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Foreword from the Old Testament [8]

Cleansing from mildew

*3The Lord said to Moses and Aaron: **"When you enter the land of Canaan,
which | am giving you as your possession, and | put a spreading mildew in a
house in that land, *°the owner of the house must go and tell the priest: I

have seen something that looks like mildew in my house.' *°

The priest is to
order the house to be emptied before he goes in to examine the mildew, so
that nothing in the house will be pronounced unclean. After this the priest is
to go in and inspect the house. *'He is to examine the mildew on the walls,
and if it has greenish or reddish depressions that appear to be deeper than
the surface of the wall, *°the priest shall go out of the doorway of the house
and close it up for seven days. *°0On the seventh day the priest shall return to
inspect the house. If the mildew has spread on the walls, “°he is to order that
the contaminated stones be torn out and thrown into an unclean place
outside the town. “*He must have all the inside walls of the house scraped
and the material that is scraped off dumped into an unclean place outside
the town. **Then they are to take other stones to replace these and take new
clay and plaster the house. “’If the mildew reappears in the house after the
stones have been torn out and the house scraped and plastered, **the priest
is to go and examine it and, if the mildew has spread in the house, it is a
destructive mildew; the house is unclean. **It must be torn down — its stones,
timber and all the plaster — and taken out of the town to an unclean place.
*®Anyone who goes into the house while it is closed up will be unclean till
evening. *’Anyone who sleeps or eats in the house must wash his clothes.
*®But if the priest comes to examine it and the mildew has not spread after
the house has been plastered, he shall pronounce the house clean, because
the mildew is gone."



Glossary of terms

Aerobic/anaerobic

Biological processes taking place in the presence/absence of oxygen.

Allergy
Aggravated response by the immune system that deviates from the standard,

defined by a pathogenic hypersensitivity; caused by contact of the organism
with an allergen.

(Alternaria) sp.

The abbreviation sp. means that all species of the respective fungus genus
are included.

Anamorph
Asexual fruiting bodies, imperfect stage.

Ascomycetes

Class of fungi that form spores in an ascidium (tubular organ), e.g. truffles.

Basidiomycetes

Mushrooms, class of higher fungi which is abundant in forms; often rich
sporulation at special carriers (basidia) (e.g. agarics, boletes, lycoperdales,
the closed fruiting bodies of which open only after the spore ripeness: e.g.
puffballs).

Biocorrosion

Change of the structure and the stability of a building material through
excretion of metabolic products that have a direct corrosive effect, through
discolourations of biogenic pigments, through biogenic oxidation of
structure-forming cations up to an enzymatical decomposition of the affected
materials.



Biofouling
Occurrence of a microbial (mucous) coating on material surfaces, followed

by chemical-physical effects such as changes in the diffusion behaviour.

Colony forming units (CFU)

Unit of measure for spore concentration per volume.

Conidia/Fungus spores

Asexually formed, characteristic reproduction organs (spores) of higher
fungi.

Cytoplasm
The cytoplasm is the liquid basic substance inside the cell membrane. It

contains various substances: ions, nutrients, enzymes etc. and is the place
of numerous metabolic reactions and transport medium for many substances
in the cell.

Deuteromycetes (Fungi imperfecti)

Imperfect fungi. Ascomycetes of which only anamorphic stages with conidia
as reproductive cells are known, i.e. no complete course of development
(e.g. fusarium species).

Fungus spore

Asexual reproduction unit.

Germ tube
Evagination developing from the spore, breaks through the spore septum.

Hazardous class

Division of the fungi into classes according to their hazard to health.



Hydrophilic
Water-loving or living in water.

Hypha
An individual filament of a fungus cormus.

Isopleths
Lines of equal spore germination times or equal growth.

Isopleth system

Germination time and growth rates in dependence on humidity and
temperature.

Lethal
Leading to death (e.g. a certain amount of toxin).

LIM

Lowest Isopleth for Mould: temperature dependent lowest relative humidity
under which no fungus activity (spore germination or mycelium growth) is
expected; valid for all fungi of one hazardous class.

