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ABSTRACT

A whole building hygrothermal model has been developed
on the basis of an existing detailed model for thermal simula-
tion of buildings. The thermal model is a well-proven transient
tool for hour-by-hour simulation of the thermal conditions in
multizone buildings. The model has been expanded with new
capabilities for transient simulation of indoor humidity condi-
tions, taking into account the moisture buffer capacity of build-
ing components and furnishings and the supply of humidity
from indoor activities. Also integrated in the model are tran-
sient calculations of the moisture conditions in the layers of all
the external building envelope components.

The advantage of the new model is that both the boundary
conditions for the envelope and the capacity of building mate-
rials to buffer the indoor humidity are considered in the same
calculation. The model considers the latent heat effect asso-
ciated with the absorption or evaporation of moisture, and it
takes into account the way in which moisture in the building
materials affects their thermal conductivity.

The paper presents the principles for the model and some
applications and calculation results.

The model is validated against experimental data from a
full-scale test cell. In the test cell, it is possible to control the
release or withdrawal of humidity from the indoor space and
measure the response in humidity of the air and the moisture
content of building materials in the room. A sequence of exper-
iments has been conducted using different interior materials to
provide source data for the effect of moisture absorption and
release. Examples of comparisons between simulated and
measured data are presented.

Karl Grau

INTRODUCTION

Humidity in indoor spaces is one of the most important
factors influencing indoor air quality. Many health-related
problems in the indoor environment (e.g., sick building
syndrome [SBS] can be associated with high indoor humidity
and “damp buildings” [Clausen et al. 1999]). The humidity
level in a building depends on a combination of factors such as
moisture sources, ventilation and air movement, reservoirs
and sinks, heating, insulation, external conditions, as well as
building materials and occupants. Among these, the moisture
buffering effect of the materials in a building is an important
factor. There is a general interest in exploiting the moisture
buffering effect of building materials, such as wood, to
dampen the cyclic excursions of indoor humidity. However,
this effect is often disregarded by building designers and engi-
neers.

Ventilation with fresh air is a way to improve the prob-
lems of high indoor humidity, but ventilation requires energy
to condition the air and to run the fans of the ventilation
systems. So there is interest in being able to design buildings
for a suitable balance between moisture supply and required
ventilation. However, the humidity condition of indoor air is
not just a result of moisture supply from current activities and
the actual ventilation rate. It also must be considered that many
building materials and interior furnishing are hygroscopic, so
they act as buffers for the indoor humidity.

Several approaches to model the indoor humidity condi-
tions have been developed in previous research. The
approaches vary from simple steady-state models that
completely disregard the indoor moisture buffering (Loudon
1971), over empirical models that acknowledge but physically
do not describe the buffering effect (Tsuchiya 1980), to more
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physics-based models that consider the buffering in a surface
layer of the building elements (e.g., the effective penetration
depth models by Kerestecioglu [1990] and Cunningham
[1992]). Furthermore, two different moisture balance models
are implemented in version 15 of the TRNSYS simulation
system—the effective capacitance humidity model and the
buffer storage model (Klein et al. 2000). Typically, previous
models have predicted the indoor humidity without consider-
ation of the materials in the deeper layers of building construc-
tions and furnishing, although they set the boundary
conditions for the indoor humidity variations.

In contrast, several detailed models have been developed
for the moisture conditions of exterior building envelope
constructions. High indoor humidity is among the most impor-
tant reasons for harmful accumulation of moisture in the build-
ing envelope, and it can be a direct or indirect reason for extra
heat flow though the enclosure of buildings. This has been
realized in an international research project—heat, air, and
moisture transport in insulated envelopes (HAMTIE), IEA
ECBCS 24—where one subtask was devoted to describe the
indoor and outdoor climatic influence on the envelope (IEA
1996a). Another subtask of the same project dealt with calcu-
lation methods to predict the moisture conditions within the
envelope structures (IEA 1996b). The calculation methods all
assumed the indoor climate to be prescribed as one of the
preconditions for the calculations, disregarding the influence
that building components have on the indoor humidity.

It is only recently that models have been developed that
make detailed and integrated prediction of both the indoor
humidity and the moisture conditions in constructions.
Hagentoft (1996) presented an unpretentious model that
calculates the moisture conditions both in building construc-
tions and in an indoor zone. Kurnitski and Vuolle (2000) have
constructed a transient model for heat, air, and moisture condi-
tions in building envelopes in a modular simulation environ-
ment where room moisture and temperature balances are also
calculated. A recent development has been made to comple-
ment the DOE EnergyPlus program (Crawley et al. 2000) with
whole building moisture calculations. However, EnergyPlus is
based on a response factor method, which may not have been
optimal for calculating transient moisture transfer, as this is a
nonlinear phenomenon (Liesen and Pedersen 1999). Finally, a
model for calculation of indoor air conditions has been devel-
oped from an existing tool for moisture analysis of building
envelope parts (Simonson and Salonvaara 2000).

