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ABSTRACT

A crawl space foundation iswidely used in buildings and detached houses in northern
countries. The relative humidity of the air in crawl spacesisthe most critical factor con-
cerning mould growth in the structures of a crawl space. Possible contamination in the
crawl space might be transported indoors if the pressure inside the apartment is lower.
The objective of the study wasto find out the important properties of ground covers and
the optimal air change rates for the controlling of moisture conditions in an outdoor air-
ventilated crawl space in a cold climate and to estimate the acceptability of current
moisture conditions in respect of materia durability. In addition, factors affecting the
transport indoors of possible pollutants from crawl spaces were studied.

The moisture conditions were cal culated with a dynamic simulation model, which was
validated against measured data. The moisture and thermal capacity and resistance of
the ground cover were varied, as was the air change rate in the crawl space. The accept-
ability of moisture conditions was evaluated using a mould growth index. The concen-
tration of fungal spores was measured both through field measurements and full-scale
laboratory measurements. The penetration of inert particles of different sizes through a
building envelope was studied by means of full-scale |aboratory measurements. The air-
tightness of the building envelope and the pressure difference across the envelope were
varied.

It was shown that in arelatively warm crawl space moisture problems were easy to
avoid — ground soil should be covered so as to prevent moisture flow from the ground
and an air change of at least 0.5 ach is enough to keep relative humidity at alow level.
A relatively cold crawl space needs a ground cover with moisture and thermal resis-
tance. A ground cover with amoderate thermal resistance, such as 15 cm lightweight
aggregate, needs a higher ventilation rate, at least 2.0 ach, to warm up the crawl spacein
the summer. A ground cover with a high moisture capacity can stabilise the fluctuation
of relative humidity in a crawl space, and thus avoid critical peaks of relative humidity
in respect of mould growth. The safest ground cover solution is athick cover with a
high thermal resistance and alow air change rate of 0.5 ach; with this approach natural
ventilation can be used. Heating a crawl space in summer is an excellent way to avoid
mould growth. The advantage of heating is greatest if the ground cover has a high ther-
mal conductivity. The energy consumption of heating is strongly dependent on the set
point value for the relative humidity. However, if the set point value is kept reasonable
and the ventilation rate remains low the specific annual energy consumption iswithin
the range of 1.4-3.6kWh/m? of the crawl space area.

Results from field measurements showed a correl ation between microbes in the crawl
space and indoors. In the full-scale laboratory measurements it was established that inert
particles and fungal sporesin asizerange 0.6-2.5 um penetrate a wooden structure at
moderate pressure differences. Laboratory measurements showed that the penetration
was highly dependent on pressure difference and not dependent on holes in the surface
boards of the structure. The results are likely to show that the surface contacts of min-
eral wool in the floor structure may have an important role in penetration. It is clearly
difficult to control the penetration of fungal spores by sealing the building envel ope.
The only effective way to avoid penetration seems to be balancing the building; how-
ever, in cold climates the moisture condensation risk should be taken into account. The
results indicate that mechanical exhaust ventilation causing an under-pressure in the
building may cause health risks if some contamination existsin the building envelope.
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IDA
HEPA

I/O ratio
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MEA
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colony forming unit
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heat and moisture wall-model for moisture transfer
dynamic simulation environment

high efficiency particulate air
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Lewis number
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critical relative humidity

time of wetness
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1. INTRODUCTION

A crawl space foundation iswidely used in buildings and detached houses in northern
countries. Basements with a crawl space have along tradition and their worth has been
proven in many old buildings. In respect of radon concentrations indoors, a crawl space
is an advantageous construction. The radon concentration in leakage air through a base
floor decreases remarkably if the crawl spaceiswell ventilated (Arvela 1995)

Due to higher awareness of energy consumption, the base floor U value has decreased
nowadays to 0.2 W/m?K , which corresponds to approximately 20 cm of mineral wool
insulation. The heat |osses through the base floor are smaller and, thus, alower base
floor U value leads to a colder crawl space with higher relative humidity. Crawl spaces
are mostly ventilated by outdoor air and ventilation is usually natural, but mechanical
exhaust ventilation is also used to some extent. There is frequently a limited number of
ventilation ducts and openings in the foundation walls, which leads to low air change
rates.

Alternatively, crawl spaces can be ventilated mechanically with exhaust air from the
building (Anderson and Samuelsson 1987, Lehtinen and Viljanen 1991, Hagentoft and
Harderup 1993). In this case the crawl space should be heated by exhaust air, i.e. the
crawl spaceis highly insulated but there is no insulation in the base floor. The crawl
space can even be |eft unventilated if the moisture insulation is perfect (Aberg 1990).
However, as these applications are relatively difficult to build and rather expensive,
they have not became a common building practice.

Moisture problems can be caused by a number of factors. Some of the problems are
easy to solve; rainwater in a crawl space can be avoided by proper drainage. However,
even in well-constructed crawl spaces moisture problems occur. In subarctic climates
the behaviour of an outdoor air-ventilated crawl space becomes problematic in the
summer, when, in the daytime, outdoor air is usually warmer and has a higher moisture
content than the air in the crawl space. Thus, outdoor air can transport moisture into the
crawl space and the relative humidity increases. This can be prevented by reducing the
time lag between the time it takes for the temperatures of the outdoor air and the crawl
space to become equal. Thetime lag is caused by the high heat capacity of the ground
soil and foundations.

Samuelsson (1994) reports high relative humidity (85-95%) during the summer and
even condensation of water during several weeks; Svensson (2001) also reports relative
humidity between 80-90%. In another study (Kurnitski 2000) the relative humidity in
the crawl space varied between 70-90% during the summertime. Asthere is often some
organic material in the crawl space the conditions for mould growth are favourable; see
In favourable conditions mould growth can start very quickly. Mould growth
isusually first noticed when an unpleasant smell begins to penetrate to the living spaces
on the ground floor.
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In epidemiologica population studies, moisture damage and microbial growth in build-
ings have been associated with a number of health effects, including respiratory symp-
toms and diseases and other symptoms (V erhoeff and Burge 1997, Nevaainen et a.
1998, Peat et al. 1998, Hyvéarinen 2002). The health effects associated with moisture
damage and microbia growth seem to be consistent across different climates and geo-
graphical regions (Hunter et al. 1988, Nevalainen 1991, Li and Kuo 1994, Ellringer et
al. 2000).

Microbiologically clean buildings probably do not exist, as some contamination in the
structures begins to build up even during the construction phase. In the case of moisture
damage, even after repairs, a significant amount of contaminated materials can remain
in structures (Nguyen Thi et al. 2000). Therefore, the potential transport of pollutants
from and through structures has great importance in respect of the design and construc-
tion of buildings. It isimportant to know which factors affect the release and penetration
of pollutants and possible measures, such as sealing and pressurising, that can be taken
to avoid this.

Typical indoor under-pressures with mechanical exhaust ventilation are within the range
of 5-20 Pa. A field study (Kurnitski 2000) showed high air flow rates through leaksin
the base floor to an apartment at a pressure difference of around 6 or 15 Pa, depending
on the speed of the exhaust fan. Field measurements (Mattson et al. 2002) have shown
evidence of fungal spores being transported indoors from a crawl space.



2. REVIEW OF LITERATURE

2.1 Crawl space heat and moisture balance

To understand the behaviour of a crawl space an energy balance should be stated for the
crawl space air and a heat balance for the base floor, ground soil and “walls’, i.e. foun-
dations; see Figure 2] Equation (1) (Elmroth 1975, Kurnitski 2000). The important heat
and moisture flows are those from outdoor air, base floor, ground soil, and foundations.
Heat transfer by radiation is only considered between the base floor and ground soil be-
cause of the small surface of the walls compared to the base floor area. The equations
are shown in more detail in Kurnitski (2000). For other surfaces than the ground the
convective heat transfer coefficient is assumed to be constant.

INDOOR
OUTDOOR C
Cin _ ot
Q _ﬂ"“: G &Qf.t T —
lin C_' Qw,c QWII;‘__.ED_ Ql.out
Q %40, )
Erounahcover
Qs
Figure 2 Heat and moisture flowsin a crawl space
Energy balance with notations shown in
oT,
C o T Qe+ Qe +QuetQ +Q (1)

where C; isthe heat capacity of the air (J/K), T; the air temperature (K), t time (S), Q¢
the convective heat flux from the base floor (W), Qg c the convective heat flux from
ground soil (W), Quc the convective heat flux from the walls (W), Q the net heat flux
from crawl space ventilation (W), and Q the possible heat flux from a heat source or
sink (W). the heat balance equations for the surfaces are:

Quw=Quw, (2
Qy=Qg,-Qrt Qe

where Qs is the heat from the base floor (W), Q; the radiation heat between the base
floor and the ground (W), Q. the heat from the walls (W), Qq the heat from the ground
(W), and Q. the evaporation heat from the ground (W).

The moisture balance consists of the moisture flows carried by air change and ground
moisture evaporation.
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where V is the volume of the crawl space (m®), v the humidity by volume (kg/m®), x the
absolute humidity in the crawl space (kg/kg), Xout the outdoor absolute humidity (kg/kg),
Om the air change rate in the crawl space (kg/s), g the net moisture flow of evaporation
from the ground and base floor (kg/s), and m the effect of a possible dehumidification

(kg/s).

Ground moisture evaporation depends on mass transfer on the surface and on moisture
transfer in the ground; see Usually, the moisture flow is from the ground to the
air, but in the summer, when the temperature of the crawl space air is higher than the
temperature on the ground surface, the direction of the moisture flow is reversed.
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Figure 3 Moisture flow through the ground cover

For moisture transfer inside the ground soil Fick’s law can be used:
g =-0,0w (4)

where J,, isthe moisture transport coefficient (m?/s), and w the moisture content in the

ground soil or cover (kg/m®). However, the ground soil under the ground cover is usu-
ally assumed to be saturated (boundary condition: 100% relative humidity below the
ground cover). Thus, the moisture flow is calculated only in the ground cover.

The moisture capacity of building materials and ground covers in contact with crawl
space air affects relative humidity in the crawl space in asimilar way to that in which
the heat capacity affects temperature. Moisture storage in summer during moist periods
may decrease relative humidity in the crawl space air. In particular, wooden base floors
and some ground covers, such as lightweight clay aggregate, can store and release a
significant amount of moisture (Kurnistski 2000). It is possible to take the moisture
transfer in all structures into account. However, the most important factors in respect of
moisture transfer in a crawl space are the ground cover and base floor. The moisture
flow and balance equations are the following (Kurnitski and V uolle 2000):
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where g’ isthe moisture flow (kg/sm?), & the moisture permesbility (m?/s), v the
humidity by volume (kg/m®), w the moisture content of amaterial (kg/m°), and x the
depth (m).

Assuming that the ground soil is saturated under the ground cover, the equation for
steady state moisture from the ground cover can be written thus:

_(vg-v)
=4 1 (7
o+
o, B

where d is the ground soil or cover thickness (m) and J, the moisture permesbility of
the ground soil or cover, constant, (m%s).

Often, ’[1; << ; thus ; may be left out of consideration. As Kurnitski (2000) reports,

\

the significance of ;with 5 cm expanded polystyrene isless than 1%.

In engineering applications the mass transfer coefficient is calculated from the convec-
tive heat transfer coefficient, although the assumption isvalid only in laminar boundary
conditions (Lampinen 1996). The following formulais explained through the analogy
between heat and mass transfer:

ﬁ:LBLLel_n :L (8)
mp pBM mp

where a is the convective heat transfer coefficient (W/m?K), p the air density (kg/m°),
0
BM

and Le Lewis number. Thisassumption isvalid in crawl space conditions, where the
logarithmic density term and Lewis number are very closeto 1.

C, the specific heat capacity of the air (JkgK),

the logarithmic density term (-),

When the ground soil is saturated the moisture flow from the surface to the air can be
calculated as follows:

g=BV,-V)A (9)



where 3 isthe mass transfer coefficient (m/s), v the saturated humidity by volume on

the ground surface (kg/m®), v the humidity by volumein the crawl space air (kg/m?),
and A the area of evaporation (m?).

Evenif avery thin layer on the surface is not saturated the moisture flow may be cal cu-
lated with sufficient accuracy by using Eqg. (9). However, if the unsaturated layer has a
significant moisture resistance Eq. (9) overestimates evaporation. In many previous
studies (Elmroth 1975, Nieminen and Rantamaki 1991, Kurnitski et al. 1998) where
evaporation from the ground surface is calculated with Eq. (9), to avoid overestimation
the result is multiplied by a reduction factor. In reality the unsaturated ground surface
layer varies, as does the moisture permeability of the soil, and thus Eqg. (9) givesonly an
approximation.

2.2 Requirements for mould growth and acceptability

The most important factors causing mould growth in a crawl space are moisture, tem-
perature, nutrients, and pH. Nutrients and pH are not normally limiting factors as the
majority of building materials contain nutrition suitable for moulds; even organic dust is
sufficient for mould growth. Commonly, the pH is alimiting factor for mould growth
only in newly-cast concrete. A temperature range of 5-35°C (optimum 20-25°C) is
suitable for many species of fungi, and the temperature in crawl spaces is nearly always
within thisrange. This leaves the relative humidity, RH, as the critical factor for mould
growth in crawl spaces.

