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ABSTRACT

It isknown that a vapor-resistant layer on theinside of aninsulated envel opein cold climatesis needed to prevent excessive
diffusion of water vapor fromindoor air into the building envel ope. However, the required magnitude of this vapor resistance
has been debated in recent years. In this paper, the moisture transfer between indoor air and the building envelope and the mois-
ture performance of a building envelope that has no plastic vapor retarder is analyzed with field measurements and numerical
simulations. The results show that the diffusion resistance of the internal surface should be greater than the diffusion resistance
of the external surface for a structure safe from moisture but that the vapor resistance of the vapor retarder can be significantly
below that provided by polyethylene, evenin cold climates. Meanwhile, themoisture transfer between indoor air and the building

envel ope can moderate the indoor humidity, which improves indoor climate and comfort.

INTRODUCTION

Conditioning indoor air is very important because
research has shown that both the indoor climate and indoor air
quality (IAQ) can influence comfort, health, and productivity
(Wargocki et a. 1999; Seppanen et al. 1999; Wyon 1996).
Therefore, buildings with a good indoor environment are
necessary for a healthy, productive, and prosperous society
because people spend 90% of their time indoors. An impor-
tant, but often neglected, indoor environmental parameter is
humidity, and often indoor humidity is considered to be of
small importance for asuccessful design becausetemperature
iseasier to sense, quantify, and control. Nevertheless, research
has shown that the indoor relative humidity can significantly
affect

» thermal comfort (Toftum et al. 1998a, 1998b; Berglund
1998; ASHRAE 1992; Fanger 1982),

» theperception of IAQ (Fang et al. 19983, 1998b),

e occupant health (Clausen et al. 1999; Cooper-Arnold et
al. 1997; Daleset al. 1991; Green 1985),

o the durability of building materials (Viitanen 1996;
Ojanen and Kumaran 1996; ASTM 1994), and

»  energy consumption (Besant and Simonson 2000; Harri-
man et a. 1997).

Well-designed heating, ventilating, and air-conditioning
(HVAC) systems add or remove heat and moisture from the
occupied spacesof buildingsand providean acceptableindoor
environment in many climates. However, in many hot and
humid climates, conventional air-conditioning units are
unableto meet the latent load and theindoor relative humidity
exceeds the often recommended value of 60% to 70% RH
(ASTM 1994; ASHRAE 1992; ASHRAE 1989). Thishasled
to the growing application of heat and moisture transfer
devices that can reduce the latent load on air-conditioning
units (Besant and Simonson 2000; Harriman et a. 1997;
Rengarajan et al. 1996). With these devices, it is possible to
provide an acceptable indoor climate even in hot and humid
climates. Nevertheless, there is a desire to develop more
passive and | ess energy-intensive methods of moderating the
indoor environment. The passive method investigated in this
research uses the moisture storage capacity of building struc-
turesto damp occupant-induced moisture. Themain focuswill
be on moisturetransfer between indoor air and building struc-
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tures and the resulting effect on indoor climate, air quality
(IAQ), and building durability.

Passive methods of moderating the indoor environment
are gaining popularity because they are energy conscious and
environmentally friendly. In moderate climates, where air
conditioning is seldom or never used, passive methods may
make it possible to provide an acceptable indoor climate
during hot periodswithout the need of air conditioning. Incold
climates, such as Finland, passive methods could help control
the occupant-induced diurnal variationsin indoor humidities,
which are often moderated by providing outdoor ventilation
arr. By appropriately utilizing moisture transfer between
indoor air and building structures, the needed ventilation rate
could possibly be reduced because the perception of IAQ is
closely linked to the humidity of indoor air (Toftum and
Fanger 1999; Fang et a. 1998a, 1998b). Furthermore, the abil-
ity of buildings to damp changes in temperature is much
greater than their ability to damp changes in humidity
(Padfield 1998) even though humidity control can be
extremely important. These factors indicate that there is a
great need for research and devel opment before buildingswith
greater hygroscopic mass will berealized, even though many
materials have the potentia for exploitation (Simonson et a.
2001a; Virtanen et al. 2000).

Moisture transfer between indoor air and building mate-
rials can improve the moisture performance of indoor air, but
the moisture performance of the envelope is important and
must be addressed aswell. Moisture accumulation in building
envel opes due to the convection and diffusion of water vapor
from indoor air is an important issue, especialy in cold
climates (ASTM 1994). Moisture accumulation can degrade
building materials through mold growth, rotting, corrosion,
and other physical or aesthetic damage. To minimize convec-
tive moisture transfer, the building envelope should be made
artight and any exfiltration airflow should be very small
(Ojanenand Kumaran 1996). An airtight layer (oftencalled air
barrier) reduces air leakage through the building envelope,
thereby improving the moisture performance, energy
consumption, ventilation performance, and thermal comfort.
Even with an airtight building envel ope, the diffusion of water
vapor may besignificant and, therefore, it isimportant to have
alayer that isresistant to vapor diffusion on the warm side of
an insulated envelope in cool climates. The purpose of this
layer (often called vapor barrier or vapor retarder) isto reduce
the diffusion of moisture from indoor air into the building
envelopeto such alevel that it does not cause problems. Natu-
rally, incold climates, avery high vapor resistanceissafer than
avery low resistance and often polyethylene vapor retarders
are recommended and applied in practice. Polyethylene also
has avery low air permeance and therefore functions as both
an air and vapor barrier. Because of its dual function, polyeth-
yleneisoften specified and the saf ety of envelopeswithair and
vapor barriers other than polyethylene is often questioned.
Therefore, one of the purposes of this paper is to present
research that illustrates the level of vapor resistance required

to keep water vapor diffusion from causing a moisture prob-
lem in acold climate such as Finland's.

FIELD EXPERIMENTS

CONSTRUCTION AND INSTRUMENTATION

The house monitored in this study is a two-story wood-
frame house located in Helsinki, Finland, with a gross floor
area of 237 m? and an internal volume of living space of 470
m?3. The insulation material is wood-fiber insulation and the
thicknessis 250 mm in walls and 425 mm in the roof, giving
awall U-factor of 0.16 W/(m?K) and aroof U-factor of 0.10
W/(m?K). To permit the diffusion of water vapor between
indoor air and the envelope, diffusion permeable paints are
applied and no plastic vapor retarder is used. Theratio of the
internal to external vapor resistanceis about 3:1 or 4:1 (1.5 -
3x10%t0 0.5 - 1.0 x 10° m? Pa-s/kg depending on the outdoor
relative humidity). District heat and awood-burning fireplace
provide heating, while a natural ventilation system provides
outdoor ventilation. The thick insulation is intended to keep
energy consumption low, whereas the porous envelope and
natural ventilation systems are examples of passive methods
of controlling the indoor climate and IAQ.