Moisture conditions cannot be predicted without know-
ing the thermal conditions. It is quite obvious, therefore, to
develop a model for prediction of whole building moisture
conditions as an extension to an existing model for a detailed
thermal analysis of buildings. Such a model already predicts
the thermal condition of the indoor environment and all the
adjacent building components. Normally, the thermal calcu-
lation models are rather elaborate themselves, their thermal
predictions have already been validated, and they may have
extensive user interfaces. One such model is included in an
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existing tool for integrated building simulation (Wittchen et al.
2000).

There is a great need to experimentally verify the predic-
tions of whole building hygrothermal models. Some relevant
experimental investigations are reviewed by Mitamura et al.
(2001) and by Virtanen et al. (2000). In this paper, we describe
an experiment using a full-scale test cell to investigate the
moisture buffering effect of building materials. The results are
used both to characterize the buffering capacity of different
materials and to verify predictions of the numerical model.
The term “moisture buffering effect” will be used to indicate
the ability of building materials to decrease humidity varia-
tions in indoor spaces.

NUMERICAL MODELING

The Integrated Simulation Tool

The integrated building simulation tool used for the
humidity calculations described in this paper is a computa-
tional design tool that comprises models for analysis of indoor
climate, energy consumption, and daylight performance of
buildings. The core of the system is a common building data
model, shared by the design tools, and a common database
with typical building materials, constructions, windows, and
doors. Figure 1 illustrates the integrated simulation tool.

The following computational analyses can be made on
most buildings using the integrated simulation tool:

* heat gains from solar radiation, people, lighting, and
equipment

»  solar radiation through windows

* heating, cooling, and ventilation

*  power and energy balance

» steady-state moisture balance (not considering moisture
buffering)

* temperature conditions
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Figure 1 Graphical user interface of the integrated
simulation tool showing the model of the test cell
from which experimental data will be used to
compare against model predictions.
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*  heat and air exchange between zones

» shading conditions

»  variable infiltration and venting

» several different ventilation systems simultaneously

» surface temperatures and condensation risk at interior
surfaces

»  air exchange in connection with infiltration and opening
of windows

»  air exchange between rooms
*  heat and refrigeration recovery in ventilation plants
*  supply and exhaust air temperature in ventilation plants

* power from heating and cooling coils in ventilation
plants

*  humidification in ventilation plants

Whole Building Moisture Model

A transient moisture model for the whole building—its
indoor climate and its enclosure—has been developed as an
extension to the other models in the integrated simulation tool.
A building is seen by the simulation tool as a number of zones,
separated from each other and from the outside by construc-
tions of different kinds. A humidity balance is set up separately
for each zone. The balance equation expresses that humidity is
exchanged by infiltration, ventilation, and air change with the
outdoor air and with adjacent zones. Furthermore, humidity is
exchanged by convection between air in the zone and the adja-
cent constructions, and moisture is released to the zones as a
result of activities in the zone. The balance equation is dynamic,
so it takes into consideration the buffer capacity of the zone air.

In a one-step iterative fashion, the model also integrates
calculations of transient moisture conditions for all interior
and exterior constructions of the building. The zones facing
the constructions give the boundary conditions for the
constructions. The iteration within one time step is: (1) calcu-
late the heat and humidity balance for the zones, (2) make the
transient heat and moisture calculation for the constructions,
and (3) refine the heat and humidity balance for the zones.

Discretized Model of a Building. A building may consist
of an arbitrary number of zones and constructions. Every zone
is delimited by an arbitrary number of surfaces. In the descrip-
tion of the building, the zones are represented by one node point
for which information is held about the temperature, 7, and the
humidity ratio of the air, x. The air in a zone is considered as
being fully mixed, or it is possible in the model to approximate
the stratification in the zones.

The constructions consist of one or more layers of build-
ing material that are characterized by their thickness and by
their properties for heat and moisture transport and accumu-
lation. The layers are subdivided further into one or several
control volumes. The node point is always located in the center
ofthe control volumes, and there are node points placed on the
two surfaces of the construction. Furnishings may be consid-
ered as interior building constructions that face the same zone
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Figure 2 Part of a plan of a building as understood by the
integrated simulation tool with two of its zones
and an enlarged view of a wall that separates the

two zones. The figure indicates the location of
node points for the numerical calculation.

on both sides or are calculated from one side to an adiabatic
vapor-tight center.