Thelimit value for RH in crawl spacesis usually considered to be from 75% to 80%
(Nevander 1991, Viitanen and Ritschkoff 1991, Pasanen 1992, Nevander 1994,
Samuelsson 1994). Hukka and Viitanen (1999) gave a mathematical model based on
experiments for critical temperature and relative humidity in terms of the initiation of
mould growth; see Basically, the lower the temperature, the higher the relative
humidity that is needed for mould growth to start. If the relative humidity is below the
critical relative humidity curve (Figure 4), mould growth is radically decreased. Accord-
ing to the model moulds do not grow when the temperature is either below zero or
above 50°C. Temperatures low or high enough prevent moulds from growing and might
aso kill fungi. However, some fungi can tolerate even temperatures higher than 50°C or
lower than 0°C and very low levels of relative humidity (Kokko et a. 1999). Relative
humidity and temperature are strongly linked to one another. The thermal mass of the
structures and ground soil affects the temperature behaviour of the crawl space. When
the ground is not insulated, the crawl space remains cold during the summer due to the
time lag caused by the thermal mass of the massive ground.
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terial as amathematical model (Hukka and Viitanen 1999)

In many studies (Hallenberg and Gilert 1993, Nevander and Elmarsson 1991, Svensson
2001) mould growth was estimated using arisk factor. The risk factor is a function of
temperature and relative humidity and has values from 0 to 1. However, mould growth
is also very dependent on time, which is not taken into account in the risk factor.

Clarke et a. (1999) estimated mould growth using six categories of mould species:
highly xerophilic, xerophilic, moderately xerophilic, moderately hydrophilic, hydro-
philic, and highly hydrophilic. Each category constitutes a family of mould species pos-
sessing similar growth requirements over arange of temperature and humidity condi-
tions. For each category, growth limit curves were generated from experimental data.
The third-order polynomial function curves define the minimum combination of local
surface temperature and humidity for which mould growth will occur. This model, too,
is unable to indicate the effects on mould growth of temperature and humidity fluctua-
tions over prolonged periods of time.

Adan (1994) estimates mould growth by using time-of-wetness, TOW, which is defined
by the ratio of the cyclic wet period and the cyclic wet-dry period. A wet period is de-
fined as a period when relative humidity is>80%. Adan (1994) concludes that the
growth rate increases with increasing time-of-wetness when it is above 0.167. However,
Adan concludes that fungal growth remains very weak as long as TOW stays below 0.5;
the growth rate increases rapidly to reach the steady state value for TOW=1.

As acriterion to estimate the acceptability of moisture conditions, an equation for
mould growth given by Viitanen (1996) is used in this study. This equation estimates
mould growth with the mould growth index M, which can vary between 0-6. A value of
M=0 indicates no mould growth; M=1 means that some growth can be detected with a
microscope, M=3 that some mould growth can be detected visually, and M=6 means



very heavy and dense mould growth which covers nearly 100% of the surface. It is not
completely clear which value of M isarelevant criterion. The microscopic phase, M=1,
is chosen as acriterion in this study.

For varying temperature and humidity conditions Viitanen et al. (2000) give adifferen-
tia equation for wood (pine and spruce)

dm 1
dt ~ 7Cexp(-0.68InT —13.9InRH + 0.14W — 0.333Q + 66.02

) kik,  (10)

where M is the mould growth index (-), timet is calculated in days, T temperature
(0.1-40°C), RH isthe relative humidity (%), W the wood species (pine=0, spruce=1) and
N isafactor describing the quality of the wood surface (aresawn surface after drying=0;
akiln-dried surface=1). The coefficients k; and k, are to define upper limit for mould
growth index and the growth rate in favourable conditions. The mould growth index il-
lustrates the growth rate. The growth type is defined with the coefficient k;. During the
early stages of mycelium (M<1) the coefficient ky=1. At later stages coefficient is defined

2
ky = —
A‘l

wheret, isthe response time for visual appearance of mould growth and t, the response
time required for initial stages of mould growth (Viitanen 1996). t, and t, are defined

, when M>1 (11)

t, =exp(—0.68InT -13.90nRH + 0.14W - 0.333Q + 66.02 12
t, =exp(-0.74InT —12.7InRH +0.14W - 0.06Q + 61.5 (13)

The upper limit for mould growth when the index is approaching the level 4 to 6 or to
maximum growth level is defined by the coefficient k,

k, = max[1-exp(2.30(M + M, ))0] (14)
where My 1S the maximum value of mould growth index.

When conditions become unfavourable, the mould growth will slow down and the index
M will decrease. The delay in mould growth caused by alow RH (below the critical
value of RH) isgiven in Equation (15). The time (in days) is defined as a period from
the beginning of the dry period

t-1;.

g —-0.032, whent —-t, <6h

™M _ 0,when6h<t-t, <24h (15)

dt
-0.016, whent —t, >24h

However, it should be noted that all the above-mentioned criteria for mould growth are
valid when the durability of materialsis considered. These criteriaare valid in the crawl
space environment, but they cannot be used when the possible health effects of fungal
spores are being estimated. Since it is possible that fungal spores might be transported



indoors, another criterion has to be used in the indoor environment in respect of possible
health effects.

The limit value of fungal sporesinindoor air is complicated due to strong variations in
outdoor air. The Finnish Ministry of Social Affairsand Health (2003) give alimit value
for airborne fungal spores in indoor air for urban areas in winter, 500 CFU/m?® (colony
forming unitsin a cubic meter air). According to this guide levels over 100 CFU/m®
might indicated elevated concentrations of fungal spores indoors. Reponen et al. (1992)
report alevel >500 CFU/m? as being considered to be a high concentration indoors.
However, Hyvéarinen (2002) found out that only about 27% of possible problem build-
ings were above 500 CFU/m?® and about 1% of the reference buildings were also over
thislimit value. Often, the level of fungal sporesis considered to be elevated if the con-
centration istwice as high as in areference building. The association between elevated
levels of fungi and symptoms is supported by the observation that symptoms decreased
after the exposure had been eliminated (Koskinen et al. 1995, Jarvis and Morey 2001).
However, there are severa studiesin which no correlation between fungal levels and
symptoms or diseases was observed (Strachan et al. 1990, Etzel et al. 1998, Garrett et
al. 1998, Klanova 2000, Su et a. 2001). Additionally, in areview by Verhoeff and
Burge (1997) no dose-response relationship between fungal levels and heath effects was
observed or could be proposed. Hence, no straightforward guidelines on fungal levels
can be set on the basis of health risks.

Hyvérinen (2002) proposed a sampling campaign of 11 days relating to the pertinent
guidelinesin Finland (Ministry of Social Affairs and Health 2003). First, afungal con-
centration above 100 cfu/m® and the presence of indicator microbes (Samson et al.
1994) are alarm bells indicating a possible abnormal indoor source of fungi. The proc-
ess should identify the source and control it. Second, concentrations above 500 cfu/m®
are suggestive of an abnormal indoor source of fungi and action should beinitiated to
identify and control the source. Third, if neither of the above scenarios occur the sam-
pling of indoor fungi must continue so asto take place at least six times over two
months in the residence concerned. If the coefficient of variation is larger than 20%, the
remaining five samples should be taken over the next two-month period in order to
characterise the fungal contamination of the residence. However, even this might not be
enough to achieve results. Burge et al. (2000) observed no increase in fungal levels
measured with 476 samples during 14 months, even though fungal contamination was
found in the air ducts of alarge office building.

2.3 Transport of fungal spores

Moisture accumulation in building structures or material may lead to microbial growth
on materials, subsequent microbial emissions, and other contamination of buildings. In
epidemiological population studies, moisture damage and microbial growth in buildings
have been associated with a number of health effects, including respiratory symptoms
and diseases and other symptoms (Verhoeff and Burge 1997, Nevalainen et al. 1998,
Peat et al. 1998, Hyvérinen 2002). The health effects associated with moisture damage
and microbial growth seem to be consistent across different climates and geographical
regions (Hunter et a. 1988, Nevalainen 1991, Li and Kuo 1994, Ellringer et al. 2000).

Microbiologically clean buildings probably do not exist, as some contamination begins
as early as during the construction phase. Fungi can indeed grow on materials such as



fibreglass and on galvanised steel which has an accumulated dust layer on aresidue of
lubricant oil (Pasanen et al. 1993, Chang et al. 1996, Buttner et al. 1999). In the case of
moisture damage, even after repairs, some amount of contaminated materials can re-
main in building structures (Nguyen Thi et al. 2000).

Microbial contamination on the surfaces in the crawl space is typically much higher
than inside the building. The level of fungal sporesin the crawl space is about ten times
as high asindoors. In crawl spaces, spore concentrationsin arange of 10°-10° colony-
forming units per gram (cfu/g) of material are common. The levels have usually been
highest on wood-based boards and on timber (Kurnitski and Pasanen 2000). In cases of
heavy fungal colonisation, airborne spore concentrations up to 10°-10* cfu/m? have been
detected (Kurnitski and Pasanen 2000).

Residential buildings often have mechanical exhaust ventilation, where intake air comes
through inlets and cracks. In cold climates, inlets will cause a draught in winter and they
are often closed, resulting in a high under-pressure indoors and forced airflow through
cracks. Typically, mechanical exhaust ventilation creates an under-pressure of 5-10 Pa
in the apartment (Séteri et al. 1999) if the inlets are open. A field study (Kurnitski 2000)
showed high air flow rates through leaks in the base floor to the apartment at a pressure
difference of around 6 or 15 Pa, depending on the speed of the exhaust fan. Field meas-
urements (Mattson 2002) have shown evidence of fungal spores transported indoors
from a crawl space. According to aliterature review by Hyvarinen (2002), concentra-
tions of viable fungi in the indoor air of residential buildings vary between 10—

100,000 cfu/m®. Although the range is wide, average levels of 100-10,000 cfu/m® are
typical. Lower levels have been reported in winter not only in a cold climate (Reponen
et a. 1992) but also in asubtropical climate (Kuo and Li 1994).

Moisture and mould problemsin buildings are associated with effects on the health of
both adults and children occupying these buildings (Verhoeff 1997, Peat 1998). How-
ever, it is not only the moisture and microbes which cause problems, but also exposure
to fine particles. According to recent studies particles smaller than 2.5 pm in diameter
can reach the lower respiratory system and cause adverse health effects (Katsouyanni et
al. 2000, Samet et al. 2000). However, usually the limit value for respirable particlesis
considered between 2.5-5 um. Comite European de Normalisation (CEN 1992) and In-
ternational Organization for Standardization (ISO 1992) both define the limit value for
respirable particles 4 um. It is still unclear what causes the health effects of such parti-
cles, but it seems that the type of particle has some role. According to studies (Laden et
al. 2000, Tiittanen et a. 1999) sand dust is not so harmful as particles of the same size
originating from the combustion of fuels. About 70-90% of the viable fungi in indoor
air have been estimated to be in the respirable size fraction (Li and Kuo 1994, De Kos-
ter and Thorne 1995). The median aerodynamic diameter for fungi in indoor air is typi-
caly 2-3 um (Macher et a. 1991, Reponen 1995); the highest concentrations of air-
borne viable fungi are also usually in the same size range.

Many studies have been carried out to estimate the penetration of particles through
cracks. Vette et al. (2001) report penetration factors of 0.5-0.8 for particlesin asize
range of 0.5-2.5 um. Mogley et al. (2001) found that at a pressure of 5 Pa 40% of 2-um
particles and <1% of 5-um particles penetrate through horizontal dlits of a height of
0.5 mm. In astudy by Liu and Nazaroff (2001) particles of 0.1-1.0 um are predicted to
have the highest penetration efficiency, nearly unity for crack heights of 0.25 mm or
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larger at a pressure difference of >4 Pa. These results are important, since the peak of
the size distribution of fungal sporesis often between 2-3 um and is very suitable for
penetration. Raunemaa et a. (1989) reported that Sulfur-containing particles of sizes
below 1.5 um penetrated a office building’ sfilter unit in ventilation channel easily,
elemental removal efficiency of the filter being only 7%. Only alimited number of stud-
ies have been carried out on those structures commonly used in buildings. Liu and
Nazaroff (2001) predict, by a simulation model, that penetration through mineral wool
insulation is negligible. In reality structures mineral wool insulation is seldom perfectly
installed, and timber frame structures are, in respect of particle transport, a combination
of cracks, surface contacts, and mineral wool.

Penetration factor

The penetration factor between two chambers can be cal culated with the mathematical
model given by Kulmalaet a. (1999).

dC, _

VTS [V,[C, -V:i[C, —alC, [V +re(BV +Q (16)

where V isthe volume of chamber 1 (m®), C; the concentration in chamber 1 (1/m°), t

time (s), & the penetration factor from chamber 2 to chamber 1 (-), \/'2 the air flow from

chamber 2 to chamber 1 (m*/s), V, the air flow outdoors from chamber 1 (m%s), C, the
concentration in chamber 2 (1/m°), a the deposition rate (1/s), re the re-emission rate
(Um,s), B particle surface accumulation on indoor surfaces (1/m?), and Q the sink or
source indoors (1/s). The deposition rate was calculated from

a=\vy [—f\;‘ (17)

where vy isthe deposition velocity (m/s) and A the total indoor surface area, including
furniture etc. (m?). Particle surface accumulation on indoor surfaces was calcul ated
from

B
C=@n re[B)G\/’K (18)

In recent studies of buildings or room-sized chambers, the reported deposition velocities
had awide range (Lai 2002). Thus, there is considerable uncertainty as to the typical
values of deposition velocities for buildings. [Figure 5|shows the results of some of the
recent studies. Since most of the studies referred to reported deposition |oss time, but
only Fogh et al. (1997) reported deposition velocity, the resultsin Figure 5jwere trans-
formed to average deposition velocity. The results from Nomura et al. (1997), Cheng et
al. (1997), and Vette et al. (2001) are clearly higher than the others. In the studies per-
formed by Cheng et a. (1997) and Nomura et al. (1997) the chambers were smaller than
room size. In Vette et al. (2001) the particle deposition loss time of asingle detached
residential building was measured and the measured results were clearly higher, at par-
ticle sizes >0.6 um, than those cal culated with a model, suggesting an additional indoor
loss mechanism. The average deposition velocity curve provided by Fisk et al. (2002) in
Figure 5]was adapted from results reported in Xu et a. (1994) and Thatcher et al.
(2002), and is extrapol ated with the theoretical predictions of Lai and Nazaroff (2000).
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Figure5 Average deposition velocities measured in some studies.