Moisture Transfer Test

The moisture transfer between the building structure and
theindoor air was studied in asecond floor bedroom shownin
Figure 1. The bedroom is nearly square and has two windows
and two doorsand avolumeof 29 m®. Thenorth and west walls
are exterior walls (250 mm wood-fiber insulation), and the
south (100 mm wood-fiber insulation) and east walls areinte-
rior walls. The east wall and the small support wall are made
of 140-mm-thick brick and coated with plaster and primer. All
other wallsand theceiling (425 mm wood-fiber insul ation) are
of wood frame construction and, at the time of the test, were
finished with 13 mm of gypsum board that was plastered and
coated with asingle coat of primer. The floor has 125 mm of
wood-fiber insulation and the wooden floor board is 32 mm
thick. The door leading to the interior of the house wasnot in
place at the time of the test but was covered with 5-mm-thick
wood fiberboard. Asacomparative test, the ceiling, floor, and
walls of thetest room were covered with 0.2 mm polyethylene
vapor retarder (except for the external windows and door) to
represent aroom with vapor-tight sealing and to directly show
theinfluence of diffusion moisturetransfer between theindoor
air and the porous building envel ope.

During the test, water vapor was generated and monitored
with an electric humidifier located on an eectronic balance.
Ventilation airflow was provided with avariabl e speed fan that
drew air out of the room through the interior door (Figure 1).
To replace this air, outdoor ventilation air entered the room
through a ventilation channel located above the balcony
window. The ventilation flow rate was measured with a cali-
brated orifice plate and a digital pressure transducer with a
precision of 0.1 Pa. The uncertainty in the measured ventila-
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Figure2 Roof and wall construction showing the location of moisture pins.

tion flow rate was +4%. Five fans were used to continuously
mix theair intheroomand thelocations of thetemperatureand
relative humidity sensors are shown in Figure 1. The differ-
ence between the different sensorsin theroom was quite small
(on average less than 0.1°C and 5% RH), indicating good
mixing. The temperature sensors were thermistors with radi-
ation shields and the relative humidity sensors were capaci-
tance-type sensors that were calibrated after the test against
sdt solutions. The accuracy of the temperature and humidity
sensorsis expected to be within £0.3°C and £3% RH, respec-
tively.

Performance of the Building Envelope

The moisture content of the wooden frames in the walls
and roof was measured using moisture pins near the interior
and exterior sides of the envelope as shown in Figure 2. To
obtain the greatest spread in moisture content, the moisture
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pinswerelocated as closeas practical (= 15 mm) totheinternal
and external covering boards. The moisture content of theroof
was measured on the north and south sides of the sloped roof
(2:3) and in the north, south, and east walls. The moisture
content of the wallswas measured near the top (200 mm from
theceiling) and near the bottom (200 mm from thefloor). Only
the walls on the first floor were measured. In al, 32 moisture
pins were monitored, and the uncertainty of the measured
moisture content is expected to be £0.02 kg/kg.

BUILDING TIGHTNESS

A building with poor airtightness may have uncontrolled
airflow through the building envel ope, which canlead to prob-
lems related to moisture, thermal comfort, energy consump-
tion, ventilation performance, and noise. Therefore, it is
important to construct buildingswith minimal airflow through



the building envelope. The intention in constructing the test
house wasto build ahouse that all ows masstransfer by molec-
ular diffusion but not by convection (airflow). To minimize
convective mass transfer (airflow) through the envelope, the
house waswell sealed with building paper and the tightness of
the building envelope was measured. In addition, the airtight-
ness of thetest room wasmeasured to confirm that theair leak-
age through the envelope was small during the moisture
transfer test. The tightness of the envelope is important
because the purpose of the moisture transfer test isto investi-
gate diffusion masstransfer between indoor air and structures
rather than convective mass transfer.

Theairtightnessof the whole house and the test room was
measured with alower pressure indoors than outdoors, result-
ing in infiltration airflow (Charlesworth 1988). A variable-
speed fan was ducted through 5-mm-thick high-density wood
fiberboard that was sealed in a basement window during the
tightness measurement of the whole house and in the door
connecting the test room and the house during the tightness
measurement of the test room. A calibrated orifice plate was
used to measure the flow rate of air exhausted from the house
and test room. In all the tests, the natural ventilation supply
vents were removed and sealed with tape. During the test of
the whol e house, the chimney and exhaust vents were sealed
with polyethylene plastic and tape on the roof. All windows
and external doors were closed during the pressure tests, but
typically were not sealed with tapeto represent the conditions
during the moisturetransfer test and actual use. M easurements
wereal so performedin thetest room with the bal cony door and
windows sealed to determine their leakage characteristics.
During the pressure test, it was noticed that the main leakage
paths were the front door of the house and the bal cony door in
the test room.

During thetightnessmeasurement of thewhol e house, the
pressure difference across the building envelope was
measured on both the first and second floors. The measured
pressuredifferenceson thefirst floor wereonly slightly higher
(usually less than 3 Pa) than the pressure difference on the
second floor, indicating good mixing. During the measure-
ment in the test room, the main door of the house was kept
open to minimize pressurization of the house. The pressure
difference between the house and outdoors was typically less
than 1 Pa. The results of the airtightness test are summarized
in Figure 3 and show that the house is moderately airtight and
that the test room has less air leakage than the whole house,
especially when the balcony door is sealed with tape. At an
underpressureof 50 Pa, theair infiltration through the building
envelope is estimated to be 3.1 ach, while the air infiltration
into thetest roomis2.2 ach and 1.5 ach when the bal cony door
and windows are unseal ed and sedl ed, respectively. Thistight-
nessisin the lower range of normal housesin Finland accord-
ing to the classification of Laine and Saari (1998), which is
good (1 to 2 ach), normal (3 to 4 ach), and leaky (> 5 ach). The
artightness is also in the range of 1 to 3 x 10° m*(sm?Pa)

(0.5 to 1.5 L/(sm?) at 50 Pa as recommended by Uvslokk
(1996) and Ojanen (1993).

Theairtightnessresultsfor thetest room show that nearly
half of the infiltration air comes through the seals in the
balcony door, which was also confirmed with smoke tests.
(Sealing the windows with tape had little effect on the |eak-
age.) The exact location of other |eakage points was difficult
to quantify with smoke because of thelow velocities and flow
rates. Because the balcony door, windows, and ventilation
channels are not taped during the moisture transfer test, these
results indicate that most of the ventilation air will be from
outdoors during the moisture transfer test, which is desired.