A simplified plan of a part of a building with several zones
is shown in Figure 2 with indication of the discrete node
points.

In each time step, calculations of the temperature condi-
tions in the constructions and zones are carried out first before
calculating the moisture conditions, so the distribution of the
saturation vapor pressure, p, (a unique function of tempera-
ture), is known at the new time level. The same node points and
control volumes are used for the thermal as for the moisture
calculations.

Humidity Balance for Zone Air. The following influ-
ences on the humidity condition of the air are considered:

*  humidity transfer from adjoining constructions

*  contribution of humidity from various sources and activ-
ities (e.g., person load, laundry and drying, bathing,
cooking, industrial processes, humidification/drying,
and other)

*  penetration of humidity from outdoor air (by infiltration
and venting)

*  supply of humid air from ventilation systems

*  humid air transferred from other zones

The humidity balance for zones is made up for the humid-
ity ratio x (mass of water vapor per mass of dry air). The time
dependency of changing the moisture content of the air is also
taken into account. The moisture balance equation can be
expressed as

new old
X

x _ —_—
V'pair At - ZG’ (1)
where £G on the right-hand side represents the sum of mois-
ture sources in a zone. The equation could potentially lead to
inaccuracies because of the time discretization if Az is large,
but in practice the risk is limited because excursions of x are
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restricted by humidity ratios in the adjacent environments (see
the following three equations) and, furthermore, the user has
an option to set the level for Az. Characteristic groups of mois-
ture sources are described in the following.

The humidity transferred between the surfaces of the
constructions and the zone air is governed by the convective
mass transfer coefficients and is calculated from

Gconstr = Z

constructions

Asurfﬁ(psurf_pair) . (2)

The air supplied to the zone may come from four different
types of systems: “mixing” (from other zones), infiltration
from outside, venting, and (mechanical) ventilation. The
supplied air brings humidity with it and, when full mixing is
assumed, it suppresses air from the zone with the same humid-
ity ratio as the bulk of the zone air. The moisture added to the
zone by ventilation is calculated by summation for all air
sources as

Gvent = )y nventV pair(xvent_xair) ’ (3)

air sources
where x,,,, is the humidity ratio of the air as it enters the zone
either from the outside or from another zone, and n,,,,, is the
associated air change rate. The summation on the right-hand
side of Equation 3 indicates that there may be several air
sources.

Furthermore, moisture may be added to the zone air from
people or from other moisture loads in the zone. These influ-
ences on the humidity of the air may vary according to defined
schedules or various control strategies. For instance, moisture
loads from people will simply be indicated by a schedule that
characterizes the presence and activity of occupants. The
humidity contributions from such sources will be collected in
a single quantity called G,

Now, the total humidity balance for the zone can be made
up by inserting the different moisture contributions, G, in
Equation 1. After separating the yet unknown, or new, condi-
tions on one side of the equation and the known, or old, condi-
tions on the other, the following results:

new At Jid
Yair I+ Vp . Z Asur_/B old + A Z "yent
air constr X, T0.622 air sources (4)
_ nld+ At 4 A . At
= Xair VP i 2 surfPPsurf 2 "vent vent VP SYst

constr air sources

As an approximation, the value fo:l for the vapor content
in the previous time step has been used in the recalculation
between humidity ratio and vapor content of air on the left-
hand side of the equation.

Moisture in Constructions. A finite control volume
method is used for the calculation of moisture transfer in the
building materials of interior and exterior walls. The finite
control volume method is found to be suitable to handle the
nonlinear moisture transport phenomena that are caused by
moisture-dependent transport and retention properties.
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The model for moisture transport in the constructions
considers moisture transport in the form of vapor diffusion.
Humidity is exchanged with the indoor and outdoor climates
as convection of vapor over the surfaces, and there is no possi-
bility for the moment to consider moisture sources such as
wind-driven rain or other influences of liquid moisture. The
moisture transport internally in the constructions is described
in a transient way by considering the moisture buffering
capacity of each layer. In this way, it is possible to calculate the
risk of condensation or build up of high humidity levels in the
constructions. The model takes into account the movement of
moisture in the heat balance of the building elements, e.g., the
transfer of latent heat that follows the evaporation and conden-
sation processes.