3. OBJECTIVES OF THE STUDY

The main objective of the study was to determine the moisture performance of the struc-
tural, heating, and ventilation solutions studied in order to control moisture conditions
in acrawl space and, for that purpose, to estimate the acceptability of current moisture
conditions in respect of the durability of materials and mould growth on surfaces. In or-
der to prevent the transport indoors of possible pollutants from crawl spaces, data rel at-
ing to microbiological conditions in crawl spaces were collected.

The specific objectives of this study were:

1 to study the effect of types of ground cover on the acceptability of moisture con-
ditions, and the optimal combinations of ground covers and ventilation ratesin arela-
tively cold (wooden) and warm (concrete, apartment) crawl space (1, I1);

2 to determine the effect of extrainsulation in crawl space foundations and the
base floor, as well as very thick ground covers, on hygrothermal conditions and mould
growth (111);

3 to consider the effectiveness and energy performance of heating in a crawl space
(IV);

4 to show a possible correlation between indoor and crawl space microbes (V),
and
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5 to study how an under-pressure indoors affects the transport of particles and mi-
crobes from a crawl space, and to study how the airtightness of the structure and particle
size affect the transport indoors of particles from acrawl space (V1).

Thethesis consists of six papers. In (1) the effects of air change and ground covers were
studied by means of long-term field measurements. That was necessary because of the
high heat capacity of the ground (and foundations), which leads to continuously un-
steady conditionsin crawl spaces. The results of the field measurements were used for
the identification of the required parameters and for the validation of modelling in a dy-
namic simulation environment.

In (11) the effects of moisture capacity and other properties of ground cover types and
the base floor on the relative humidity in a crawl space were studied. The accuracy of
the dynamic simulation model was improved by moisture transfer inside the ground
cover and base floor. By using parametric simulations it was shown how relative hu-
midity can be reduced by the optimal selection of ground covers and air change rates.
The acceptability of the moisture conditions achieved was evaluated by carrying out
mould growth analyses. The first building studied was a typical apartment building with
arelatively warm crawl space (a high base floor U value); the second building was a
wooden day care centre with a highly insulated base floor and arelatively cold crawl
space.

(111) focuses on whether the high air change rates which are normally needed to warm
up the crawl space in the summer can be compensated for with athicker layer of ther-
mal insulation, i.e. by reducing the time lag, which may possibly provide asimilar ef-
fect to that obtained with a higher air change rate.

In (IV) the objective was to determine the effect of heating on moisture conditionsin an
outdoor air-ventilated crawl space. The principle of this solution is that air exchange
with outdoor air removes moisture from the crawl space and heating is used to control
the relative humidity in the crawl space. The heater is controlled by the relative humid-
ity of the crawl space air. The crawl spaces studied have either moisture or thermal in-
sulation in the ground. Since wooden material promotes far more favourable conditions
for mould growth, the base floors of the buildings studied are wooden. First, the heat
output was set to be constant and the effect of air change was studied. Second, the study
focused on the heating control strategy and how it affects energy consumption and rela-
tive humidity in the crawl space.

In (V) eight buildings with a crawl space were studied in order to ascertain whether
there is arelationship between the concentration of fungal sporesindoors and in crawl
spaces and whether microbes are transported indoors from crawl spaces. Samples of
fungal spores were collected indoors, outdoors, and from crawl spaces. The samples
were taken both in the spring and wintertime.

In (VI) alaboratory setup with a common building structure with a high concentration
of particles on one side was used to study the penetration of inert particles and fungal
spores. Particle type, air leakage, and pressure difference were varied. Penicillium and
Cladosporium were selected to represent fungal contamination in the study.
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4. METHODS

4.1 The crawl spaces studied

The crawl spaces studied were chosen to represent typical outdoor air-ventilated crawl
spaces used in Finland. Detached houses and smaller houses often have timber frames.
Their base floor is wooden, with thick insulation in the base floor. The crawl spacesin
these buildings are often relatively cold due to the low U value of the base floor, about
0.2 W/m’K;; see Figure 6eft). Apartment buildings and industrial buildings are often
built from sandwich elements, and the base floor is typically made of hollow core slabs
(base floor U value 0.4 W/m?K). The foundations of these buildings are on piles due to

clay ground soil; see Figure 6right).
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A wooden (left) and a concrete (right) crawl space

The crawl spaces and ground covers studied are shown in In (I11) the placement
of theinsulation of the base floor and foundations was aso varied in the building with a
concrete base floor. Here a crawl space with a base floor U value of 0.2 W/m?K isre-
ferred to as a cold crawl space and a craw! space with a base floor U value of

0.4 W/m?K awarm crawl space.

Table 1 Crawl spaces studied in (I-1V)
Paper Basefloor U value |Basefloor area|Basefloor type| Ground covers
[W/m*K] [m?] used
I 0.4 95 concrete Uncovered, PVC,
'EPS
I 0.4 95 concrete Uncovered, PVC,
0.2 470 wooden EPS, 2LWA
Il 0.4/0.2 470/100 concrete PVC, EPS, LWA
0.2 470 wooden
v 0.2 470 wooden PVC, EPS, LWA,
0.2 117 wooden ’cs
'EPS expanded polystyrene
L WA lightweight clay aggregate
3CS crushed stone
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In (1) and (I1) the ventilation rate of the crawl spaces was varied. In (I1) aso the thick-
ness of the LWA (lightweight clay aggregate) ground cover was varied, and in the case
of cold crawl space the ventilation rate had two-step being higher in the summer and
0.5 ach during the heating season (October 1%-April 30™).

In (I1) in Table 1 that gives the material properties of the studied case, one important
material is missing. The material properties of the 13 mm fibre board in contact with
crawl space air in the wooden base floor are: thermal conductivity 0,05 W/mK, specific
heat capacity 1350 JkgK , volume weight 285 kg/m®, moisture permeability

4 x 10° m?/s, 1% point of sorption isotherm 40 kg/m*® and 80% RH, 2™ point of sorption
isotherm 95 kg/m® and 100% RH.

In (111) the effect of insulating foundations, base floor, and ground soil was studied. The
effect of the placement of the base floor insulation (on or under the base floor slab) was
calculated. The foundation was insulated in two ways: 1) 5 cm of insulation in the foun-
dation, 2) 5 cm of insulation in the foundation with an extra 10 cm of insulation on the
crawl space side of the foundation. Frost insulation in the ground was used in every
case. The smulations were carried out for four insulation layer thicknesses, both for
EPS (expanded polystyrene) and LWA ground covers. The air change rate was varied
from 0.5 ach to 5 ach. During the heating season (October 15-April 30™) alow air
change rate of 0.5 ach was used.

The effects of summer heating in an outdoor air-ventilated crawl space with different
ground covers and air change rates were smulated in (IV). The heat output used varied
between 2.5-10 W/m? of base floor. The aim was to find out whether heating is a feasi-
ble alternative for crawl space moisture control with reasonably low energy consump-
tion. Additionally, the effect of control strategy on energy consumption was considered.

In (V) concentrations of fungal sporesin eight buildingsin Southern Finland were
measured. Three of the buildings were primary schools, two day care centres, and three
dwellings; see Half of the buildings had awooden base floor. The dwellings
had mechanical exhaust ventilation. Both of the day care centres had mechanical ex-
haust ventilation in the craw! space, but all the other craw! spaces had natural ventila-
tion, except for two crawl spaces which had no ventilation. Buildings 2 and 6 were di-
vided into two parts, a and b, as the crawl spaces of the buildings were in two separate
sections.
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Table 2 Buildings studied in (V)

Building type Base floor Basefloor  Ventilation sys- Ventilation
area teminthebuild- systeminthe
(m? ing crawl space
Building 1 Apartment Wooden Mechanical ex- Natural venti-
building haust lation
Building2a  Apartment Concrete 82 Mechanical ex- Mechanical
building slab haust exhaust
Building2b  Apartment Concrete 127 Mechanical ex- Natural venti-
building dab haust lation
Building 3 Apartment Wooden 200 Mechanical ex- Natural venti-
building haust lation
Building 4 Primary school Concrete 650 Mechanical sup- Natural venti-
slab ply and exhaust lation
Building 5 Primary school Concrete 350 Mechanical sup- No ventilation
slab ply and exhaust
Building6a Day carecentre  Wooden 210 Mechanical sup- Mechanical
ply and exhaust exhaust
Building6b  Day carecentre  Wooden 285 Mechanical sup- Mechanical
ply and exhaust exhaust
Building 7 Day care centre  Wooden 820 Mechanical sup- Mechanical
ply and exhaust exhaust
Building 8 Primary school Concrete 550 Mechanical sup- No ventilation
dab ply and exhaust

4.2 Dynamic IDA simulation environment

In (1) the results of field measurements by Kurnitski (2000) were used to validate the
modelled crawl space in the IDA simulation environment. The crawl space modelled in
(1) was concrete, whilein (11, 111, and 1V) awooden craw! space was also modelled. The
crawl spaces were modelled in the IDA simulation environment. IDA isamodular
simulation environment which consists of atrandator, solver, and modeller. The solver
and physical models are separated, which makes it possible to change the mathematical
formula of any component without changing the model description file. The modules
are written in Neural Model Format (NMF), which serves at the same time as areadable
document and a computer code. Viathe trandlator, the modules can be used in severd
modular simulation environments (Sahlin 1996, Sahlin and Bring 1989, 1991).

The model uses Equation (1) for the energy balance of the crawl space air. In the RC
(resistance capacity) network of heat transfer model the main simplification isto model
the heat transfer of the ground soil by a semicircular flow pattern; see Figure 7.
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In (I) awarm crawl space was considered. Ground moisture evaporation from the un-
covered ground surface was cal culated as mass transfer from the surface. Moisture
transfer in the base floor and ground cover is applied in (11, 111, and 1V) by using the
HAMWall model. The model uses Equations (2) and (5-6). The moisture permeability
in Equation (7) isafunction of relative humidity. Sorption isotherms can be given by a
linear fit (in two parts) or by logarithmic equation. A detailed description of the HAM-
Wall model is given in Kurnitski and Vuolle (2000).

In (1) the calculations were carried out with three different assumptions of the moisture
transfer model. In thefirst version, no moisture capacities were taken into account. Here,
the balance equation (3) and the evaporation equation (9) were used. In the second version,
the moisture capacity of the ground cover and, in the third, the moisture capacities of the
ground cover and base floor were taken into account. The moisture capacity of the founda-
tions was not taken into account since they are of concrete, which has alow moisture ca
pacity. Furthermore, the area of the foundationsis relatively small compared to the area of
the base floor. The moisture capacity of the ground soil was not considered because the
constant value of an RH of 100% was used below the ground cover.

Parameter identification in (11) was carried out for the thermal conductivity and capacity of
the ground soil and for the U value of the base floor. The last-mentioned was necessary
because of acold bridge in the joint of the base floor and the foundation beam. The other
material properties used were obtained from the manufacturers of the materials used. The
properties used for ground soil (shownin Il) aretypica in Finland. The data measured dur-
ing the six-month period from the beginning of the measurement period were used for the
parameter identification. The measured outdoor temperature and RH were used as bound-
ary conditions for the model. Approximate values for air change rate were used in both
buildings. In the cold crawl space of the wooden building the measured air flow of the
crawl space exhaust fan was used. In the warm crawl space of the apartment building, the
average air change rate of athree-month measurement period with natural ventilation was
used. The final values of ground thermal conductivity and volume weight were identified
by using the measured data from the test building. The parameters used in the calculations

areshowninll.
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In (1) the effects of ventilation and ground cover were studied, but neither the ground
cover nor the base floor had a moisture capacity. In (11 and I11) the moisture capacity
(HAMWall model) was applied to the ground cover and base floor. In (I11) the effect of
the thickness of the insulation was also studied. In (1V) the effect of a heating device in
the craw! space was calculated.

As acriterion to estimate the acceptability of the moisture conditions, an equation for
mould growth, given in Viitanen (1996) and Viitanen et al. (2000), was used in (11, 111,
and V). The microscopic phase of mould growth, M=1, is chosen as a criterion in this
study. In this study the critical value for RH is considered to be 70%, 75%, or 80% and
thus, Equation (10) should be used when RH<70%, 75%, or 80%.

4.3 Sampling and analysis of fungal spores in field measurements

In (V) the concentrations of airborne fungal spores and bacteria were measured in eight
buildings in Southern Finland (Helsinki region). The buildings were chosen to represent
typical buildings with crawl space foundations. Some of the crawl spaces were sus-
pected of causing indoor air quality problems. Three of the buildings were primary
schools, two day care centres, and three dwellings. Half of the buildings had a wooden
base floor. The dwellings had mechanical exhaust ventilation. Both of the day care cen-
tres had mechanical exhaust ventilation in the crawl space, but al the other crawl spaces
had natural ventilation except for two crawl spaces without any ventilation.