MOISTURE PERFORMANCE OF INDOOR AIR

In the study of the mass transfer of water vapor between
the indoor air and the building structure, water vapor was
generated during the night using an electric humidifier and
an electric timer. The average moisture generated during
the night (87 g/h) is equivalent to two occupants producing
30 W/occupant of latent energy for 8 hours every night.
Thisismost likely slightly higher than expected for asleeping
adult because ASHRAE (1997) indicates that 30 W of latent
energy would be produced, for example, by a person seated
at a theater. No values for sleeping adults are presented in
ASHRAE (1997), but the metabolic rate for sleeping people
(0.8 met) is 80% of the metabolic rate for seated and quiet
people (1.0 met) (ASHRAE 1992).

During the moisture transfer test, which was undertaken
from May 14 to May 31, 1999, the outdoor temperature
varied between 0°C and +20°C (one night had a temperature
of —10°C) and the average was 11°C. The indoor temperature
was quite high due to the heat gain from equipment. The
average value during the test was 27°C and the range was
24°C to 30°C.
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Figure3 Airtightness of the test house and the test
bedroom.

Buildings VI11/Moisture Model Validation—Principles



(@)

35% T *

Q=0.08 ach
A Q=0.28 ach
O  Q=0.55ach| |
X Q=l.1ach

30% +

plastic

25% 7 -~~~ - no plastic

20% +

10% +

()

T 105 50% +

45% 1 M measured (27°C)
L 90 o extrapolated (22°C)
40% +

35% +

30% +

time (hours)

!
=]
2
N
- 60 g §
g e 5% T plastic
& <
45 g 20% 1
z 15% {9 "
30 © N /’Q\\
= 10% + \o” - ~~ no plastic
15 m e
" 5% 1+ h |
0 0% t t {
20 0 0.5 1 1.5
Q (ach)

Figure4 Change (a) and maximum increase (b) in relative humidity in the test room after the
start of humidity generation for various outdoor ventilation rates.

To compare the effects of outdoor ventilation and mois-
ture transfer between indoor ar and structures, Figure 4
containsthe changein humidity of theroom (A¢) asafunction
of time after the onset of humidification for two cases. One
case is where the interior coating of the room is permeable
(base case with vapor-permeabl e paint) and the other caseis
where the interior coating is impermeable (i.e., the interior
surface of the room is covered with a plastic vapor retarder).
The change in humidity is defined as

AP = 6 -0, @

where ¢ is the average indoor relative humidity and ¢, is the
initia indoor relative humidity, which isthe relative humidity
in the room when the humidity generator is turned on. The
results show that the increase in relative humidity is signifi-
cantly greater when thereis plastic than when thereisno plas-
tic. In fact, the increase in relative humidity is greater for the
0.55 ach test with plastic than for the 0.08 ach test without
plastic. This showsthat, for these test conditions, the sorption
of water vapor in the porous envelope has a greater effect on
the indoor humidity than ventilating the room with 0.55 ach,
whichiscloseto thetypica designvaueof 0.5achin Finland
(national building code of Finland—D2 1987). For compari-
son, the proposed ASHRAE Standard 62.2P, Ventilation and
Acceptable Indoor Air Quality in Low-rise Residential Build-
ings, specifies a ventilation rate of about 0.4 ach for the test
house studied in this paper (Sherman 1999). With no forced
ventilation (expected ventilation of 0.08 ach), the maximum
increase in humidity (A, is twice aslarge when the room
is covered with plastic (A, = 32% with plastic and Ad =
16% without plastic). The average difference between Ay
with and without plasticis 15% at 27°C, which correspondsto
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21% RH at 22°C based on the ratio of absolute humidities at
saturation.

Most of the results in Figure 4 show, as expected, that
A¢ decreases as the ventilation rate increases. When the room
isnot covered with plastic, however, Ao is greater for aventi-
lation rate of 0.55 ach than for a forced ventilation rate of
0.28 ach. The reason for thisis that the humidity ratio of the
outdoor air is greater than the humidity ratio of the indoor
air during the 0.55 ach test, and, therefore, the ventilation air
is actualy increasing the humidity in the room rather than
decreasing it, as is the case with the other ventilation rates.
Since the conditions are not exactly the same for each test,
the data in Figure 4 are somewhat limited. Therefore, to
supplement these measurements, a numerical model will be
applied in the modeling section to compare different venti-
lation rates and to extrapol ate these results to other test condi-
tions.

Measurements During Occupation

In the controlled moisture transfer experiment, the room
was unfurnished and the doors were always closed except to
enter the room to adjust and inspect equipment. Therefore,
to verify these experimental results, the indoor temperature
and relative humidity were measured during normal occu-
pation of the house. The temperature and relative humidity
of the indoor air were monitored for about two monthsin the
winter (February 8 to March 31, 2000) and summer (May 9
toJuly 8, 2000). The averageindoor temperature and humidity
(including standard deviation) were 21.4 £ 0.5°C and 21 *
3% RH in the winter and 23.4 + 1.1°C and 30+ 7% RH in
the summer. During the winter measurements, the absolute
humidity in the test room was, on average, 1.9 g/m? (standard



deviation of 1 g/m®) greater than the outdoor absolute humid-
ity, while the humidity in the open hallway was, on average,
only 0.7 g/m® greater than the outdoor humidity. In the
summer, the average indoor and outdoor absolute humidities
were nearly equal and the difference between the indoor and
outdoor humidity showed greater fluctuations than in the
winter.

Themost important aspect of the measurement isthediur-
nal fluctuation of humidity, which can be seen in Figure 5 for
a two-week period in the winter and summer. During the
summer, the humidity sensor was located in different
bedroomswith open or closed doors, and the concentration of
CO, isalsoincluded in Figure 5b to show when the bedroom
door is open or closed. When the peak concentration of CO,

exceed 1200 ppm, the door is closed, and when the peak
concentration is lower than 1200 ppm, the door is open. The
maximum increase in humidity during the night (A, ) IS
nearly the same in the winter and summer, but it is clearly
influenced by the position of the bedroom door. For compar-
ison, the humidity measured in an open hallway near the test
room is presented in the winter.