A calculation is carried out for each control volume and
time step of the balance between moisture gained and lost by
vapor diffusion. The sum of these contributions causes a
change of the moisture content from one time step to the next.
Using the sorption curves of the materials, the new moisture
contents can be recalculated into new relative humidity and
vapor pressures. For the sake of numerical stability in all situ-
ations, the model uses an implicit calculation procedure based
on vapor pressure as driving potential. Despite the numerically
stable procedure, the program proposes a time step corre-
sponding to Fourier numbers both for the moisture and heat
transports of not more than 1.25 for any of the control volumes
in the model. This is in order to minimize inaccuracies because
of the time discretization and can be overruled by the user.

Vapor diffusion into a control volume i from the adjacent
element i-1 is calculated from Fick's law. The control volumes
may be made of different materials with individual water
vapor permeability, and the control volumes may have indi-
vidual thickness. The vapor flux over the interface between the
two control volumes in the time step from time index j to j+/
is expressed as

g’+1 - p]l:+1—17§i11 (5)
i T Ad Ad. ’

+—4+Z.
28,_, 29,

where Z; is a possible vapor diffusion resistance between
control volumes, e.g., representing a thin membrane or a coat-
ing of paint. The vapor permeability, 0, is determined for each
control volume as a function of local moisture content.
Vapor fluxes, such as that calculated in Equation 5, are
used in the moisture balance of the control volumes over the
time step A¢, which, for volume 7, can be expressed as follows:

AR
i —U; i+ 1 i+ 1
piAdiT =~ga-g ) (6)
As indicated by the time index j+1 for the vapor pressures
and fluxes in Equations 5 and 6, the procedure is implicit, i.e.,
set up on the basis of yet unknown vapor pressures by the end
of the time step. The equations for all i are dependent on one
another, and the moisture transport (5) and balance (6) equa-
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Figure 3 Isometric view of PASSYS cell.

tions need closure by coupling the moisture content and vapor
pressure through the sorption curves of the materials. How this
is solved in the new moisture model of the integrated simula-
tion tool is shown in more detail by Rode et al. (2001).

EXPERIMENTAL VERIFICATION

Experiments

Test Cell and Equipment. An airtight and highly insu-
lated outdoor steel chamber was used with an indoor area of
13.8 m? and room height of 2.75 m, giving a volume of 38.0
m>. This cell was originally constructed for use in an extensive
research project, PASSYS, during 1986 to 1993 (European
Commission 1994). The walls, roof, and floor of the cell are
of sheet steel both on the inside and on the outside, and they
are insulated with some 40 to 50 cm of polystyrene and
mineral wool. The wall on the southern facade is exchange-
able, and the current wall consists of 11 cm of brickwork, 30
cm of mineral wool, and pressure-equalized wood panels on
the outside. The wall is covered on the inside with polyethyl-
ene foil so as to provide a vapor-tight and nonabsorbing inte-
rior surface. An isometric view of the PASSYS test cell is
shown in Figure 3.

The cell has an air change rate of about 0.20 h™! at 50 Pa
pressure difference. Without pressurization, it is about 0.007
h'! (measured with tracer gas using the decay method).

In the northern end of the test cell is an 8.6 m? service
room containing the cooling and control systems. Within the
test room of the cell is an air distribution system connected to
the cell's heating and cooling coils. The cell is instrumented
with sensors for measuring both the outdoor climate (three
components of solar radiation, ambient temperature, relative
humidity, and external surface temperature) and the indoor
conditions (air temperatures, surface temperatures, heating,
power used by the cooling system and fans, heat fluxes, air
infiltration rate, and air velocity). The indoor relative humidity
is measured with capacitive moisture sensors with an accuracy
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of about +2% RH. The data acquisition system is located in an
adjacent building, from which the test cell could be controlled.

To measure the moisture buffering effect of materials, the
room was subjected to controlled moisture variations. Rather
than controlling the test cell's relative humidity and noting the
reaction in the material, the moisture production was
controlled, and the resulting RH variation was registered. The
idea was to mimic the exposure of building materials in a
common indoor climate, but in a controlled way. The principle
has been used previously by Padfield (1998) in small (0.5 m?)
test chambers in the lab. The objective of making such tests in
the PASSY'S test is to make full-scale experiments and to have
the possibility of future non-isothermal tests, e.g., with a natu-
rally varying indoor climate caused by solar gain.

Indoor humidification was created by evaporation of
moisture from a reservoir of water heated by an electric
element. Humidity was withdrawn from the air by a dehumid-
ifier draining into the same reservoir. The water reservoir was
weighed with a load cell, and the control system made it possi-
ble to control the rates of humidification and drying according
to a predefined schedule. The range and accuracy of the load
cell was 10 kg+3 g. A schematic diagram of the apparatus is
shown in Figure 4. By using the apparatus, it was possible by
evaporation of water to imitate in a controlled way the produc-
tion of humidity in an inhabited room. With the dehumidifier,
it was possible to imitate the removal of humidity from the
room that would normally take place by ventilation.