Airborne fungal spores were sampled by using six-stage cascade Andersen impactors
(Andersen 1958). Samples were taken from indoor, outdoor, and crawl space air. Sets of
samples were taken in the winter and othersin the late spring. The fungal spores were
collected on 2% malt extract agar (MEA). To avoid contamination due to spore trans-
portation on clothes, the indoor successive samples (2 samples) were taken first. Two
successive samples were also taken from the crawl space, but if the crawl space had
clearly different sections, such as different ground cover materias, two samples were
taken from each section. According to previous studies, e.g. Reponen (1994), fungal
spore concentrations are low during winter. During the winter sampling, the temperature
was below 0°C, and, therefore, outdoor samples were not taken. In the summer, one
sample from outdoor air was taken on each study site. The sampling time was 10 min
indoors and outdoors and 5 min in the crawl space, and thus the computational limit of
identification was 7 CFU/m* and 3.5 CFU/m®. The incubation time of the samples was
seven days (14 days for the actinomycetes) at 25°C.

4.4 Penetration of inert particles and fungal spores

(V1) focuses on the transport of inert particles and fungal spores indoors through the
structure of abuilding. To measure the particle penetration a full-scale floor structure
was built in the laboratory. The base floor was located between two chambers; CH1 cor-
responds to indoors and CH2 to the crawl space, as shown in As gravitational
force is of minor importance for small particles, the floor was rotated through 90° for
practical reasons. The air was exhausted only from CHL1, forcing aflow through the
base floor. To control the pressure difference between the chambers the supply airflow
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rate to CH1 was controlled. The supply of air to CH2 was filtered using aHEPA (high
efficiency particulate air) filter, and it flowed through a diffuser to ensure that the sup-
ply of air was fully mixed in CH2. To ensure that the particles were fully mixed in the
air of CH2, the concentration of particles was measured at three different heights

(70 cm, 110 cm, and 190 cm from the bottom of CH2). The airflow to CH2 was meas-
ured using air velocity measurements and the exhaust from CH1 was measured with an
air duct measuring ring. The supply to CH1, which was mainly zero, was measured with
the measuring ring. The pressure difference between CH1 and the laboratory hall and
between CH2 and the laboratory hall was continuously measured at 60-second intervals
by differential pressure transmitters, Furness Controls FCO 44 + 50 Pa, and the pressure
differences between the chambers were cal culated from the measured results.

CLIMATE i

CHAMBER ‘ Door to the
l climate chamber
N/\/NHEPA filter |
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L1~ air diffuger
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320 2 100 exhaust

Sampling probe (§ *'350

INDOOR V=11.5m"
Chamber 1

sedled
door 5100

_——
Supply air filter
Figure 8 Chambers 1 and 2 and the placements of sampling probes.

Four different variations of awooden floor structure were studied. The floor had 20 cm
mineral wool insulation (stone wool with avolume weight of 30 kg/m®), 22 mm chip-
board on the indoor chamber side, and 13 mm porous fibreboard on the CH2 side; see
The joints between the boards were installed so as to be as tight as possible,
and the joints between the wooden base floor and the chamber walls were well sealed.
Air leakage through the wooden floor was measured according to EN 13829 (2000) at
an under-pressure of 50 Pa. The measured air leakage values varied with different pene-
trations, as shown in The airtightness of the wooden floor changed with differ-
ent penetrations.
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Figure 9 The construction of the floor (dimensions in mm)

Inert particles

In the laboratory measurements six different sizes (0.6 um, 1.3 um, 2.5 um, 4 um,

7 um, and 15 pm) of inert monodisperse latex (polystyrene) particles were generated in
CH2. The particle supply flow to the supply air channel of CH2 was 3 L/min. The pres-
sure difference between the chambers was either around 6 Pa or 20 Pa. The concentra-
tion of particles was measured continuously, using an optical particle counter in both
chambers. The size ranges of the optical particle counter were 0.3-0.5, 0.5-1.0, 1-5, 5-
10, 10-25, and =25 pum. A detailed description of the measurement isgivenin (V1).

The penetration factor was cal culated from Equation (16). Since the measurements were
taken in the test chambers, the re-emission was assumed to be zero.

In this study the deposition velocity used was adapted from results reported in Xu et al.
(1994) and Thatcher et al. (2002), and was extrapolated with the theoretical predictions
of Lai and Nazaroff (2000). The same deposition velocity isalso used in Fisk et al.
(2002). The deposition velocity, Equation (19), used here is based on a combination of
measured data from full-size rooms and extrapol ations consistent with theoretical pre-
dictions, and it isvalid for particle diameters between 0.3-8 um; see

v, =300° ffd ) 10°f* ~110° (19)
where d, is the diameter of the particle (um).

Since the penetration factor is strongly dependent on deposition vel ocities the factors
were aso calculated for the highest and lowest measured values presented in recent
studies; see Since most of the studies referred to reported deposition loss time,
but only Fogh et al. (1997) reported deposition velocity, the resultsin [Table 3jand
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mge transformed to average deposition velocity. If the measured particle size
udies was different than the size used in this study, the deposition velocities
were extrapolated to the particle size used in this study. The results from Nomura et al.
(1997), Cheng et al. (1997), and Vette et al. (2001) are clearly higher than the others. In
the studies of Cheng et al. (1997) and Nomura et al. (1997), the chambers were smaller
than room size, and thus they were excluded. In Vette et al. (2001), a single detached
residence was measured and the measured results were clearly higher, at particle sizes
>0.6 pm, than those calculated with the model, suggesting an additional indoor loss
mechanism. This study was also excluded, as it most probably overestimates the deposi-
tion velocity in laboratory conditions.

Table 3 The highest and lowest average deposition velocities used in calcula-
tions.
Particle size L owest deposition velocity | Highest deposition velocity
(pm) (m/s) (mfs)
0.6 56 E-6" 32E5C
1.3 11E59 55E-5¢
2.5 41E5" 17E-4"
4.0 48E-5¢ 34E-4C
"Modley et al. 2001
% Lai et al. 2002
3 Cheng 1997

* Fogh et al. 1997
® Thatcher et al. 2002

Penicillium and Cladosporium

Spores of Penicilium crustosum and Cladosporium spaer ospermum were supplied to
CH2 by using circulating air; thus the supply did not affect the air change rate in CH2.
The fungi grew on malt extract agar moulded into a half-circle inside a glass tube

(9@ 35 mm). The fungal spores were released from the glass tube at an air speed of

7 m/s. A thin plastic string was used to facilitate the release of the fungal spores from
the glass tube. The pressure differences between the chambers were 6 Paand 18 Pa. The
concentrations of airborne fungal spores were measured in both chambers using six-
stage cascade Andersen impactors, and three samples were taken from both chambers.
The fungal spores were collected on 2% malt extract agar (MEA). The incubation time
of the samples wasfive to seven days at 25°C. The number of colonies counted was
corrected according to Andersen (1958). The concentration of particles was also meas-
ured continuously, using an optical particle counter (Climet L1 500) in both chambers.
The sampling time for the optical particle counter was one minute.

The penetration factor s, for inert particles was calculated from Eq. (16). For Penicil-
l[ium and Cladosporium it was not possible to achieve steady state concentrations with
the equipment used for the generation of the spores and, therefore, the penetration factor
was estimated as a percentage of the particles that penetrated through the structure.

Stop = gl (100 (20)

2
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5. RESULTS

How to prevent relative humidity in a crawl space increasing during summer is studied
in the following sections . First, in Section 4.1, the effect of moisture capacity on mod-
elling resultsis considered. Optimal selections of ground covers and ventilation rates, as
well as the acceptability of moisture conditions, are shown in Section 4.2. The effects of
heating in the summer and the use of energy are studied in Section 4.3. In Section 4.4
the penetration indoors of fungal spores and particles from crawl spacesis studied both
with field and laboratory measurements.

5.1 Validation of the simulation model

In (I) good results were achieved in a warm crawl space when the ground moisture
evaporation from the uncovered ground surface was calculated as mass transfer from
the surface.

In (1) in the cold crawl space, the calculated temperature was dightly lower when the ca
pacities were not taken into account, and in the warm crawl space moisture capacity had no
effect (not shown in [Figure 10). In the winter, during the two last weeks of February, the
outdoor air sensors were covered with snow, which explains some disagreement between
the calculated and measured temperatures during this period (caculated T and RH are
somewhat higher).
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20 Identification of the parameters Validation of the model

18 A

16 A

Outdoor sensors covered with snow

Temperature (°C)

— Measured, cold crawl space
— Calculated, cold crawl space

Measured, warm crawl space

Calculated, warm crawl space
. .

.10.98 23.11.98 24.12.98 23.01.99 v‘23.02.99 25.03.99 25.04.99 25.05.99 25.06.99 25.07.99

Figure 10 Calculated and measured temperatures in the crawl spaces. The air
change rate in both calculationsis 1.1 ach (24-hour moving averages). Ground cover in
both crawl spaces was lightweight clay aggregate (15 cm in the cold and 17 cm in the
warm crawl space)

The relative humidity in the cold and warm craw! spaces is shown in Figure 11]and in
In the warm crawl space, the expanded polystyrene insulation in the base floor
did not affect the RH, but lightweight clay aggregate ground cover dightly reduced RH
fluctuations. The effect of moisture capacity in the cold crawl space with awooden base
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floor was remarkable. The RH calculated with the first version (no moisture capacity) fluc-
tuated far too much. In the winter, the calculated RH was too low, and in the summer con-
densation occurred. Both LWA and the base floor affected the RH, and the most accurate
result was obtained with the third version (both moisture capacities taken into account).
Similarly, moisture capacity had an effect on the mould growth index. In fact, the influ-
ence was much stronger than would have been expected on the basis of the RH results
asshownin Neglecting the moisture capacity evidently leads to an overesti-
mation of the risk of mould growth.
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30
Calculated, moisture capacity in
basefloor and LWA

20 H
Calculated, without any moisture
Sensors were covered by snow capacity
10 — Calculated, only LWA has a
moisture capacity
0 T T T T T T T T T

24.10.98 23.11.98 23.12.98 23.01.99 22.02.99 25.03.99 24.04.99 24.05.99 24.06.99 24.07.99

Figure 11 Calculated and measured relative humidity in the cold crawl space, 1.1
ach (24-hour moving averages)
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Figure 12 Calculated and measured relative humidity in the warm crawl space, 1.1
ach (24-hour moving averages)

The absolute value of the difference between the measured and cal culated values (abso-
lute difference) in both crawl spacesis highest in the case when the moisture capacity is
not taken into account; see[Figure 13|and [Figure 14} In the case when moisture capacity
in the base floor and LWA ground cover are taken into account the absolute difference
of RH is small, mostly under 5% in both cases during the three-month period shown in
IFigure 13| and [Figure 14} In (Il) Figure 7, showing an absolute difference in relative
humidity in the cold crawl space, isincorrect due to an incorrect time step.
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Figure 13 Absolute difference of RH between measured and calculated valuesin
the cold crawl space, 24-hour moving averages
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Figure 14 Absolute difference of RH between measured and calculated valuesin
the warm crawl space, 24-hour moving averages.
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Figure 15 Mould index with 15 cm LWA cover calculated with and without mois-
ture capacity in the cold crawl space, 1 ach, RH;=75%

It was possible to predict the RH inside the LWA layer with the third version (when
moisture transfer in the ground cover and in the base floor was taken into account); see
Some disagreement between the calculated and measured relative humidity
can be explained by the ssimplified heat conduction calculation in the ground soil.
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Figure 16 Measured and calculated relative humidity in the middle of the light-
weight clay aggregates layer in the cold crawl space.

26



5.2 The effect of air change rate and ground covers on moisture
conditions

Air change rate and ground covers have a different impact on moisture conditions, de-
pending on the temperature conditions in the crawl space. A relatively warm crawl
spaceisless sensitive to the air change rate and type of ground cover than a colder
crawl space. In the following section the effect of air change rate, as well as different
ground covers and their thicknesses, on crawl space temperature and relative humidity
is studied. Additionally, the moisture content and moisture flow from different ground
covers with different ventilation rates are calculated. The acceptability of moisture con-
ditionsin the crawl spaceis estimated by cal culating the mould index, Eqg. (10).

5.2.1 A warm crawl space with uncovered ground

The air change rate in a crawl space affects both thermal and moisture behaviour, but
the change in relative humidity in a crawl space is not a straightforward sum of these.
Due to thermal behaviour the optimum air change rate is different in the summer and
winter. In (1) arelatively warm crawl space was studied, and, as can be seen from

the lowest air change rate results in the warmest and thus driest crawl space
in the heating season.
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Figure 17 The effect of air change on temperature in the crawl space with

uncovered ground (24-h moving averages)

Although a higher air change rate increases the moisture evaporation from the uncov-
ered ground surface, it still resultsin alower relative humidity. In (1) increasing the air
change rate from 0.5 ach to 3 ach increased ground moisture evaporation from

2.4 g/mh to 4.9 g/m?h but decreased the highest monthly average of relative humidity
in summer from 81% to 74%.
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5.2.2 A warm and cold crawl space with an LWA ground cover

If aground cover is applied the air change rate in a crawl space does not affect ground
moisture evaporation much. In (1) arelatively warm (apartment building) and cold
wooden crawl space with an LWA ground cover were studied. The average moisture
evaporation in (11) through the LWA cover was 0.72 g h™™m in the cold crawl space

and 0.92 g h™m?in the warm crawl space.