Thediurnal fluctuationsinindoor humidity areevidentin
Figure 5 and show that the fluctuations are greater in the
bedrooms than in the open hallway, especialy when the
bedroom doors are closed. In the bedrooms, the relative
humidity increases during the night and decreases the follow-
ing day. The maximum increase in humidity during the night
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Figure5 Indoor relative humidity during two weeks of occupation, showing the increase in relative
humidity during the night for winter (a) and summer (b) conditions. The measured CO,
concentrations are shown in the summer to indicate when the bedroom doors are open (low
peak concentration) and closed (high peak concentration).
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Figure6 Frequency distribution of the maximumincreasein relative humidity during the night

in the winter (a) and summer (b). The winter measurements (February 8 to April 4,
2000) are from the test room and the summer measurements (May 13 to July 7, 2000)
are fromall of the bedrooms in the house.
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is presented as a frequency diagram in Figure 6 where the
indoor humidity at 20:00 is used as ¢,

Figure 6a shows that during two nights, the increase in
humidity during the night was 0% RH (i.e., there appeared to
be no occupant in the room or the outdoor humidity decreased
significantly). The maximum value of A¢,,,, is14.6% RH, but
Ad . isgreater than 10% RH during only one night. The most
common value of Ad,, is between 4% and 6% RH, which
occurred 14 out of 51 nights or 27% of the time. The average
value of Ad,,, is5.1% RH and the standard deviationis 2.8%
RH. To compare the results in Figure 6a to those measured
during the controlled experimentsin Figure 4, the ventilation
of the test room must be estimated. Simonson (2000) esti-
mated theventilation ratein the test room to beabout 0.25 ach.
From Figure 4, the value of Ad,,, isabout 10% to 15% RH at
a ventilation rate of 0.25 ach and an indoor temperature of
22°C. Considering that there is only one occupant in the
furnished bedroom during normal occupation (in the experi-
mental resultsin Figure4, two occupantsweresimulated inthe
unfurnished room), the experimental results are quite compa
rable to the results measured during occupation.

Sincethe humidity sensor was moved between bedrooms
in the summer, the frequency distribution for asingleroomis
not meaningful; however, the summer measurements can be
used to show the difference between having the bedroom door
open or closed. In Figure 6b, the value of A¢., has been
normalized by the number of peoplein theroom. The average
value of Ad., IS 3.4% RH (standard deviation of 3.1% RH)
when the bedroom door is open and is 5.2% RH (standard
deviation of 2.2% RH) when the bedroom door is closed.

MOISTURE PERFORMANCE OF
THE BUILDING ENVELOPE

The moisture performance of theenvel opewas monitored
during the construction and occupation of the house. The
moisture performance was assessed considering mold growth
to bethemost critical moisture concern, wheretherisk of mold
growth depends on the temperature, humidity, and time of
exposure. Mold growth can occur at temperatures as low as
0°C (requires 100% RH) and humidities as low as 80% RH
(requires temperatures greater than 15°C), but it requires at
least six weeks exposure to these conditions (Hukka and
Viitanen 1999). For pine wood, the moisture content is about
0.16 kg/kg at 80% RH and the maximum hygroscopic mois-
ture content is about 0.28 kg/kg.

Construction Moisture

Simonson (2000) and Simonson and Ojanen (2000)
demonstrate that the moisture content in the envelope was
quite high (> 20% by mass) when the moisture pins
were installed in April 1998 after construction of the
frame. Most of the structures dried below the mold threshold
(80% RH, 0.16 kg/kg, and 15°C) during the first summer,
but the exterior frame of the north wall and the interior
frame of al walls had moisture contents as high as 0.19
kg/kg. Heating began in October 1998 and the interior
Buildings VI11/Moisture Model Validation—Principles

frames dried to about 0.10 kg/kg during the first winter.
The maximum moisture content of the externa frames
were between 0.18 kg/kg and 0.22 kg/kg during the first
winter, but the house was not occupied. During the second
summer, all the measurements were below the mold growth
threshold (80% RH at 15°C) and the maximum moisture
contents were between 0.13 kg/kg and 0.10 kg/kg. These
results show that the initial construction moisture dries
after about two years.

Moisture Accumulation During Occupation

The results from the second winter (1999/2000) are
important because the houseis occupied. Here only the maxi-
mum moisture content at each location (Table 1) is presented
(Figure 7) because this is the most important value when
assessing moisture performance and the risk of mold growth.
When anayzing the data, it was noticed that the moisture
content was most significantly affected by whether the mois-
ture pins were in an internal or external frame. The moisture
contents on the north and south sides of the roof were very
similar and are not presented separately. The exterior framein
the north and south walls, on the other hand, had slightly
different moisture contents, which are shown separately.

The resultsin Figure 7a show that, during the winter, the
internal frames remain dry, while the external frames accu-
mulate moisture such that the maximum moisture contentsin
theroof, northwall, and south wall are0.19 kg/kg, 0.17 kg/kg,
and 0.15 kg/kg, respectively. Since these maximum moisture
contents are between the 15°C and 5°C mold thresholds, the
temperature at the measurement points is critical. Figure 7b
shows that the temperature at the location of the maximum
moisture content was between 0°C and 6°C greater than the
outdoor temperature and did not exceed the threshold for mold
growth at the time of the moi sture content measurements. The
temperature sensors positioned near the other moisture pins
were 2°C to 12°C greater than the outdoor temperature,
depending on the solar radiation. Nevertheless, the moisture
contents at these locations were correspondingly lower and
did not exceed the threshold for mold growth during the
measurements. Since the moisture content must exceed the
threshold for six to eight weeks before mold growth begins,
these measurements show that the envelope is performing

TABLE 1
Measurement Locations and Nomenclature
Structure L ocation Nomenclature| Number of
moisture pins

Roof external frame Roof, e 8

Roof internal frame Roof, i 8
Northwall | externa frame Wwall, e (N) 4
Southwall | external frame Wall, e (S) 2
All walls internal frame Wall, i 8
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Figure7 Maximum moisture content of the interior and exterior frames in the roof and walls (a) and
corresponding temperature in the external frame at the time of measurement (b). The monthly
average temperatures in Helsinki during the winters of 2000 and 1979 are included.

well. Itisimportant to note that the temperaturesin Figure 7b
are the measured temperatures at the time of the moisture
content measurement, which was aways during the day.
Therefore, these values do not reflect the average temperature
for the measurement period. Considering that the average
temperature in Helsinki was about —3°C when the moisture
content was above the mold threshold (January to March), the
average temperature at the points of maximum moisture
content will be below 5°C and mold growth is unlikely. The
average temperature in Helsinki during January to March of
the typical year used for energy calculations (1979) is—7°C.
This indicates that the winter of 1999/2000 was slightly
milder. The moisture content will be slightly higher during a
colder winter, but the temperature of the structure will be
lower aswell. Theresultsin Figure 7 are specificto theinves-
tigated housethat had areasonably low indoor humidity (aver-
age humidity of 21% RH and an average indoor moisture
content in the test bedroom 1.9 g/m? greater than outdoors in
the winter). A higher moisture content of indoor air would
increase the risk of mold growth, which could be reduced by
moderately increasing the water vapor diffusion resistance on
the warm side of the insulation.