Experimental Building Materials. Building materials
used in the experiment were plasterboard, chipboard, cellular
concrete, plywood, and wood panels. The materials were used
in their raw form without paint or wallpaper. These test mate-
rials were exposed in turn as the only materials in the cell. The
edges of each material were sealed with vinyl tape, so only the
plane surfaces of the materials were exposed to the air. The test
materials stood vertically in racks on the floor during the
experiments. The area and some properties of the test building
materials are listed in Table 1. The reason that the areas of each
material were different was to obtain about the same variation
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TABLE 1
The Tested Building Materials

Area Thickness Density Vapor Permeability

Test Material m?) (m) (kg/m%) (kg/[m-s-Pa])
Plasterboard 13.50 0.013 735 2510712
Chipboard 8.93 0.018 911 4510712
Cellular concrete 2.98 0.05 691 27-10°12
Plywood 6.10 0.023 299 2310712
Wood panels 9.27 0.015 538 5.0-10712

TABLE 2

Range of Indoor Humidity Variation and Weight Change of the Sample Material

Range of Daily Indoor Humidity Variations

AH RH
(g/kg) (%)
Case 0 (inert room) 3.5 25
Case 1 (plasterboard) 2.3 15
Case 2 (chipboard) 3.0 19
Case 3 (cellular concrete) 2.2 15
Case 4 (plywood) 2.5 18
Case 5 (wood panels) 1.7 11
Detmmidifier
Load cell
Insulated cover
gé :,.'.; sy (fixed)
steci by 3
gg} || Condensation {": B
e b water 15 g o Fan
i 2 5
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T ki ] % Water level
e K B
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| (suspended from load cell)

Figure 4 Section of the evaporation/condensation device
for humidity control in test cell.

in indoor humidity when the set rate of humidity was delivered
to or withdrawn from the air. These areas were determined by
preliminary calculations with the new moisture model in the
integrated simulation tool based on material properties from
the literature. As the materials were exposed on both sides, the
exposed surface areas were twice as large as the areas listed in
the table.
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Size and Range of Weight Change of the Sample Material

Area (m?) Weight (kg) Weight Change
®
0.450 43 5.0
0.537 8.8 7.0
0.125 43 6.0
0.610 42 8.5
0.520 42 10.0

In order to estimate the quantities of moisture absorbed
and desorbed from the test materials, a sample of the material
under test was weighed by suspending it from another load cell
in the test cell during the experiment. This load cell also had
a range and accuracy of 10 kg+3 g. The area of the “sample
materials” varied from 0.12 m?, to 0.61 m? and the weight
from 2.9 kg to 8.8 kg.

Before testing, the materials were conditioned for a few
weeks in another climate chamber where the indoor tempera-
ture and relative humidity were about 20°C and 60% RH—
about the same conditions as during the subsequent experi-
ments.

Experimental Conditions. Experimental conditions are
listed in Table 2. First of all, the change of relative humidity
was established in the empty chamber when vapor was added
to and withdrawn from the air (Case 0). These excursions
should be relatively large even with small rates of humidifica-
tion/drying. Furthermore, since there were no vapor-absorb-
ing materials in the test cell during the reference test, it should
be possible to predict the humidity excursions theoretically
with a simple model. This test would verify the inertness of the
surface of the test cell and stress the importance of the very
small rate of air change with outdoor air.

After the experiment, Case 0, the test cell was furnished
with various test-building materials (Cases 1 to 5). Each test
typically ran over just a few days each when daily cycles were
studied. During the experiments, the indoor temperature was
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controlled to 20°C (+0.5°C), and the dehumidifier was set to
increase the weight of the reservoir by 200 g in 12 hours. After
the dehumidification, the heating element of the water reser-
voir was switched on to evaporate the water and decrease the
weight of the reservoir by 200 g for the next 12 hours.

Measured Variation of Indoor
Temperature and Humidity

Inert room (Case 0). The indoor absolute humidity
varied between 6 g/kg and 9.5 g/kg, and the relative humidity
varied between 40% RH and 65% RH.

According to a theoretical calculation of the moisture
balance of the room when 200 g of water was delivered to and
later withdrawn from the room in half-day cycles, the change
of indoor absolute humidity during one day should be around
4.3 g/kg. But actually it was measured to be around 3.5 g/kg.
For the whole room, this deviation amounts to about 36 g of
moisture. The difference between the measurements and the
theoretical expectation is an indication of the experimental
error of using the test cell as an apparatus to test moisture
absorption. The error can be attributed to the general errors of
the experimental equipment used and is an indication that
some limited moisture absorption actually did occur in the
supposedly inert test cell. Such absorption may take place in
paint on the inside of the steel walls and in the polyethylene
foil on the inside of the southern facade.