Warm crawl space (1)

A high air change rate cools down the crawl space in the winter and warms it up slightly
in the summer; see The lowest RH in the crawl space is achieved when the
air change rate during the heating season is 0.2-1.0 ach. In the summer, the RH is not
sensitive to the air change rate due to the crawl space being relatively warm.
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Figure 18

Temperature (left) and relative humidity (right) in arelatively
warm crawl space at various air change rates. The ground is covered with 17 cm LWA
(Temperature 24-hour moving averages, RH, weekly moving averages).

When the mould index M was calculated in (I1), it can be seen that the risk of mould
growth is very low in awarm crawl space with a ground cover; see Relative
humidity and the mould growth index were not sensitive to air change rate. The mould
index was cal culated during the whole year, and the critical RH was assumed to be
75%. In the calculations it is assumed that the wood is pine and the surface is not sawn

after drying (in Equation (10) W=0, SQ=1).
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Table 4 Maximum value of mould index at various air change rates for the
apartment building with a 17-cm ground cover

M (RHc=75%)

0.2 ach 0.01
0.5ach 0.01
1.0 ach 0.02
2.0 ach 0.05
5.0 ach 0.15

The moisture content in the LWA cover is rather stable throughout the year due to the
craw! space being warm and relatively dry; see Slightly increased values can
be seensi n the summer but they are still much less than the hygroscopic limit value,

2 kg/m®.
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Figure 19 Moisture content inside the LWA at adepth of 6.7 cm (weekly
moving averages).

Cold crawl space(l1)

The crawl space of the wooden building was relatively cold throughout the year. High
air change rates warm the crawl space up in the summer; see [figure 20left). TheRH is
clearly higher than in the warm crawl space - see kigure 20|right) - exceeding 75% at
the end of May. The highest air change rate, 5 ach, gives the lowest RH in the summer.
Still, even in this case M is close to reaching the critical value of 1 for mould growth to
start. M is calculated for the cases RHc, > 75%, 80%, 85%; see In the calcula-
tionsit is assumed that the wood is pine and the surface is not sawn after drying (W=0,
=1). In the case of higher air change rates (2.0 and 5.0 ach), atwo-step air change
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Temperature (°C)

rate was used (2.0 or 5.0 ach in the summer, May 1-September 30, and in the cold sea-
son 0.5 ach).
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Figure 20 Crawl space air temperatures when the ground is covered with a

15-cm layer of LWA.. (Temperature 24-hour moving averages, RH weekly (left) and
RH (right) at various air change rates. The moving averages).

Table5 Maximum value of mould index at various air change rates for
the cold crawl space with a15-cm LWA cover.

M (RHo=75%) M (RHc=80%) M (RHc=85%)

0.5ach 0.95 0.52 0.07
1.0 ach 114 0.70 0.33
2.0 ach 1.20 0.79 0.47
2.0-0.5 ach* 0.82 0.58 0.35
5.0 ach 1.29 1.08 0.72
5.0-0.5 ach* 0.70 0.47 0.31

* The higher air change rate is used in the summer, 0.5 ach between Oct 15-Apr 30*
In arelatively cold and humid crawl space LWA shows its capability to reduce RH fluc-

tuation; see In summer, when the outdoor air becomes a humidity source, the
LWA cover stores moisture inside itself.
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Figure 21 Moisture content inside the LWA at a 5-cm depth (weekly moving aver-
ages).

5.2.3 Different ground covers (Il)

Ground covers may have an effect in two ways; they reduce the moisture evaporation
from the ground and, on the other hand, they may act as a thermal insulation.

In the relatively warm (apartment building) crawl space all ground covers reduced the
relative humidity in the crawl space sufficiently. In the cold (wooden) craw! space the
relative humidity varied considerably, depending on the properties of the ground cover.
For the ssimulationsin (I1) an air change rate of 2 ach was used to warm up the cold
wooden crawl space in the summer. Uncovered ground (sand) and that covered with a
PV C sheet behaved in nearly the same way in the summer, both having a very high rela-
tive humidity; see Thisis caused by the high heat capacity, which is the same
in both cases and demonstrates that the outdoor air is the main moisture source during
the summer.
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Figure 22 Crawl space air RH with different ground covers in the cold wooden
crawl space (2.0 ach, 24-hour moving averages).

The uncovered ground showed the highest average evaporation rate, on average 1.7 g h’
'm. Although EPS insulation evaporates far less (on average 0.15 g h™'m™) than the
15-cm LWA cover (on average 0.74 g h™'m™), there are only small differencesin the
mould index values; see [Fable 6] The lowest M was reached with a 30-cm LWA cover.
Table 6shows that in a cold crawl space with a PV C cover or uncovered ground the risk
of mould growth is obvious.
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Figure 23 Moisture flow from ground (evaporation rate in the case of sand). Posi-
tive values indicate evaporation and negative values moisture flow from air to ground;
in the case of sand 0 values can be interpreted as condensation (24-hour moving aver-
ages).
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Table 6 Mould index M for RH¢, = 75, 80, or 80% at various ground covers.

M (RHc=75%) M (RHc=80%) M (RHc=85%)

Sand 6 6 6
LWA 15cm 12 0.79 0.47
LWA 30cm 0.67 0.42 0.15
EPS 0.84 0.6 0.4
PV C sheet 6 6 6

5.2.4 The effect of extra thermal insulation (lI)

The temperature and relative humidity were nearly the same, regardiess of whether the
insulation was on or under the base floor slab. In the case with no insulation in the
foundations, the heat flow from outside warmed the crawl space up by 1°C in the sum-
mer, and RH was 5% lower compared to the case with insulation; see The
insulation of the foundations had the most significant effect on the temperature and RH
when the ground was covered with LWA and the crawl space was small, i.e. the area of
the crawl space was the same as that of the foundations.
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Figure 24 Relative humidity (weekly moving average) in the crawl space with
15 cm LWA ground cover when the insulation of the foundationsis varied. The U value
of the base floor is 0.2 W/m’K and the air change rateis 1.0 ach.

Thickness of ground covers(l11)

In the following section only the wooden building is considered, due to its higher sensi-
tivity to mould growth. Results for the concrete apartment building are shown in (l11).
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In cold climates, the critical months in respect of mould growth are usually July and
August, when the temperature and absolute humidity of the outdoor air are at their
highest. In July, the higher the thermal resistance of the ground cover, the less impor-
tant the value of the air change rate is. When the thermal resistance of an LWA cover is
high (= 4 m?K/W), the RH is nearly the same at all air change rates; see On
the other hand, if the heat resistance is less than 1 m?K/W, the differencein RH be-
tween air change ratesis nearly 6%.

In August, the situation is different, due to different temperature behaviour. As August
is aready dlightly cooler than July, higher air change rates cool the crawl space down.
At lower air change rates, the crawl space remains warmer and the RH is also lower.
Thus, the smallest air change rate (0.5 ach) gives the lowest RH; see Figure 25](right).
Only in the case of the thinnest LWA isthe RH lower at high air change rates. When the
thicknessisincreased, the behaviour is again the same — the lowest air change gives the
lowest RH.
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Figure 25 Monthly average value of RH in the crawl spacein July (left) and in Au-
gust (right) as a function of the thermal resistance of the LWA ground cover and air
change rate. Thermal resistance of 4 W/m?K corresponds to 50 cm LWA and

0.8 W/m?K to 10 cm LWA.

The EPS ground cover shows basically the same performance as the LWA cover; see
When comparing the RH in July with the same thermal resistance and air
change rate, the RH is approximately 2% lower with an EPS cover. At low air change
rates EPS shows better performance than LWA.. It should be noted that EPS represents a
theoretical case because in genera building practice EPS is usually covered with alayer
of crushed stone, which increases thermal capacity as well as RH values.
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Figure 26 The monthly average value of RH in the crawl spacein July (left) and in
August (right) as afunction of the thermal resistance of the EPS ground cover and air
change rate. Thermal resistance of 10 W/m?K corresponds to 40 cm EPS and

1.3 W/m’K to 5 cm EPS.

With the EPS ground cover thereis no risk of mould growth (ffigure 27) as the index
does not exceed 0.5 even when the ground cover isonly 5 cm thick. With the thinnest
LWA cover there is adefinite risk of mould growth because the index exceeds 1. To
achieve acceptable conditions, a heat resistance higher than 1,5 m?K/W has to be used.
The critical RH value used was 75%.
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Figure 27 The maximum mould growth index as a function of the thermal resis-
tance of the ground cover: EPS on the left and LWA on the right.
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5.3 Heating (IV)

5.3.1 Crawl space moisture conditions with heating

The difference in relative humidity in the summer between the heated and unheated
cases is shown in In the case of 20 cm crushed stone (CS) the relative humid-
ity is, on average, over 10% higher when heating is not used. Also, when a 30-cm LWA
ground cover is used, thereisaclear differencein the RH levels. When a PV C ground
cover without heating is used, relative humidity rises to over 90% in some periods,
showing an ultimate need for moisture control. Basically, the behaviour is similar in the
apartment building, and the RH of the detached house is only dlightly lower. The differ-
ent levels of RH in acrawl space with PVC ground cover in Figure 22 pnd Figure 28jare
dueto different air change rates and base floor areas.

9 ==No heating CS 20cm 0.5m3/h,m2
90 1 —CS 20cm 0.5m3/h,m2
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Figure 28 Relative humidity in the crawl space of the wooden detached house when
the crawl space is unheated or heated. The operation time of heating was from
May 1% to September 30™. The set point of the heating was 75% RH.

Although with the 30-cm LWA cover the RH is higher when the heating is not used, it
is still an acceptable solution, since the mould index M is clearly below M = 1; see
The PV C cover without heating causes mould growth but, when the heating
is used, the mould index is nearly zero in both cases.
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Figure 29 Mould growth index M with different ground covers and heating in the de-
tached house.

5.3.2 Energy consumption and control strategy

If the ground cover has a high thermal mass, this has a significant effect on the energy
consumption of the crawl space heating. Asthe on/off control is used, energy consump-
tion is directly dependent on the amount of time the heater is on. In the apartment build-
ing the crawl space with 20 cm crushed stone has the heating on 23% of the time; see
The difference, compared to a 20-cm LWA cover which is on 12% of the
time, is remarkable; again, see The changes in the relative humidity of the
crawl space are slow, and the shortest period of time that the heating is on is approxi-
mately 6 hours (not shown in Figure 30). The performance of the heating is basically the
same in the detached house, but LWA needs |ess heating.

1
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Figure 30 Duration curve of operation of heating in the apartment building with 20 cm

crushed stone and 20 cm LWA. Heating is turned on when the control valueis 1 and turned off
when the value is 0. The set point of the heating was 75% RH. The duration curve is drawn for
the heating period, May 1¥-30" September.
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The specific annual heat energy consumption does not differ much between the apart-
ment building and detached house; see The cases of 20 cm crushed stone and
PV C sheet appear to show the highest heat consumption. The lowest heat consumption
is less than one third of the highest one. The highest heat energy consumption was with
PVC with 1 m*h,m? and the lowest with 30 cm LWA with 0.5 m¥h,m?. Asthe heat
consumption is dependent on air change rate, alower air change rate gives lower energy
consumption.
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Figure 31 Specific annual energy consumption for heating a crawl space in the
apartment building and detached house. Different ground covers and air change rates;
the set point of RH was 75%.

To determine the effect of the set point value and heat output rate on energy consump-
tion and moisture conditions in the crawl space, the set point was varied between 70%,
75%, and 80%, and the heat output between 2.5 W/m?, 5 W/m?, and 10 W/m?.

The energy consumption rose considerably when the RH set point was lower; see
32. At aheat output of 5 W/m? the energy consumption in the case of the RH set point
75% was from 45% to 66% of the energy consumption with the RH set point 70%. En-
ergy consumption was lowest with 30 cm LWA, and the case of 20 cm LWA showed
only dlightly higher values. The cases of PV C and 20 cm crushed stone consume

roughly the same amount of energy.
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Figure 32 Specific annual energy consumption with different set points of RH and
ground covers. Detached house, air change rate 0.5 m*h,m?

Even with the lowest RH set point (70%) and lowest heating power of 2.5 W/m?, the
RH in the crawl space with 30 cm LWA exceeds the upper limit of the RH set point
(72.5%) only 3% of the time; see Figure 33] Thisisin good agreement with the results
found in (1) and (I11). Although the cases with 20 cm crushed stone and PV C ground
cover consumed roughly the same amount of energy, PV C exceeds the RH set valuein
asignificant time period at every RH set value, but 20 cm crushed stone only with the
lowest RH set value, showing the advantage of the moisture capacity of the ground
cover.
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Figure 33 Time when the set point of RH is exceeded in the summer from
May 1% to September 30™. Detached house, ventilation rate 0.5 m*/h,m?
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5.4 Transport of particles and fungal spores indoors from crawl
spaces

5.4.1 Concentrations of fungal spores in field measurements (V)

In most cases the concentration of microbes was clearly higher in the crawl space than
indoors or outdoors; see Typically, the mean concentrations of fungal spores
varied between 1000-3000 CFU/m?®, but concentrations of tens of thousands were
measured. The most common speciesin all the environments of the measured buildings
were Penicillium, Acremonium, and Cladosporium.