Figure 7aal so showsthe effect of solar radiation because
the moisture content of the external frame in the south wall is
almost alwaysafew percentage pointslower than themoisture
content of thenorth wall. The moisture content of theeast wall
(not presented) is nearly always between the moisture content
of the north and south wall and is quite close to the values for
the south wall. It is also important to note that the roof has a
dlightly lower maximum moisture content than the walls
during the summer but a slightly higher maximum moisture

content during the winter. These results show that the critical
moisture point islikely the exterior framein the north wall or
the exterior frame in the roof.

Numerical Results

Simonson and Ojanen (2000) present numerical results
for an ideally airtight and well-insulated wall (250 mm insu-
lation) that supplement the measurements presented in Figure
7. The numerical results show that the rate of moisture accu-
mulation in the winter and the rate of drying in the spring
depend on the internal vapor diffusion resistance. To keep
mold growth to aminimum, theinternal vapor diffusionresis-
tance should be greater than the external vapor diffusionresis-
tance. However, increasing the vapor diffusion resistance of
the indoor surface beyond seven times the outdoor resistance
had essentially no effect on the risk of mold growth for the
airtight structure. As mentioned previously, the test house has
avaue of threeto four times.

MODELING MOISTURE TRANSFER
BETWEEN INDOOR AIR AND STRUCTURES

Measured data are an important part of quantifying the
moisture performance of structures and indoor air, but such
data are difficult to quantify and extrapol ate because there are
many uncontrolled variables. Numerical data, on the other
hand, can be obtained with ideally controlled conditions but
are limited by the assumptions and accuracy of the numerical
model. This section briefly describesthe modeling of heat and
mass transfer between indoor air and structures and uses the
model to extrapol ate the measured results from the short-term
field tests.

The model used for the simulations was developed start-
ing from an existing model that isprimarily usedfor thehygro-
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thermal simulation of building envelope parts (LATENITE).
The model combines the heat, air, moisture, and contaminant
balance of indoor air with the hygrothermal performance of
the building envelope. The model has been presented previ-
ously by Salonvaara (1998), and model validation has been
done by Salonvaara and Simonson (2000) and Salonvaara
(1998).

Anoverview of theLATENITE version 1.0 hygrothermal
model is given by Hens and Janssens (1993) and a more
detailed description is given by Salonvaara and Karagiozis
(1994). The moisture transport potentials used in the model
are moisture content and vapor pressure. The porous media
transport of moisture (vapor and liquid) through each material
layer isconsidered strongly coupled to the material properties
(i.e., the sorption-suction curves). The corresponding mois-
ture fluxes are decomposed for each phase and are treated
separately. The heat and moisture transfer equations, includ-
ing liquid and vapor transfer, are

Oy = —8p(u, VP, —p D, (u, THVu+v,p, +Kp,gand (2)
q = =AU, T)VT +vgp,hy +ay Cp,T +ay ,Cp, T (3)

where the symbols are defined in the nomenclature. The most
important term in the moisture transfer equation, for the
conditions in this paper, is the first term. Here the moisture
transfer is assumed to follow Fick’s law, which states that
moisture transfer is proportional to the vapor pressure gradi-
ent. Even though thisisnot strictly correct for some materials,
the results should be quite accurate and give areasonabl e esti-
mation of the moisture transfer in real materials. The energy
transfer equation uses temperature as the transport potential
and includes the energy transfer resulting from air and mois-
ture flow. The energy and moisture conservation equationsare
coupled viathe latent heat of phase change as follows:

d
pma_l: =-V.qy+S,and 4
aT
mepma = _V'q+S_VIqM,VA (5)

The energy released/absorbed during adsorption/desorp-
tion, condensation/evaporation, and thawing/freezing is
included and the latent heat of sorption isassumed equal tothe
latent heat of vaporization.

The indoor air model, which has been added to the
LATENITE modd, is fully coupled with the building enve-
lope solution. The coupling is made possible by using the
delta-form equations and by deriving the equationsin such a
way that changes in the building envelope affect the solution
already during the solution of the discretized equations. The
building envelope components are modeled one-dimension-
ally when coupled to the indoor air model. The indoor air
model isamultizone model with thelimitation that the airflow
rates between zones are known apriori (i.e., the air flow rates
due to forced or natural ventilation are not calculated but
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instead given asinput). The airflow may come from different
zones, directly from outdoors or through a heat exchanger
with aknown thermal efficiency. Walls may exist between the
zones, and interior hygroscopic mass within a zone may be
included in the form of wallswith an adiabatic and imperme-
able exterior surface.

Indoor air is handled by assuming perfect mixing within
each zone and the conservation of moistureand energy in zone
i are

IW, _
PaiVigy = X ML i(W—W)
i=1
surfaces (6)

+ > Bp,nAn(Pv,s,n_Pv,i)+$\/I,ivi and

n=1

oh, .

pa, iVi ot 2
J =
surfaces (7)

¥ 0LnAn(Ts,n_Ti) + Svi'
n=1

Themodel allowstime-dependent heat and moisture (and
contaminant—not discussed in this paper) sourcesto begiven
asinput. The moisture source term (S) is positive for mois-
ture sources (most common) and isnegativeif thereareknown
moisture sinks in the room, such as a dehumidifier, that are
known to remove a certain amount of moisture per unit time.
The moisture sources are currently defined and scheduled
through user input and the moisture source term (S) can
represent al types of moisture sources (and sinks). The
currently used moisture sources include constant moisture
sources from occupants (according to occupancy schedule),
heated or unheated water surface, or known release of vapor
from ahumidifier.

The heating and cooling systems are modeled with the
sourceterm (S) and the heating system can be controlled based
on the indoor or outdoor temperature and humidity (e.g.,
known heat source as a function of outdoor temperature), or
the heating system can be controlled by aproportional control -
ler (e.g., 100% heat output at T < 20°C, proportional control
between 20°C and 22°C, and 0% heat output at T > 22°C). The
heating is assumed to affect only the indoor air enthalpy (no
radiative heating). Solar gains through windows can be taken
into account by evenly distributing the heat gain on aninterior
surface of the zone, but solar radiation is neglected in this
paper.