Furnished room (Cases 1 to 5). The indoor temperature,
weight of the water reservoir, humidity in the test cell, and
weight of the sample material are shown in Figure 5 for the
case with wood panels (Case 5). The indoor absolute humidity
varied between 7.3 g/kg and 9.0 g/kg, and the relative humid-
ity varied between 50% RH and 61% RH. Thus, the range of
indoor humidity variation was about 1.7 g/kg—notably less
than it would have been if the room had no furnishings (3.5 g/
kg). Evidently, some of the moisture in the air was absorbed
and desorbed by the wood panels.

The weight of the sample of wood panel (0.52 m?) varied
between 4208 g and 4220 g. The daily range of weight change
was about 10.0 g, which amounts to 19.2 g/m’. The total
weight of the sample increased slightly during the experiment,
so the test building materials did not quite reach a quasi-steady
equilibrium moisture content during the four days of test.

The ranges of the indoor humidity variation and the
weight change of the sample material in all cases are shown in
Table 2. The range of the indoor humidity variation in the cases
of furnished rooms (Cases 1 to 5) was in every case smaller
than that of the inert room. It indicates that the indoor humidity
variation was decreased by moisture absorption and desorp-
tion from the test materials. The range of absolute and relative
indoor humidity variations of the room furnished with wood
panels (AH: 1.7 g/kg; RH: 11%) was the smallest of all of the
cases. The ranges of sample weight and relative humidity vari-
ations were estimated from Figure 5 (and similar figures for
the cases not shown in detail in the paper).

Of the materials tested in the PASSYSS cell, it seems that
the wood panels had the best ability to absorb and desorb mois-
ture from the room air. Another good moisture buffering mate-
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rial was cellular concrete, while plasterboard, chipboard, and
plywood had somewhat smaller moisture buffering capacities.

Simulation of Indoor Humidity
Conditions in the Experiment

The integrated simulation tool was used to simulate the
indoor humidity in the tests. The program was run for the
actual test conditions regarding moisture supply rates and
surface areas of the materials, and now the needed sorption
curves and vapor permeabilities had been measured in the
laboratory for the actual materials.

The indoor absolute humidity of measurements and simu-
lations with the integrated simulation tool are shown in Figure
6. Except for the room with chipboard, the model predictions
are quite similar to the measured values. Especially in the
case of cellular concrete and wood panels, the deviation
between measurement and simulation of the absolute humid-
ity is very small. However, for the room furnished with chip-
board, there is a substantial deviation in the range from 1.0
g/kg to 1.5 g/lkg between measurements and simulation. It
may be suspected that the hygrothermal properties of the
surface of this material are somewhat different from those
of the interior parts of the material. Although the chipboard
has the appearance of a homogeneous material, the surface
of the chipboard is rather dense, while the interior of the
material is more porous.
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Figure 5 Profiles developed over four days of indoor
temperature and humidity in the test cell in Case

5 (wood panels).
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PRACTICAL USE OF THE MODEL

The thermal part of the design tool, formerly known as
tshi3, is by itself a companion to other well-known building
simulation tools such as DOE-2, EnergyPlus, and TRNSYS,
and it has been used for more than a decade in Danish and
international design practices and research institutions. It was
also used in conjunction with IEA SHC Task 12. Building
models can be made with, in principle, any number of zones;
however, it is typical to use about 5 zones with about 25 build-
ing constructions. An annual simulation of such a building
with the moisture model can be run in probably less than ten
minutes on a normal personal computer depending on the
chosen level of accuracy in the time and space discretization.

During autumn 2001, the moisture model in the integrated
building simulation tool was tested on real building design
projects by three major consulting engineering firms.

In one of the projects, a study of the relative humidity of
the air in an office building was performed, taking into account
the ability of the building materials to buffer the air humidity.
The aim was to estimate the risk of condensation on a chilled
ceiling and, in general, to estimate the indoor air quality. As a
means to forecast this, the indoor relative humidity in a meet-
ing room was predicted with the integrated building simula-
tion tool both for the working days of a week in summer, as
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well as in winter. The building is mainly of concrete, but the
floors have 10 mm wool carpet, there is a suspended ceiling
with 20 mm mineral fiber boards, and the inner walls are clad
with 13 mm painted plasterboard. The results are shown in
Figures 7 and 8. According to research by Fang (1997) the
relative humidity has an important influence on how occu-
pants of buildings perceive the air quality, and a comfort
diagram can be used to illustrate the effect for the actual case
(see Figure 9). Dependent on the air temperature and relative
humidity, the curves forecast the percentage of people that
would be expected to express dissatisfaction with the indoor
air quality.