Table7 Concentration of different fungal species (CFU/m?®), their average, me-
dian, minimum, and maximum values and standard deviations.
Spores
(CFU/m®) Average Median Min Max  Std n
Penicillium Indoor 290 90 5 1620 460 20
Crawl Space 4020 2760 60 17150 4190 20
Outdoor 20 20 5 30 10 10
Acremonium  Indoor 160 40 2 730 240 15
Crawl Space 2240 1870 0 8970 2600 15
Outdoor 15 10 7 30 10 4
Cladosporium  Indoor 30 15 5 150 40 15
Crawl Space 100 30 8 500 140 20
Outdoor 110 90 6 240 100 6
Aspergillus Indoor 70 70 15 130 80 2
Crawl Space 110 50 2 270 140 3
Outdoor 0 0 0
Y easts Indoor 10 8 3 40 10 10
Crawl Space 15 15 3 20 8 10
Outdoor 15 20 3 30 8 6
Sterile Indoor 50 20 4 250 70 10
Crawl Space 20 10 3 80 30 10
Outdoor 220 80 30 1000 380 6

Std Geometric standard deviation
n prevalence of fungal speciesin the samples; the total number of sampleswas 47.
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5.4.2 Correlation between indoor and crawl space microbes (V)

The correlation between concentrations of indoor and crawl space microbes was tested
with the Pearson correlation coefficient. The concentrations of Penicillium indoors and
in the crawl! space did not correlate (Pearson coefficient 0.11), although it was the
dominant species both indoors and in the crawl space; see The concentration
of Acremoniumin the indoor air and craw! space air had a relationship (Pearson coeffi-
cient 0.89), indicating the presence of high countsin crawl spaces reflected as high
counts in indoor air; see
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Figure 34 Correlation between indoor and crawl space fungal spores.

The total concentration of fungal spores between indoor air and craw! space air did not

correlate. However, from Figure 35t can be seen that the elevated levels of fungal
sporesin the crawl space can be seen as elevated levels of fungal sporesin indoor air.
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Sizedistribution

The size of a particle has an important role in respect of the penetration of acrack in a
building envelope, and thusiit isimportant to study the size distribution of fungal spores
in order to be able to estimate their penetration indoors. The size distribution varied ac-
cording to microbial species. The size distributions of Penicilliumin the crawl space
and indoor air were similar in shape, and most microbes were impacted in a stage whose
average aerodynamic diameter was 1.4 um. However, the concentration was clearly
higher in the crawl space; see Outdoors, the highest Penicillium counts were
received for the smallest sizes. The size distributions of Cladosporium were equal in
shape in indoor air, in the crawl space, and in outdoor air; see Most of the
fungal spores of Cladosporium were impacted in a stage whose cutoff aerodynamic di-
ameter was 2.6 um. Compared to Penicillium, the size distribution of Cladosporiumis
clearly skewed towards bigger particles, indicating that Cladosporium spores are bigger
and more uniform in shape. The size distributions of Acremoniumwere similar in al the
environments measured. Y easts indoors were clearly bigger in size; most microbes were
impacted at a stage whose cutoff aerodynamic diameter was 4.2 pm; see

Y easts may have sources indoors, which seem to produce yeast particlesin bigger size
fractions. Also, the species of yeast might be different indoors and in the crawl space.
There were only afew non-sporulating microbes, and their size distributions differed in
the different environments. The maximum counts for Penicillium, Cladosporium and
Acremonium were observed in smaller fungal spores, between 1.4—2.6 um, indicating
that the fungal spores are mainly detected as single spores and not as aggregates. The
data presented are based on the counts and identification of the fungi growing on the
MEA.
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Figure 36 The count size distribution of fungal spores of different microbesin-
doors, outdoors, and in the crawl space. The explanations of abbreviationsin the figure:
n; number of sporesin sizeinterval |, N total number of spores, 4D width of asizein-
terval.

5.4.3 Penetration factor and pressure difference (VI)

In (VI) penetration indoors through a base floor structure was first measured with inert
particles whose supply, monodispersion, and concentrations were relatively easy to con-
trol. A constant supply rate led to steady state concentrations on both sides of the struc-
ture under study and thus it was possible to derive penetration factors at different air-
tightness rates and pressure differences. In the case of Penicillium and Cladosporium,
steady state conditions were not achieved and the results only indicate the fact that
penetration occurred.

Inert particles

The penetration factor s was calculated from Equation (16); penetration from the labo-
ratory hall was assumed to be zero, since the chambers were well sealed. The resultsin
show that there are very small differencesrelative to the air flow paths of the
first three cases for particles of 0.6, 1.3, and 2.5 um. Smaller particles show an only
slightly higher penetration factor. This indicates that holes in the surface boards of the
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structure (which increase airtightness only from 1 to 1.4 ach) do not affect the penetra-
tion of these particles. It seems that mineral wool and, probably, especialy its surface
contacts, islikely to dominate the penetration of these particles. The penetration factor 0
for 4 um seems to confirm the importance of the mineral wool layer (and its installa-
tion) for smaller particles. For 4-um particles mineral wool acts as a perfect filter. The
last structure, with an open pipe, shows a completely different performance, with much
higher penetration factors for all particles. All the resultsin [Table 8 ktress the impor-
tance of pressure difference across the structure. In al the particles and structures stud-

ied a higher pressure difference resulted in a significantly higher penetration factor.

Table 8

paths and pressure difference.

Penetration factors for the base floor structure with different airflow

Description of the Air Pressure | Penetration factor with different
Floor Structure tight- | difference sizes of supplied particles
ness* (Pa) )
(ach)
0.6(um) | 1.3(um) | 2.5(um) | 4(um)
1.0 20 0.19 0.19 0.18 Not de-
tected
No penetrations 6 0.12 0.08 0.06 Not de-
tected
1.0 20 0.20 0.20 0.16 Not de-
tected
Sealed @15-mm pipe 6 0.08 0.07 0.05 Not de-
tected
14 20 0.14 0.15 0.10 Not de-
tected
@10-mm holesin the 6 0.06 0.03 0.02 Not de-
surfaces tected
1.4 20 1.0 0.47
Open @15-mm pipe 6 0.54 0.19

*For residential and apartment buildings, an air leakage value of 1-2 ach is often con-

sidered to mean an airtight building (Persily 1998).

The deposition velocity is very important for the penetration factor. In [figure 37 the er-
ror bars for the penetration factors were cal culated from the lowest and highest meas-
ured deposition velocities in recent studies, shown in The difference between
the minimum or maximum value and the value used in this study might, depending on
deposition velocity, be as high as 48% (2.5 um). However, the difference in the value of
the penetration factor was only from 0.01-0.08, depending on the case, expect in the
case of an open pipe with particles of 1.3 um.
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Figure 37 Penetration factors calculated with different deposition velocities

Penicillium and Cladosporium

The penetration of fungal spores was also estimated from the results of the optical parti-
cle counter. Since the chambers did not reach a steady state and only the range of the
particle diameter was known, the penetration rate was estimated as a percentage of the
particles that penetrated through the structure. These percentages are compared to the
results of inert particlesin The results show the same tendency asin the case of
inert particles; the penetration rate is strongly dependent on pressure difference, but
holes in the surface boards have only aminor effect on penetration.

Table9 Percentage of fungal spores that penetrated through the structure meas-

ured with the optical particle counter, compared to the results of inert particles
Floor Airtightness | Pressure Inert Inert Penicillium Cladosporium
Structure (ach) 1.3 um 2.5 ym 1.0-5.0 pm 1.0-5.0 pm
No penetra- 14 high* 3.20 1.60 0.79 1.16
tions low** 1.00 0.70 0.17 0.42
@13-mm holes 2.4 high* 0.70 0.63
in the surfaces low** 0.21 0.31

* high pressure 20 Pafor inert particles and 18 Pafor fungal spores
** |ow pressure 6 Pafor both inert particles and fungal spores

Most of the spores of Penicillium were impacted at Stage 4, corresponding to a mean
geometric diameter of 2.6 um. Spores of Cladosporium were mainly impacted at Stages
4 and 5, corresponding to mean geometric diameters of 2.6 um and 1.4 pm.

During the testing of Cladosporium, which was carried out 21 hours after the testing of
Penicillium, spores of Penicillium could still be detected. According to the optical parti-



cle counter, the levels of particles were low, but spores of Penicillium were still de-
tected with the Andersen impactor in all the measurements with Cladosporium. Supply-
ing the spores was problematic, causing too high concentrations in CH2, resulting in all
the samples taken from CH2 being overcrowded after the cultivation of impactor plates.
Thus, the results shown in [Table 10 jare only indicative estimates and the real values
may be lower due to higher concentrations in CH2 than it was possible to measure with
the impactor. The penetration rates calculated in percentages again show a strong de-
pendence on pressure difference. In CH1 (indoor) the results between the optical parti-
cle counter and Andersen impactor correlated well, with a correlation factor of 0.93.
However, for CH2 the correlation factor was only 0.60, which was due to overcrowded
results with the Andersen impactor in CH2.

Table 10 Penetration of spores (%) of Penicillium and Cladosporium from CH1 to

CH2 detected with Andersen impactors.

Floor structure Pressure Supply of Penicillium | Supply of Cladosporium
Detected Detected Detected
[Pa] Penicillium Cladosporium | Penicillium
No penetrations 18 6 24 1
6 1 5 0
@13-mm holesin the surfaces 18 - 50 1
6 3 2 3

6. DISCUSSION

6.1 Accuracy of the simulation model

The simulations were carried out in the IDA simulation environment and the model uses
the RC network, with about 70 calculation points. The main simplification of the model,
the effect of heat transfer in the ground on the inaccuracy of the calculation of the tem-
perature, reflects the inaccuracy of the calculation of relative humidity. However, the
deviation is, at its maximum, 1.5 °C, and usually less than 0.5 °C.

When the calculated and measured results are compared, some uncertainties in bound-
ary conditions should be taken into account. It was not possible to use exact air change
ratesin (I and I1), but the air flow rate of the exhaust fan of the crawl space was used as
the air change rate in the relatively cold wooden building, and in the relatively warm
craw! space the average of a three-month measurement period with natural ventilation
was used. Nevertheless, when the cal culated temperatures are compared to the measured
ones, areasonably good agreement between the crawl space temperatures can be seen.

The measured crawl space of the wooden building was complex in its geometry —the L-
shaped building had 2 x 3 sections, which causes some disagreement when the meas-
ured and calculated results are compared, since in the model the air mixing was as-

sumed to be complete.

In (1) the moisture models were compared. The improved model took the moisture
transfer in the ground cover and base floor into account. The simplified model without
moisture capacity overestimates the fluctuation of relative humidity and the RH levels
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in the summer. Although the model was improved, it still calculated the moisture trans-
port in the base floor and ground cover with arelatively rough model. The slope of the
sorption isotherm was a linear approximation with two sorption isotherms, of which the
last point was the upper hygroscopic limit value of the moisture content (at 100% rela-
tive humidity). In addition, vapour permeability was taken as constant. Although most
building materials have humidity depending diffusion properties and a steeper sorption
isotherm in the high humidity range, the model calculated the relative humidity in a
crawl space with reasonable accuracy.

The absolute value of difference between the measured and calculated values of relative
humidity was highest if no moisture capacity was taken into account (I1). The effect of
moisture capacity was clearly higher in the cold crawl space with a wooden base floor.
If the moisture capacity of lightweight clay aggregate and the base floor are taken into
account, the absolute difference between the measured and calcul ated values was
mostly under 5%.

To assess the sengitivity of the main simulation parameters the DSA method was used
in (IV). However, the use of DSA is not straightforward, as the underlying assumption
of DSA isthat the effect of an uncertainty islinear over the perturbance. Still, DSA is
widely used since it enables the sensitivity of the program outputs to input parameter
changes to be explored directly (Lomas and Eppel 1992). It also permits the total uncer-
tainty in a chosen output due to changes in many inputs. However, the total uncertainty
isonly strictly correct if the sensitivity to each individual input is independent of the
value of the other inputs. This assumption is nevertheless not true for such thermal sys-
tems as buildings or crawl spaces. In this study, the DSA method was useful in analys-
ing the sensitivity to temperature of the parameters studied. The sensitivity resultsre-
garding relative humidity did not have any physical meaning as its behaviour in respect
of varied parameters was not linear. The most important factors, and those having the
strongest effect on crawl space thermal behaviour, were air change rate and the thermal
properties of the ground cover.

6.2 Ground covers and air change rate

Thermal and moisture capacity, as well as moisture and thermal resistance, proved to be
important properties of ground coversin (I, II, and I1). In awarm crawl spacea PVC
cover (high moisture resistance and negligible thermal resistance) and other ground
covers reduced relative humidity in the crawl space. In a colder crawl space, PV C cover
did not provide any benefit in the critical summer period because it does not insulate the
cold ground from the crawl space. Another disadvantage of PV C might be that a water-
and vapour-tight cover can provide circumstances for microbial growth in the ground
soil. However, how the microbes behave in these kinds of circumstances has not been
widely studied. An LWA ground cover has moisture capacity and, in (1), the ability to
reduce fluctuationsin relative humidity was shown. A 15-cm layer of LWA and 5 cm of
EPS have the same thermal resistance. However, the crawl space with EPS insulation on
the ground showed dlightly lower relative humidity due to the smaller heat capacity of
the EPS cover. Thus, an ideal ground cover should have a high moisture and heat resis-
tance, a high moisture capacity, and alow heat capacity.

Air change rate affects the thermal behaviour of, and, thus, the relative humidity in a
crawl space. For awarm crawl space air change rates of 0.5-1.0 ach are sufficient to
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avoid mould growth. For colder crawl spaces a higher air change rate for the summer
has to be used to warm up the crawl space. Ground covers with a thermal resistance of
~1.3m?K/W (i.e. 15 cm LWA or 5 cm EPS) and an air change rate of 2 ach or higher
gave acceptable conditions in summer. The highly-insulated (thickness of ground cover
> 30cm LWA or = 10cm EPS) crawl spaces studied in (111) behave differently; alow air
change rate gives the driest conditions in the summer. In July, which is one of the most
critical months of the summer, the higher the thermal resistance of the ground cover, the
less important was the value of the air change rate.

