses. One solution could be the simplification of the hygrothermal model,
like the one proposed in [23]. The here presented results confirmed that the buildings with
low levels of insulation have larger variations in their results in the multiyear, as shown
in [13], which concluded that using a single representative year could be misleading when
calculating the buildings energy labelling. As shown in [14], using the multiyear approach
provides a distribution of annual results instead, much more information than a single
value calculated from the representative year. This allows to evaluate the behaviour of the
building during extreme weather events.

5. Conclusions

This study presented the results of several multiyear hygrothermal hourly simulations
performed on a simple building using WUFI Plus, considering different external walls
and internal walls configurations. The 25 year long weather record of Udine has been
used. The main focus of the study is the relevance of the multiyear simulation approach,
showing that the influence of the initial conditions have effects on the results, even more if
the simulations are performed with an hygrothermal model. The main conclusions of this
work are:

• Different initial conditions of wall materials, used to simulate in-built moisture, pre-
sented different influences over the multiyear results. Relative humidities in the
structures up to 80% RH presented effects for three years, while the 95% RH ini-
tial condition influenced the moisture content of some materials and the thermal
behaviour of the envelope for all the weather record;

• The effect of short-term climate change has been shown analysing the weather data
and observing the results of the simulations. The decrease of the average of the heating
demands and the increase of the cooling demands in the last years of the weather
record are an effect that should be considered in building simulation. These results
confirm the relevance of updating the weather data used for building simulations and
eventually the use of extreme weather files or future weather files;

• Multiyear effects on the cooling and heating needs depend on the opaque envelope
that could accumulate moisture (not on ventilation and transparent envelope);

• When considering moisture transfer in whole building simulations, using only one
year of initialization could be not sufficient to obtain the dynamic equilibrium with
the external environment;
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• Using multiyear simulations could be the most accurate approach to simulate the
building behaviour but it is not practical in therms of computational effort. Other
simplified calculation methods could be preferred to finite volume method, depending
on the application.

These conclusions are relevant and should be considered when performing detailed
simulations (for example in model calibration procedures). Future work will be addressed
to evaluate different building geometries and building materials, evaluating also the
comfort of occupants, considering also other weather records from other locations and
future weather files.
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