Another project was an analysis of the moisture condi-
tions of a planned archive for a museum. The most important
parameter of the indoor climate for storing objects is the rela-
tive humidity. The moisture model was used to analyze the
moisture conditions of the air in the rooms by changing the
building materials and control of the heating systems.

The third project dealt with investigation of moisture
problems in the exterior walls of an ice rink. This special form
of indoor climate normally demands a certain configuration of
layers in the exterior envelope to avoid moisture problems.
The project has dealt with analyzing the problem after it has
occurred and some different ways to resolve it.

The consulting firms’ main conclusions after the testing
are that the new moisture model will provide the possibility to

*  study the relative humidity in rooms, taking into account
the ability of building materials and furniture to absorb
and desorb moisture,

» analyze the moisture level of constructions,

» analyze energy consumption in relation to construction
moisture in building elements,

» analyze consequences of the indoor air quality by select-
ing different building materials,

»  estimate risk of condensation,

»  perform more realistic analysis, leading to reduced cost
of the building.

SUMMARY AND CONCLUSION

An existing integrated simulation tool for dynamic ther-
mal simulation of buildings has been extended with a transient
model for moisture release and uptake in building materials.
With the new model it is possible to make more accurate
predictions of indoor humidity variations. Integrated in the
model are calculations of the transient moisture conditions
within all of the building's envelope constructions. Since the
moisture conditions in building constructions depend very
much on the indoor humidity, and since the building construc-
tions also influence the indoor humidity, it is judged that the
new development results in improved simulations of moisture
conditions both for the indoor air and for the building
constructions.

This paper has given a brief description of how the mois-
ture model has been implemented in the existing thermal
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Figure 7 Relative humidity in a meeting room during the working days of a week
in winter. The results have been simulated with and without
consideration of the moisture buffering effect of the building materials.
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Figure 8 Relative humidity in a meeting room during the working days of a week
in winter. The results have been simulated with and without
consideration of the moisture buffering effect of the building materials.
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Figure 9 Diagram illustrating the predicted percentage of
occupants who are dissatisfied (PD) with the
indoor hygrothermal conditions. Simulation
results are shown for a summer and a winter week
determined with or without consideration of
humidity buffering when predicting the indoor
humidity.

building simulation tool, and some examples are shown of the
practical use of the model as a design tool for consultants.

Validation of the new moisture model was begun with
comparison against measurements in an outdoor test cell
furnished with single materials. Almost quasi-steady, cyclic
experiments were used to compare the indoor humidity vari-
ation and the numerical results of the integrated simulation
tool with the new moisture model. Except for the case with
chipboard as furnishing, the predictions of indoor humidity
with the detailed model were in quite good agreement with the
measured values.
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NOMENCLATURE

A = area, m?

G = rate of moisture production in the indoor air, kg/s
g = vapor flux, kg/m?s

i = index for space

index for time
1

S =~
Il

= air change by ventilation, s
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P = Dbarometric pressure, Pa

p = partial pressure for water vapor, Pa

u = moisture content, kg/kg

V = volume, m®

x = humidity ratio, kg/kg

Z = vapor diffusion resistance, m’sPa/kg
B = convective moisture transfer coefficient, kg/(m? Pa s)
Ad = width of control volume, m

At = time step, s

& = water vapor permeability, kg/(m s Pa)
p = density, kg/m?

REFERENCES

Clausen, G., C. Rode, C.-G. Bornehag, and J. Sundell. 1999.
Dampness in buildings and health. Interdisciplinary
research at the International Center for Indoor Environ-
ment and Energy. Proc. of the 5th Symposium on Build-
ings Physics in the Nordic Countries.

Crawley, D.B., L.K. Lawrie, C.O. Pedersen, and F.C.
Winkelmann. 2000. EnergyPlus: Energy simulation pro-
gram. ASHRAE Journal 42(4): 49-56.

Cunningham, M.J. 1992. Effective penetration depth and
effective resistance in moisture transfer. Building and
Environment 27(3): 379-386.

European Commission. 1994. The PASSYS test cells, A
common European outdoor test facility for thermal and
solar building research. Commission of the European
Communities Directorate-General XII for Science,
Research and Development.