VALIDATION

The measured data used to validate the model are
obtained from the moisture transfer test in the test bedroom
described previously. The property data of the building mate-
riaslisted in Table 2 were taken mainly from the database of
property dataincluded in the LATENITE simulation program
(Karagiozis et al. 1994) and are detailed in Simonson (2000).
In addition to the envel ope parts, athermal conductance of 2



TABLE 2
Envelope Areas and Material Layers of the Test Room

Envelope part and Area, Material layers
boundary condition m? (inside to outside)
Ceiling (external) 111 13 mm gypsum board,

building paper, 425 mm wood-
fiber insulation, 25 mm porous
wood fiberboard

Supporting wall 3.8 140 mm brick with plaster
(impermeable and
adiabatic conditions
at mid-plane)
East wall (interior) 6.8 140 mm brick with plaster

North wall (external) 6.3 | 13 mm gypsum board, build-
ing paper, 250 mm wood fiber
insulation, 25 mm wood fiber

board

13 mm gypsum board,
building paper, 250 mm wood-
fiber insulation, 25 mm wood

fiberboard

13 mm gypsum board,
100 mmwood-fiber insul ation,
13 mm gypsum board

West wall (external) 54

South wall (interior) 9.4

Floor (interior) 10.6 | 32 mm wooden floor board,

125 mm wood-fiber insulation

WIK is used to represent the heat transfer through the two
windows and the balcony door. The boundary condition for
the exterior walls is convective heat and mass transfer to the
outdoor air. The temperature and relative humidity of the
outdoor air were measured during the test, and hourly values
are used as input for the simulation. Due to lack of informa-
tion, the conditions inside the rest of the house, which was
under construction at the time of the test, are simplified, and
aconstant temperature (21°C) andrelative humidity (32%) are
set to represent the rooms that border the test room (32% at
21°C corresponds to the average vapor pressure outdoors,
approximately 800 Pa).

In the moisture transfer test, about 90 g/h of water vapor
was generated in the room for eight hours to represent two
sleeping adults, and the measured moisture production in the
room was used as input to the numerical model. To compare
different ventilation rates with and without a plastic vapor
retarder, Figure 8 showsthe humidity of the room (vapor pres-
sure in Pa) as a function of time for the whole measurement
period. Each day shows an increase in humidity during the
night followed by adecrease during theday. On somedays, the
measured results show additional peaks and valleys due to
inadvertent moisture production or temporarily higher venti-
lation rates and the simulation results track these well. The
results clearly show that the increase in humidity is signifi-
cantly greater for the tests with plastic than for the tests with-
out plastic. The measured and cal culated results match each
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Figure8 Measured and calculated vapor pressure in
indoor air during the moisture transfer test and
the corresponding outdoor ventilation rate.

other very well except for the two-day period just before
adding the plastic on the interior surfaces. The difference is
likely duetoinadequate mixingintheroom at the higher venti-
lation rates or other measurement errors because the outdoor
humidity became much higher than the indoor humidity
during thesedays. For example, onedifficulty that was noticed
when measuring the outdoor humidity was that when the
humidity sensor was exposed to saturation conditions, it took
afew hoursfor thesensor todry and givereliableresultsagain.
Another difficulty in comparing the measured and calculated
results arises from the fact that the heat sources in the room
during the test (mixing fans, computer, and gas analyzers)
were not measured and, asaresult, theindoor temperatures of
the room could not be matched. In addition, solar radiation
was not included in the simulations because the local solar
radiation resulting from the local shading was not measured.
Despite these limitations, 60% of the simulated temperatures
were within £1.5°C of the measured temperatures and the
average difference was slightly lessthan 1°C. To dleviate the
effect of temperature, the results are presented as vapor pres-
sure, but the temperature level will have amoderate effect on
theresults as well.

Inthe case when the room was covered with polyethylene
foil, some sorption of moisture was found to exist. When the
relative humidity increases in the room, the surfaces covered
with plastic adsorb moisture and the effect is noticeable. The
values for surface adsorption were taken from IEA (1991)
where surface adsorption on polyethylene foil wasfound to be
0.0021 kg/m? (in the range of 0% to 100% RH) in an experi-
mental study.

EXTRAPOLATION

In order to expand the resultsto other weather conditions,
the thermal and hygric performance of the test bedroom is
calculated for awinter (January) and summer (July) monthin
Helsinki, Finland. The weather in January is cold and dry and
the average and standard deviation of temperature and abso-
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lutehumidity are—8.5+6.1°C and 1.8+ 0.9 g/kg. Theweather
in July is warmer and more humid with monthly average and
standard deviation values of 16.0 + 4.5°C and 6.6 + 1.5 g/kg.
Because thetimeto reach steady-state conditionsis quitelong
for the walls with hygroscopic mass, the simulations were
started three months before the investigated period in order to
eliminate the influence of the assumed initiad moisture
content. The bedroom is occupied by two adults (producing a
total of 90 W of sensible heat [ASHRAE 1997]) for nine hours
per night. The total moisture production rateis 60 g/h, which
is slightly lower than in the field experiments. In the simula-
tions, the mid-plane of interior wallsis assumed impermeable
and adiabatic, representing the case wheretherest of thehouse
has asimilar ventilation rate and moisture and heat sourcesas
the bedroom. Theroom is heated to about 21°C in January, but
there isno heating or cooling in July.

The calculated results presented in this section compare
the case where the interior paint is vapor tight and allows
essentially no moisture transfer to the structure (solid lines)
withthe casewherethepaint isvapor permeableand hasavery
limited effect on the moisture transfer to the structure (broken
lines). The purpose of these simulationsisto comparethecase
where moisture transfer occurs between indoor air and the
building envelope with the case where no moisture transfer
occurs. Itisimportant to note that the simul ations do not repre-
sent the effect of real paints. In addition, the ventilation rate
was kept constant in each simulation, which isnot exactly the
casein real buildings—opening or closing doorsand windows
would temporarily increase or decrease the outdoor ventila-
tion rate and air exchange with the rest of the house.

Figure 9 shows that the average indoor relative humidity
is significantly lower in January than in July, but it is only
moderately affected by the moisture transfer to the structure.