The highest safety level in respect of mould growth may be achieved, especially when
taking into account varying weather conditions, by using highly insulating ground cov-
ers. The study in (I11) concerning the effect of insulating foundations showed rather sur-
prising results. It seems that a heat flow through the foundation warms the crawl space
in the summer, and thus the crawl space was at its warmest and the RH was at its lowest
when there was no insulation in the foundations. Heat flow is modelled as the average
heat flow through the whole of the foundation, and it may cause some inaccuracy in the
results. Another significant result was that the location of the insulation on the base
floor construction seems to have no effect on crawl space conditions. The results were
the same regardless of whether the insulation was on or under the slab.

6.3 Acceptability of moisture conditions

In order to avoid mould damage to structures, the lowest threshold conditions at which
fungal growth is possible are critical. The duration time of the conditions is also signifi-
cant in respect of mould growth (Grant et al. 1989, Viitanen 19972 1997°). For mould
devel opment the humidity conditions or moisture content close to the surface of materi-
als are most critical, since the moulds grow on the surface (Grant et al. 1989, Adan
1994, Viitanen 1997a). However, if materials are wet the humidity of the microclimate
near the surface can be higher for alonger time and may promote fungal growth, so that
even though the humidity in the whole ambient air massis low, growth can be faster.

The mould growth model used, developed by Viitanen (1996) and Viitanen et al.
(2000), is based on mathematical relations for the growth rate of the mould index in dif-
ferent conditions, including the effects of exposure time, temperature, relative humidity,
and dry periods. The modd is purely mathematical in nature since the mould growth is
only investigated by visual inspection and it does not have any direct connection to bi-
ology in the form of the number of living cells and particles. The model also assumes
that all microbes behave in asimilar way, although the range of conditions in which mi-
crobes can grow iswide (Chang et al. 1995, Clarke et a. 1999).

In this study the critical value of relative humidity in the mould growth index equation
was chosen to be between 75-80% and the criterion for the mould index value 1, which
indicates that some mould growth can be detected using a microscope. The values for
relative humidity have been used in many studies (Nevander et al. 1991, Viitanen 1991,
Pasanen 1992, Nevander and Elmarsson 1994, Samuelsson 1994), but it can be argued
whether the value for the mould index is correct. However, once mould growth has
started it can grow even after long dry periods, and thus the lowest limit value was cho-
sen to be the critical one.
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Weather data have a strong effect on mould growth in outdoor air-ventilated crawl
spaces. In this study the cal culations were basically calculated with the weather data of
the year 1998, which was considered to be atypical year in respect of temperature and
humidity conditions. In an outdoor air-ventilated crawl spaceit isimpossible to avoid
favourable conditions for mould growth if the outdoor air is very humid. In (1) the con-
ditions in the crawl space were calculated with the modified weather data of 1979, i.e.
the so-called Finnish test year, which had a humid and cold summer. In these conditions
mould growth cannot be avoided, as reported in (11). Hyppel (1990) and Aberg (1993)
reported similar conditions in the year of 1988. Therefore, in exceptional humid sum-
mers mould growth ssimply cannot be avoided in surfaces that are in contact with out-
door air.

The mould index used in this study to evaluate the acceptability of moisture conditions
isagood measure for the durability of structures. However, the mould index isnot a
limit value for conditions indoors and it should be noted that even if the mould index
shows alow risk of microbial growth sensitive inhabitants may have symptoms. Usu-
ally, inindoor environments the concentration of fungal sporesin indoor air is meas-
ured. Elevated concentrations of fungi in residences have been associated with several
health effects, such as respiratory symptoms and asthmatic symptoms (\Waegemaekers
et al. 1989, Bjornsson et a. 1995). Some case studies have shown an increase in asth-
matic and other respiratory symptoms and even an outbreak of occupational diseases
due to exposure to mould (Hodgson et al. 1998, Seuri et al. 2000). However, in many
studies no correlation between fungal levels and symptoms was found (Strachan et al.
1990, Klanova 2000, Su et a. 2001). Generally, the viable fungal counts have great
temporal and spatial variations (Hunter et al. 1988, Pasanen 1992). Fungi fail to release
spores continuously, and the release depends on ambient conditions (Pasanen et al .,
1991).Therefore, short-time samples of viable fungi do not aways indicate exception-
ally high exposure to fungi.

6.4 Measurement of fungal spores

Generaly, viable fungal counts exhibit great temporal and spatial variations (Hunter et
al. 1988, Pasanen et al. 1991). Fungi fail to release spores continuously and the release
depends on ambient conditions (Pasanen et al. 1991). Short-term samples of viable
fungi are not aways indicative.

Samples for airborne microbes were collected with a six-stage Andersen impactor. Ma-
jority of the resultsin Finland in respect of airborne microbes have been collected by
using Andersen impactor, thus, this method was also used in this study to guarantee the
comparability between previous and these results. Andersen impactor makes possible
not only the identification of airborne microbes but also the determination of their size
distribution. However, microbial cells that are unable to form colonies on the selected
medium or cellsthat are not viable will not be detected. It is known that viable counts
comprise only about 1% of the total counts of the sporesin residential environments
(Toivolaet a. 2002). However, the six-stage impactor is one of the recommended
choices for the collection of viable microbes proposed by the International Aerobiology
Symposium and the American Conference of Governmental Industrial Hygienists (Jen-
sen et al. 1992, Willeke and Macher 1999).
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In a subarctic climate, the concentration of fungal sporesindoorsin summer isusually
smaller than the concentration outdoors, whereas in winter the indoor/outdoor ratio is
often over 1 in apartments, aswell asin offices (Pasanen et. al. 1990). Generaly, out-
door air isthe main source of fungal spores and the seasonal variation iswide; thereisa
three-to-four order of magnitude in a subarctic climate (Finland). In this study the in-
door/outdoor ratio in the summer was between 0.4 and 0.8 in most buildings, which is
in the same range as measured in earlier studies, e.g. Reponen et al. (1989).

The indoor/outdoor ratios in this study did not differ between buildings with mechanical
exhaust ventilation and mechanical supply and exhaust ventilation. However, according
to an earlier study (Reponen et al. 1989), the indoor/outdoor ratio was higher in build-
ings with mechanical exhaust ventilation than in buildings with mechanical supply and
exhaust ventilation. A reason for this might be that in this study all the measured build-
ings that had mechanical supply and exhaust ventilation were primary schools or day
care centres and the measurements were taken during the working day, so that the influ-
ence of outdoor air on indoor air concentrations could not be avoided. Additionally, the
clothes of the children might be potential carriers of spores (Pasanen A-L 1992).

The concentrations of Penicillium indoors and in the crawl space did not correlate
(Pearson coefficient 0.11). Penicilliumisavery typical fungusindoors and outdoors,
and there are severa sources of Penicilliumindoors, which makes the correlation com-
plicated. Furthermore, previous results show that Aspergillus and Penicillium spores are
released into the air more easily than Cladosporium spores. Thisis one reason why
Penicillium spores are common in indoor air (Pasanen et a. 1991). Compared to Peni-
cillium, the size distribution of Cladosporium was clearly skewed towards bigger parti-
cles, indicating that Cladosporium spores were bigger and more uniform in their shape,
asreported in the literature (e.g. Reponen 1994). On the other hand, previous studies
have shown that the size of the spores increases when humidity increases (Pasanen A .-
L.etal. 1991).

According to many studies the most abundant fungi found in indoor air has been Peni-
cillium, together with Aspergillus, and Cladosporium (Hunter et al. 1988, Waege-
maekers et al. 1989, Pasanen 1992a, Kuo and Li 1994, Li and Kuo 1994, Burge et al.
2000) as well as yeasts (Hunter et al. 1988, Pasanen 1992a). Kalliokoski et al. (2002)
studied school kitchens and dining halls which are considered to be vulnerable for fun-
ga growth due to large amounts of water used for cleaning. The dominant fungal genera
and groups were Penicillium, yeasts, Cladosporium and Aspergillus, and these fungi
were also the most common in the schools main study areas. In addition, they also re-
ported that Acremonium was found frequently in the investigated schools. Hyvéarinen et
al. (1993) found Acremoniumin 32% of air samples in problem buildings and 12% in
reference buildings. In our study Acremonium was found in most of the studied build-
ings and the concentrations were relatively high, in average 160 cfu/m® in indoor air.
The most common fungal generawere Penicillium, Cladosporium and Acremonium.
Furthermore a relationship between the concentration of Acremonium indoors and in
crawl spaces (Pearson coefficient 0.89) was found in our study. Thiswill indicate that
when there were high counts in crawl spaces the same was also the case in indoor air.
As Acremonium does not have typical sourcesindoors, it most probably originates from
a contaminated crawl! space via leakage through the base floor.
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Y easts particles indoors were clearly bigger in size. Y easts may have sources indoors,
which seem to produce yeast particlesin bigger size fractions. Also, the species of yeast
might be different indoors and in the crawl space. There were only afew non-
sporulating microbes, and their size distributions differed in the different environments.
This may indicate different species growing on the plates.

There are many factors affecting the size of fungal spores, such as age, dehydration, ag-
glomeration, and the relative humidity of the surrounding air. In an earlier study (Repo-
nen 1994), it was found out that the most common fungal spores, such as Penicillium,
Cladosporium, Aspergillus, and yeasts, have their maximum concentrations in the size
range 2.1-3.3 um. In our study, the maximum counts were observed in smaller fungal
spores, between 1.4-2.6 um, indicating that the fungal spores are mainly detected as
single spores and not as aggregates. This size range isinteresting, as the alveolar depo-
sition of particles above 0.5 um has a maximum at about 3 um. Therefore, even small
changesin particle size around this maximum value have an effect on the deposition
pattern of particles (Reponen 1994).

The transport of inert particles through cracks has been studied in many studies. Vette et
al. (2001) report penetration factors of 0.5-0.8 for particles in a size range of 0.5-

2.5 um. Mosley et al. (2001) found that at a pressure of 5 Pa 40% of 2-um particles and
<1% of 5-um particles penetrate through horizontal dlits of aheight of 0.508 mm. In a
study (Liu and Nazaroff 2001) particles of 0.1-1.0 um are predicted to have the highest
penetration efficiency, nearly unity for crack heights of 0.25 mm or larger at a pressure
difference of >4 Pa. Raunemaa et al. (1989) had found Sulfur-containing particles of
sizesbelow 1.5 um to penetrate afilter unit easily, elemental removal efficiency being
only 7%, in aventilation system of a office building. These results are important and
support the findings of study (V); most of the fungal spores were impacted at the stage
corresponding to a mean aerodynamic diameter of 1.4 um, which makes them very suit-
able for penetration through a base floor.

6.5 Penetration of particles and fungal spores through a structure

The experiments in the laboratory in (V1) were intended to simulate the entry of parti-
cles and fungal spores through building envelopes when all windows and doors are
closed. The equation used to calculate the penetration factor (Eq 16) applies for inert
particles and a possible source of uncertainty is the assumption that the penetration
through all the other parts of the envelope except the floor under study is zero. How-
ever, the error is probably minor since the chambers were carefully rendered airtight
and the leakage rate was measured. The estimation of the penetration of fungal sporesis
more complicated, since they can agglomerate and some of them are sticky on their sur-
faces, and additionally the shape of microbesis not always spherical. Furthermore, a
steady state was not achieved and therefore the measured results were only indicative
for fungal spores.

The penetration factor is strongly dependent on deposition velocity. Recent studies on
particle deposition on indoor surfaces, e.g. Lai (2002), make it clear that the deposition
rate varies broadly across conditions. Particle size is undoubtedly important. However,
other factors can also influence the deposition rate significantly, including interior fur-
nishings (quantity and type of surface) and indoor air movement. According to Thatcher
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et a. (2002), air movement from zero to 0.142 m/s (which isatypical air velocity in-
doors) increased the deposition rate by 15% for 1-um particles and by 24% for 1.9-um
particles. Furnishings had a great impact on the deposition rate, which increased by over
100% for 1-um particles at an air velocity of 0.054 m/s and 78% for 2.5-um particlesiif
the bare room was furnished (Thatcher et al. 2002). The highest deposition rates were
mainly found in field settings (Abt et al. 2000, Long et al. 2001, Vette et al. 2001),
where the control of experimental settingsislimited. Even in the best conditionsit is
difficult to isolate deposition from the many competing factors that can influence air-
borne particle concentrations. In (V1) the deposition velocity used was a combination of
measurements and theoretical assumptions from studies (Xu et al. 1994, Thatcher et al.
2002, Lai and Nazaroff 2000). The penetration factor was also calculated with other
deposition velocities measured in similar chambers. Although the penetration factor in
(V1) varied greatly, depending on deposition velocity, it still clearly demonstrated the
fact that the penetration occurred even at lower pressure differences and that the pene-
tration was highly dependent on pressure difference.