Fang, L. 1997. Impact of temperature and humidity on per-
ceived indoor air quality. Ph.D. thesis, International
Centre for Indoor Environment and Energy, Copen-
hagen.

Hagentoft, C-E. 1996. The effect of the building envelope on
the indoor relative humidity. Building physics in the
Nordic countries. Espoo, Finland.

IEA. 1996a. Heat, air and moisture transport in insulated
envelope parts. Final report, Task 2: Environmental
conditions. International Energy Agency, Energy Con-
servation in Buildings and Community Systems Pro-
gramme, Annex 24.

IEA. 1996b. Heat, air and moisture transport in insulated
envelope parts. Final report, Task 1: Modelling. Interna-
tional Energy Agency, Energy Conservation in Build-
ings and Community Systems Programme, Annex 24.

Kerestecioglu, A., M. Swami, and A. Kamel. 1990. Theoret-
ical and computational investigation of simultaneous
heat and moisture transfer in buildings: “Effective pene-
tration depth” theory. ASHRAE Transactions 96(1): 447-
454.

Klein, S.A., et al. 2000. TRNSYS Manual. Ver. 15. Solar
Energy Laboratory, University of Wisconsin, Madison.

581



Kurnitski, J., and M. Vuolle. 2000. Simultaneous calculation
of heat, moisture, and air transport in a modular simula-
tion environment. Proc. Estonian Acad. Sci. Eng. 6(1):
25-47.

Liesen, R.J., and C.O. Pedersen. 1999. Modeling the energy
effects of combined heat and mass transfer in building
elements; Part 1, Theory. ASHRAE Transactions 105(2):
941-953.

Loudon, A.G. 1971. The effects of ventilation and building
design factors on the risk of condensation and mould
growth in dwellings. BRE Current Paper CP 31/71.
Building Research Establishment, U.K.

Mitamura, T., C. Rode, and J. Schultz. 2001. Full scale test-
ing of indoor humidity and moisture buffering in build-
ing materials. Moisture, Microbes, and Health Effects:
Indoor Air Quality and Moisture in Buildings. Confer-
ence Proceedings, IAQ 2001. Atlanta: American Society
of Heating, Refrigerating and Air-Conditioning Engi-
neers, Inc.

Padfield, T. 1998. The role of absorbent material in moderat-
ing changes of relative humidity. Department of Struc-

582

tural Engineering and Materials, Technical University of
Denmark (www.natmus.dk/cons/tp/phd/phd-indx.htm).

Rode, C., K. Grau, and T. Mitamura. 2001. Hygrothermal
conditions in the envelope and indoor air of buildings.
Performance of Exterior Envelopes of Whole Buildings
VIII. Atlanta: American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers, Inc.

Simonson, C.J., and M. Salonvaara. 2000. Mass transfer
between indoor air and a porous building envelope: Part
II—Validation and numerical studies. Healthy Buildings
2000. Helsinki.

Tsuchiya, T. 1980. Infiltration and indoor air temperature
and moisture variation in a detached residence. J. Heat-
ing, Air-Conditioning and Sanitary Engineering of
Japan 54(11):13-19.

Virtanen, M.J., HM. Kiinzel, and C.J. Simonson. 2000.
Workshop Summary, Workshop 10: The effect of wood
based materials on indoor air quality and climate.
Healthy Buildings 2000. Helsinki.

Wittchen, K.B., K. Johnsen, and K. Grau. 2000. BSim2000—
User’s Guide. Danish Building and Urban Research.
(http://www.bsim.dk).

ASHRAE Transactions: Symposia



	Abstract
	Introduction
	Figure 1 Graphical user interface of the integrated simulation tool showing the model of the test...
	Numerical Modeling
	Figure 2 Part of a plan of a building as understood by the integrated simulation tool with two of...
	Figure 3 Isometric view of PASSYS cell.
	Experimental Verification
	TABLE 1� The Tested Building Materials
	TABLE 2� Range of Indoor Humidity Variation and Weight Change of the Sample Material
	Figure 4 Section of the evaporation/condensation device for humidity control in test cell.
	Figure 5 Profiles developed over four days of indoor temperature and humidity in the test cell in...
	Practical use of the model
	Figure 6 Measured and predicted absolute humidity in the furnished room.
	Summary and Conclusion
	Figure 9 Diagram illustrating the predicted percentage of occupants who are dissatisfied (PD) wit...
	ACKNOWLEDGMENTS
	Nomenclature
	REFERENCES
	Figure 7 Relative humidity in a meeting room during the working days of a week in winter. The res...
	Figure 8 Relative humidity in a meeting room during the working days of a week in winter. The res...