(a)
100% ~—@ impermeable
90% -+ - - 0O- - permeable
80% +
70% +
60% -+

e:%_ 50% +
40% + g
30% +
20% +
10% +
0% t f t t
0 0.2 0.4 0.6 0.8
Q (ach)
Figure9

Typically, the average humidity is slightly higher in the case
where an impermeable paint prevents moisture transfer
between theindoor air and the structures. At aventilation rate
of 0.1 ach, the difference between the permeable and imper-
meable caseis 9% RH in January and 16% RH in July, while
thedifferencereducesto 1% RH in January and 3% RH in July
at a ventilation rate of 0.5 ach. The fluctuation of indoor
humidity is greater in the impermeable case, as indicated by
the larger standard deviations, but the fluctuation of indoor
temperatureis greater in the permeable case. The fluctuations
in temperature are due to the coupling of heat and moisture
transfer. When moisture is adsorbed in the structure, heat is
released and the room temperature will increase slightly, and,
similarly, when moisture is desorbed from the structure, the
room temperature will decrease slightly. The indoor temper-
ature is generally warmer during the night and cooler during
the day in the permeable case than in the impermeable case.
The average temperature in January isthe samein both cases,
but the average temperaturein July is0.5°C to 1.5°C higher in
the permeable case depending on the ventilation rate. The
higher temperature in the permeable case is due to moisture
transfer from indoor air to the structure, which manifestsitself
inalower averageindoor relative humidity. Based on theaver-
age temperaturesand relative humiditiesin the permeable and
impermeable cases, it is estimated that 3 kg of water accumu-
lates in the structure during July when the ventilation rate is
0.1 ach. This moisture transfer would increase the indoor
temperature by 3°C if al the phase change energy was deliv-
ered to the indoor air.

The ventilation rate also affects the level of indoor
temperature and humidity. As Q increases, ¢ and T both typi-
caly decrease, but, in July, ¢ sometimes increases as Q
increases, and in January, the indoor temperature is nearly

~—&—-— impermeable
- -0- - permeable

January

0 0.2 0.4 0.6 0.8 1
Q (ach)

Monthly average and standard deviation of relative humidity (a) and temperature (b) in July and

January asa function of ventilation ratefor animper meable and permeable paint. The permeable
and impermeable cases have the same ventilation rate but are plotted with a dlight offset to

distinguish the standard deviation bars.
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Figure 10 Monthly average relative humidity when the occupants enter the room (a) and the
monthly averageincreasein humidity during the night (b) asafunction of ventilation rate
for an impermeable and permeable paint.
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Figure 11 Calculated maximum and minimum relative humidity of indoor air during the
months of January (a) and July (b) as a function of ventilation rate. The solid lines
arefor aroomwith an impermeable paint and the dashed lines for one with vapor-

permeable paint.

independent of the ventilation rate because of the heating
system.

The average relative humidity of the indoor air when the
occupants enter the room (¢,) in Figure 10a shows similar
trends asthe averagerelative humidity in Figure 9a. Thevalue
of ¢, isnearly equal in theimpermeable and permeable cases,
but theincreasein humidity during the night (A¢,,,,) issignif-
icantly higher intheimpermeabl e caseasshownin Figure 10b.
When the ventilation rate is 0.5 ach, the average increase in
humidity during the night (Admay ave) iS 16% RH in theimper-
meable case and between 4% RH (July) and 7% RH (January)
in the permeable case, which are dightly lower than the
measured results in Figure 4. The fact that Ay ave iS lOwWer
in July than in January is due to the nonlinear sorption
isotherm of the building materials in the bedroom. For exam-
ple, the slope of the sorption isotherm for gypsum board,
which is akey material in thisinvestigation, is over twice as
large at 80% RH asit is a 20% RH. This shows that as the
humidity increases, the effective hygroscopic capacity of
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common building materials increases and the effect of the
structure onindoor air increases. This phenomenon is compa-
rable to nonlinear control because the damping increases as
the relative humidity increases.

Figure 10b also shows that Ay ave iS @Ways greater in
the impermeable case than in the permeable case, even when
the ventilation rateis significantly higher in the impermeable
case (1 ach) than in the permeable case (0.1 ach). This is
important because the humidity of the bedroominthe evening
is nearly the same in both simulation cases and will be even
more so in real rooms where occupants often open the
bedroom door and windows during the day and thus increase
the air exchanges with the outdoors and the rest of the house.
However, the indoor humidity will be considerably higher in
the impermeable case when the occupants wake up in the
morning.

Figure 11 presents the maximum and minimum relative
humidity in each month and showsthat the difference between
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the maximum and minimum humidity is aways smaller for
the permeable case than for the impermeable case, further
demonstrating that the hygroscopic mass is damping the
changes in indoor humidity. This effect is most noticeable at
low ventilation rates but is significant at high ventilation rates
aswell. For all ventilation rates the permeabl e case has lower
maximum humidities in the summer and higher minimum
humiditiesin the winter. During July, with aventilation rate of
0.1 and 0.5 ach, the maximum humidity in the permeabl e case
is, respectively, 32% RH and 18% RH lower thanintheimper-
meable case. In January, with aventilation rate of 0.5 ach, the
minimum humidity is 7% RH greater in the permeable case
than in the impermeable case.

It isimportant to note that Figure 11 shows a maximum
humidity greater than 100% RH when the ventilation rate is
0.1ach. Thisisanumerical valuethat would not occur in prac-
ti ce because condensation would occur ontheinterior surfaces
of the room. This anomaly occurs because the simulation
model includes the vapor resistance of the interior surface in
the convective mass transfer coefficient. Therefore, in the
impermeabl e case, the convective mass transfer coefficient is
very low and the moisture transfer to the surface of the room
is very slow and humidities above 100% are possible. This
phenomenon could be more correctly accounted for in the
model by separating the convective mass transfer coefficient
and the surface resistance. To accomplish this, the interior
surface of the wall would be treated as a separate node that is
connected to theindoor air through the convective masstrans-
fer coefficient and then this surface node would be connected
totherest of thewall through theresistance of theinterior coat-
ing. This would alow surface condensation to occur even
when theindoor coating hasahigh vapor resistanceand would
help keep the indoor humidity below 100% RH. However,
during normal conditions when the indoor humidity is below
100% RH, this improved model would have essentially no
effect on the results.