The penetration factors of particles within the range of 0.5-2.5 um were, in recent stud-
ies (Liu and Nazaroff 2001, Mosley et a. 2001, Vette et a. 2001), between 0.5 and 1,
depending on the dimensions of the cracks studied. These results cover the size distribu-
tion of fungal spores, and the peak of spores of 1-2 um seems to be very capable of
penetration if the length of the crack is higher than 0.1 mm (Liu and Nazaroff 2003).
Liu and Nazaroff (2001) have estimated that penetration through mineral wool insula-
tionisnegligible. In (V1) there was mineral wool inside the structure, and, as the results
showed, penetration occurred, since the installation of mineral wool is seldom perfect,
allowing some routes for particles. The penetration factors determined in (V1) were sig-
nificantly different than in former studies, indicating that the surface contacts of mineral
wool are likely to have an important effect on penetration. The importance of surface
contacts seems to be confirmed by tests with holes in surface boards, which did not
have any effect on penetration.

Theresults of (V1) address an important question for the design and construction of
buildings, because even the determined small penetration factors of 0.05t0 0.2 at a
moderate pressure difference will cause elevated concentrations indoorsiif the crawl
space is contaminated. Additionally, Pessi et al. (2002) have found that fungal spores
can penetrate structures used as external walls if mechanical exhaust ventilation is used.
It seemsthat it is difficult to control the penetration of fungal spores by sealing the
building envelope, leaving pressurising the building as the only way to prevent penetra-
tion. A significant difference in penetration, between a6 and 20 Pa under-pressure, was
shown in (V1). Although pressurising is an obvious way to block penetration it may
cause condensation in structuresin cold climates. Thus, balanced ventilation is recom-
mendable for cold climates in order to decrease the risk of penetration.

6.6 Important factors in designing outdoor air-ventilated crawl
spaces in a cold climate

The key problem in cold climate crawl spacesis high relative humidity during summer
caused by alow temperature. Low temperatures in the summer are the result of atime
lag in thermal behaviour which is caused by the high heat capacity of the ground soil
and foundations. In principle, the time lag can be decreased by increasing the air change
rate or by decreasing the heat capacity.
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Outdoor air-ventilated crawl spacesin cold climates can roughly be divided into two
categories, relatively warm and cold crawl spaces. Typically, buildings with alow level
of thermal insulation in the base floor have relatively warm crawl spaces due to heat
flow from indoors. A crawl space may aso have some other heat source e.g. district
heating pipes. In arelatively warm crawl! space temperature in summer can even be
20°C. In these crawl spaces moisture problems are easy to avoid; ground soil should be
covered so as to prevent moisture flow from the ground and an air change rate of at least
0.5 ach is enough to keep relative humidity at alow level. Even a PV C sheet is enough
to keep relative humidity low provided that it is not insulating relatively cold ground
soil. However, a PV C sheet is not recommended because of the risks of a possible water
leak into the crawl space. For arelatively cold crawl space a highly insulating ground
cover isrecommended. A highly insulated crawl spaceis not sensitive to the air change
rate, and, thus, natural ventilation can be used. If atraditional thin layer on the ground is
used, a higher ventilation rate is needed in the summer to warm up the crawl space and
to decrease relative humidity. A safer way to construct a cold crawl spaceisto usea
thick ground cover with athermal insulation, e.g. 30-cm LWA, and a constant air
change rate of 0.5 ach. In addition to thermal insulation, an LWA ground cover has
moisture capacity and is able to decrease the highest peaksin relative humidity.

The use of ground covers with thermal insulation to prevent an increase in relative hu-
midity is recommended in studies (1)-(111). These studies a so stress the limited effect of
air change rate on moisture control. However, these measures may not be sufficient to
keep relative humidity below its critical value in respect of mould growth, especially
during critical weather conditions. Weather conditions vary considerably during the
year and, due to the high thermal capacity of a crawl space, the weather conditions of
the previous year will affect the conditions as well. Microclimates too play an important
role in crawl space conditions (Svensson 2001). It seems that during summers with high
humidity arisein relative humidity cannot be avoided in outdoor air-ventilated crawl
spaces. Heating a crawl space is not often considered to be a solution for moisture con-
trol, due to the energy consumption involved. However, (1) shows that with reasonable
ground insulation and air change rate the annual specific energy consumption of heating
islow, only about 2-3 kWh/m?, which is, for example, usually about 1% of the energy
consumption of atypical residential building (Aho et al. 1998).

In addition to thermal and moisture behaviour, an important factor in designing a crawl
space is the pressure difference between crawl space air and that indoors. Residential
buildings in Finland often have mechanical exhaust ventilation, where intake air comes
through inlets and cracks. In cold climates, inlets may cause draughts in winter and con-
sequently are often closed, resulting in a higher under-pressure indoors and increased
infiltration through cracks. In most buildings the base floor between the first floor
apartments and the crawl space is not air-tight. As the apartments have lower pressure
than the crawl space due to mechanical exhaust ventilation, crawl space air may flow
into the apartments. Field measurementsin (V) showed that concentrations in a crawl
space could be severa orders of magnitude greater than indoors, and a correlation be-
tween concentrations of Acremonium spores indoors and in crawl spaces was estab-
lished. Thus, a crawl space may be a possible source of indoor air contamination. Basi-
cally, the pressure difference between crawl spaces and indoors can be eliminated by
causing an under-pressure in the crawl space. However, in Kurnitski’s study (2000) it
was demonstrated that mechanical extract ventilation in the crawl space could not re-
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move the pressure difference at any realistic air change rate. Tightening the leakagesin
the base floor decreases the air flow, but, asthe resultsin (V1) showed, even very small
penetration factors can cause el evated concentrations indoors if the crawl spaceis con-
taminated. It is an open question whether crawl spaces can be made sufficiently clean
for intake air to be taken from them. Obviously, the use of a balanced ventilation system
in apartments and the careful sealing of leakages in the base floor are recommended.

Demandsfor further research

Moisture conditionsin crawl spaces can be predicted with relatively good accuracy.
However, it is still unclear how the results should be interpreted. Microbial growth isa
complicated question, since significant differences exist among various species. It is
also unclear what the causal agents of exposure and the mechanisms of the health ef-
fects are. Usually, in indoor environments the concentration of fungal sporesin indoor
air is measured. Elevated concentrations of fungi in residences have been associated
with several health effects, such as respiratory symptoms and asthma, or even an out-
break of occupational diseases. On the other hand, many studies have shown no correla
tion between fungal levels and symptoms. The mould index used in this study to evalu-
ate the acceptability of moisture conditions is a good measure for the durability of struc-
tures. However, the mould index is not alimit value for conditions indoors and it should
be noted that even if the mould index shows alow risk of microbia growth, sensitive
inhabitants may have symptoms. Criteriafor microbiologically clean buildings are still
an open question and further research is needed.

In the case of damage caused by moisture, a significant amount of contaminated materi-
als can remain in structures even after repairs. Therefore, the potential transport of pol-
lutants from and through structures has great importance in respect of the design and
construction of buildings. An important topic for future research isto study which fac-
tors affect the rel ease and penetration of pollutants and possible measures, such as seal-
ing and pressurising, that can be taken to avoid these.

The possible danger for the occupants of dwellings liesin the production and spreading
of disease-causing agents, i.e. pathogens. However, even though existing fungi may not
spread pathogens, they may still become particulate matter. The studies published to
date have focused on the penetration of nonvolatile particles. Fine particles often con-
tain significant proportions of volatile constituents, such as water, organic compounds,
and nitrates. The behaviour of such particles and their constituents in air leakage path-
ways could be considerably different from that of purely nonvolatile particles. Contin-
ued developmentsin this area would improve our understanding of how ambient parti-
cle sources might affect health. This might also lead to improvements in building design
and operation that would reduce human exposure to outdoor particulate matter and fun-
ga spores.



7. CONCLUSION

In thiswork outdoor air-ventilated crawl spacesin a cold climate were studied. The
craw! spaces studied had either awooden or concrete base floor (U value 0.2-

0.4 W/m?K). The results should not be generalised to other climates or other types of
crawl spaces.

The most important factors causing mould growth in a crawl space are relative humid-
ity, temperature, nutrition, and pH. In practice, relative humidity is the most significant
factor causing mould growth in crawl spaces. Moisture control in an outdoor air-
ventilated craw! space is problematic due to time lags in the thermal behaviour of the
crawl space. Especialy in the summer, the moisture conditions become problematic be-
cause the crawl space remains cold and outdoor air is usually warmer and has a higher
moisture content than the air in the crawl space. Thus, in such conditions outdoor air
can transport net moisture into the crawl space. This can be prevented by reducing the
time lag between the outdoor air temperature and the crawl space temperature. The time
lag is caused by the high heat capacity of the ground soil and foundations, and it can be
decreased by increasing the air change rate or decreasing the heat capacity.

M oisture performance

Important factors in controlling moisture and, thus, mould growth in crawl spaces are
the ground cover and heat losses to the crawl space. Anideal ground cover hasalow
thermal capacity and a high moisture capacity, as well asthermal resistance. A ground
cover and other surface materials with a high moisture capacity decrease the peaks and
level of relative humidity in a crawl space and therefore decrease the risk of mould
growth. In arelatively cold crawl space lightweight clay aggregate and expanded poly-
styrene showed good moisture performance and in arelatively warm crawl space
crushed stone and PV C sheets performed well. However, a PV C sheet is not recom-
mended because of the risks of a possible water leak into the crawl space. The effect of
ventilation rate was smaller than expected, as air change rates between 0.5-2.0 ach had
only aminor effect on moisture performance in most cases. Only if PV C or crushed
stone ground cover is used does the higher air change rate clearly warm up the crawl
space in the summer and, thus, decrease relative humidity. However, a higher ventila-
tion rate in the summer is also recommended in crawl spaces with thin layers of ground
cover.

Satisfactory conditionsin arelatively warm crawl space can be achieved if the ground is
covered and the air change rate is between 0.5-1.0 ach. A relatively cold crawl space
needs either 1) aground cover with a moderate thermal resistance, e.g. 15-cm light-
weight clay aggregate, and a higher air change rate in the summer, at least 2.0 ach, or 2)
aground cover with a high thermal resistance, e.g. 30-cm lightweight aggregate, and an
air change rate of 0.5 ach, so that natural ventilation can be used.

In principle, relative humidity and temperature in a crawl space can be very closeto
outdoor humidity and temperature if the air change rate is very high and the entire ther-
mal mass present in the crawl spaceis highly insulated. Heat |osses through the base
floor have an effect on crawl space temperature and, thus, moisture conditions. If the
base floor U-valueis reduced by half (U=0.4 - 0.2 W/m?K), the temperature in the
crawl spaceis, on average, 2°C lower, and the relative humidity nearly 10% higher.
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Insulation of the foundations and the location of the base floor insulation had minor ef-
fects on crawl space conditions. Temperature and relative humidity were nearly the
same, regardless of whether the insulation was on or under the base floor slab. The insu-
lation of the foundations had some effect on temperature and relative humidity when the
ground was covered with LWA and the crawl space was small, i.e. the area of the crawl
space was the same as that of the foundations. In the summer a crawl space without in-
sulation in the foundations was slightly warmer and thus had lower relative humidity,
since the heat flow from outside warmed the crawl space.

Heating a crawl space in summer is an excellent way to control relative humidity when
the evaporation rate from the ground islow. If significant ground evaporation is sus-
pected, it should be reduced by means of an appropriate ground cover. The advantage of
heating is greatest if the ground cover has a high level of thermal conductivity; alight-
weight clay aggregate ground cover performs well even without heating. Heating is best
suited to renovation cases or those in which it is essential to avoid al mould growth.

The specific annual energy consumption for heating a crawl spaceis generaly low,
within arange of 1.4-3.6 kWh/m?, if the controller set point value and ventilation rate
are kept reasonable. The results may be formulated as a design guideline for cold cli-
mate crawl space design; a heated craw! space needs a heat output rate > 2.5 W/m?, a
controller with a set point of 75% RH, and an air change rate of 0.5 m*h,m?

Transport of fungal spores

In mechanical exhaust ventilation, if the base floor has some leaks, pressure measure-
ments show that air flows through leaks in the base floor into the apartment. The change
of ventilation rate in the dwelling directly reflects that in the crawl space. In the worst
cases, al the extract air from the crawl space may flow through the base floor to the
apartment.

A comparison of fungal spore concentrations indoors, in crawl spaces, and outdoors
usually demonstrates that the highest concentration isin the crawl spaces. In the build-
ings that were studied the size distribution of spores of fungal species was mainly simi-
lar in shape in the crawl space and indoors. The shape of the size distribution varied be-
tween fungal species.

In the field measurements the extent of the correlation between the fungal sporesin the
crawl space and indoors depended on the microbial species. The concentration of the
most abundant species, Penicillium, did not correlate between craw! spaces and indoors.
The concentration of Acremonium, which do not have a natural source indoors, corre-
lated to the indoor concentration, indicating air leakage and fungal spore transport from
crawl space air to that indoors.

In the full-scale laboratory measurements it was established that inert particles and fun-
gal sporesin the size range 0.6-2.5 pum penetrate a wooden structure at moderate pres-
sure differences of 6-20 Pa. Measurements showed that the penetration was highly de-
pendent on pressure difference and not dependent on holes in the surface boards of the
structure. The results seem to show that the surface contacts of mineral wool with other
building elements may play an important role in the penetration.
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Laboratory and field measurements indicated that it is difficult to control the penetration
of fungal spores by sealing the building envelope. The only effective way to avoid pene-
tration seems to be balancing the building. However, in cold climates the moisture con-
densation risk should be taken into account. The penetration factors determined were
highly dependent on pressure difference, being roughly twice as high, at 20 Pa, in rela
tion to 6 Pa. Thisindicates that mechanica exhaust ventilation causing an under-
pressure in the building may cause health risks if some contamination existsin the
building envelope.
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