DISCUSSION

The fact that building structures can moderate indoor
humidity is important for many reasons. One is that it shows
that the moisture (latent heat) produced in a space is not
directly transferred to the ventilation air, even though current
design methods assumethat the latent load isan instantaneous
load for the HVA C system. Also important isthe potential for
permeabl e structures to improve indoor humidity conditions,
which canresultinbetter comfort and air quality. For example,
decreasing the humidity by 20% RH at 24°C can halve the
percent dissatisfied with warm respiratory comfort and signif-
icantly improvetheperceived air quality (Toftum et al. 1998z,
Fang et al. 19984d). This is significant because the structures
studied in this paper provide a reduction in peak humidity of
this magnitude. However, the moisture transfer also increases
the room temperature slightly; thus, the net effect is less
remarkable (Simonson et al. 2001b). Furthermore, the mini-
mum humidity inthewinter can beincreased, which will most
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likely improve comfort and health. It ispossiblethat the struc-
tures studied in this paper have a lower risk of condensation
and mold growth on interior surfaces (especially at thermal
bridges) dueto lower peak values of indoor relative humidity.
This could be particularly important because many bedrooms
have lower indoor temperatures than the ones investigated in
this paper and decreasing the temperature will increase the
relative humidity. For example, Kunzel (1979) measured the
mean bedroom temperature in 2000 German dwellings to be
15.5°C + 3°C. Another possible benefit of permeable struc-
turesisbetter air quality due to the diffusion of gasesthrough
the envelope. This can be significant for poorly ventilated
rooms but has aminor effect for rooms with aventilation rate
near design (i.e.,, 0.5 ach) (Simonson and Saonvaara 2000;
Simonson 2000).

It should be noted that this study focused on buildingsin
the Finnish climate. Future work could focus on the hygro-
thermal performance of a bedroom in different climates. The
moi sture production in the room waslimited to people, and the
moisture storage capacity was limited to the structures.
However, in real bedrooms, there exist other moisture sources
(e.g., plants, pets, and cleaning) and other material swith mois-
ture capacity (e.g., furniture and fabrics). These should be
considered in future work. Also, the effect of various interior
coatings, different material layers, and thermal storage should
be investigated. Since some building codes require a warm-
side vapor retarder (e.g., polyethylene plastic), an important
future work would be to optimize the location of the vapor
retarder for good indoor climate and safe moisture perfor-
mance.

SUMMARY AND CONCLUSIONS

The measured and simulated results presented in this
paper show that abuilding without aplastic vapor retarder can
have satisfactory moisture contentsin theindoor air and buil d-
ing structures. Moisture storage in the building envelope
significantly improvesthe indoor humidity level andyet hasa
good moisture performance in a cold climate. To realize this
good performance, the envelope must beairtight (e.g., 3ach at
50 Pa) and thewater vapor diffusion resistance must begreater
onthewarm side of theinsulation (e.g., fivetimes) than on the
cold side. The field measurements show that the initia
construction moisture in a well-designed and airtight, but
moi sture permeable, envelope dries after the second summer.
During occupation, the moisture content in the winter is not
excessively high to prevent rapid drying in the spring and
summer.

The measured and simulated results presented in this
paper demonstrate that moisture transfer between indoor air
and the building envelope has a significant influence on the
indoor humidity for both poorly and well ventilated rooms. In
the field experiments, the sorption of water vapor in the
bedroom wallsreduced the peak humidity during the night by
15% RH at an average temperature of 27°C, which corre-
spondsto 21% RH at 22°C. Thislower humidity issignificant

13



because, according to the comfort criteria of Toftum at al.
(1998a), it could possibly double the number of occupants
satisfied with theindoor climate. M easurements during occu-
pation helped confirm the controlled field experiments. The
diurna fluctuations in indoor humidity were greater in the
bedrooms (particul arly when the doorswere closed) thanin an
open hallway of thehouse. Theincreasein humidity duringthe
night in the test room, which was occupied by one occupant,
was, on average, 5% RH at an expected ventil ation rate of 0.25
ach. Theseresults comparefavorably to those measured inthe
controlled experimental test, where the increase in humidity
during the night for two occupants and a similar ventilation
rate and temperature was approximately 10% RH to 15% RH.

To expand the short-term fiel d tests, anumerical model is
validated with the measurements and applied to investigate
water vapor transfer and sorption for different weather condi-
tions. These results show that water vapor transfer is very
important during warm weather and can reduce the maximum
indoor relative humidity in July by up to 30% RH when the
ventilation rate is very low (0.1 ach), which would signifi-
cantly improve comfort. When the ventilation rate is near
design (0.5 ach), the maximum humidity inthe permeablecase
is 18% RH lower than in the impermeable case. In January,
with 0.5 ach, the minimum humidity is 7% RH greater in the
permeabl e case than in the impermeable case. These numeri-
cal results complement the experimental results and show that
the moisture capacity of the building envel ope can damp the
variationsin indoor humidity during both summer and winter
conditions. However, the effect of individual materials was
not identified. In addition to reducing the maximum humidity
in the summer and winter, moisture storage in building enve-
lopes can, in fact, help avoid very low relative humidities in
indoor air by releasing the stored moisture during dry outdoor
conditions. The disadvantage of the permeable caseisthat the
averageindoor temperatureis higher in the summer (0.6°C at
0.5 ach). Nevertheless, there is a vast potential for passive
methods (hygroscopic structures) to moderate the indoor
climate.
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NOMENCLATURE

A = surfacearea(m?)

Cp = gpecific heat capacity (J(kgK))
D, = liquid moisturediffusivity (m?/s)
g =  acceleration of gravity (m/s%)

h = enthapy (Jkg)

IAQ = indoor ar quality

K = moisture permeability (s)
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mi = massflow raeof air from zonej into zonei
including infiltration, exfiltration, and ventilation
(positive for flow entering zone i) (kg/s)
P, = partial pressure of water vapor (Pa)
ppm = partsper million
Q = airflowrate(ach)
q = heat flux (W/m?)
ay = massflux (kg/(m?s))
S = heat sources or sinks per unit volume (W/md)
Sy = moisture or contaminant sources or sinks per unit
volume (kg/(m®-s))
T = temperature (°C)
t = time(9
u = moisture content (kg/kg)
V= volumeof thezone (m?)
v, = veocity of air (m/s)
W = absolute humidity (kg/kg)
Greek Symbols
o = convective heat transfer coefficient (W/(m?K))
Bp* =  permeance of theinterior surface including the
convective mass transfer coefficient (kg/(sm?Pa))
Ad = changein relative humidity after the start of
occupation or humidification
Aday=  Maximum increase in relative humidity during
occupation (i.e., during the night)
AP = pressure difference between indoor and outdoor air
d, = vapor permeability (kg/(sm-Pa))
0 = relative humidity
A = latent heat of vaporization (Jkg)
A = thermal conductivity (W/(m-K))
p = density of water vapor (kg/m?)
Subscripts
a = dryar
ave = monthly averagevaue
g = gasphase (including dry air and water vapor)
[ =  zoneindex
] =  zoneindex
m = dry property of the porous medium
max = maximum
= surfaceindex
o} = initia value at the onset of occupation or
humidification
= interior surface of azone
% = waer vapor
= liquid water
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