LIM v at
Lowest Isopleth for Mould for single substrate groups.

Mesophilic
Preferring the medium heat range.

Metabolism
Transformation of chemical substances in the organism into metabolic
products.



Microbial Volatile Organic Compounds (MVOC)
Volatile organic compounds (alcohols, ketones, aldehydes, terpenes and

aromatic compounds), formed by microorganisms.

Moisture storage function

Functional connection between applied relative humidity and the equilibrated
moisture content existing in a porous building material; is used in the
biohygrothermal model to characterize the moisture storage capacity of the
inside of mould fungus spores.

Morphological

Concerning the external morph.

Mycelium
Totality of fungal hyphae.

Mycology
The branch of biology that deals with the study of fungi.

Mycoses
Parasitic infestation of the human body with fungi.

Mycotoxicoses

Intoxication caused by mould fungi.

Pathogenic
Morbific, nosogenetic.

Psychrophilic

Preferring the cold.
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Sq value
Diffusion equivalent air layer thickness; used in the biohygrothermal model to
describe the diffusion capacity of the spore septum of mould fungus spores.

Spore germination time

Period until the development of the germ tube becomes visible under the
microscope.

Sporulation
Spore formation or dissemination of spores.

Substrate category

Division of the substrates (building materials, contamination) into different
groups which special isopleth systems have been developed for.

Taxonomy
Classification of the living beings into a relationship system.

Time of Wetness (TOW)
Number of hours of high humidity per day, referring to 24 hours.

Water activity

Water which is freely disposable for the mould fungus, i.e. it is not chemically
combined.

Xerophilic
Chersophilous, drought resistant.

Zygomycetes (phycomycetes/zygospore fungi)

Lower fungi (e.g. mould on bread).



List of symbols

Latin symbols

a,b
Asp
Aw
dH/dJ

dM/dt

DSpW
dw/dj

fr
Ov
Ow

hi,e
hy
Ki,2
Ml

Psat

q

Rsi

Sq value
Sh

Sw

SQ

[-]

[m?]

[-]
[3/(MK)]

[-]

[m]

[m]
[kg/m’]

[kg/(ms)]
[-]
[kg/(m?s)]
[kg/(m®s)]
[3/m®]
[W/(m? K)]
[J/kg]

[-]

[-]

[Pa]
[W/m?2]
[((M*K)/W]
[m]

[W/m?3]
[kg/(m?3 s)]
[-]

[h]
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conversion coefficients

spore surface

water activity

differential heat storage capacity of the moist building
material

time-dependent mould index

spore diameter

spore septum thickness

differential moisture storage function of the building
material

liguid transport coefficient of the building material
non-dimensional temperature difference ratio
vapour diffusion flow density

liquid transport flow density

total enthalpy

heat transmission coefficient, inside and outside
specific evaporation enthalpy of the water
correction factors in the Viitanen model

mould index in the Viitanen model

saturation vapour pressure

heat flow density

inside heat transmission resistance

diffusion equivalent air layer thickness

heat source or sink

humidity source or sink

surface quality (0 = sawn after drying,

1 = chamber dried; in the Viitanen model)

time



tm

t,

dw/dt

[h]

[h]

[W/(m? K)]
[m’]
[kg/m?]

[-]

[mm/d]

Greek symbols

dp
J

Jsi

J ai

Jao

Q

I
mvalue

J crit
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duration until the mould index 1 is reached

(in the Viitanen model)

duration until the first mycelium growth is perceptible
with one’s eyes (in the Viitanen model)

heat transition coefficient

spore volume

moisture content of building material

species of wood (0 = pinewood, 1 = whitewood; in the
Viitanen model)

mycelium growth rate

[kg/(msPa)] water vapour permeability of the building material

[°C]

[°C]

[°C]

[°C]

[]

[W/(m K)]
[]

[%]
[%]

temperature

temperature of internal surface

temperature of indoor air

temperature of outside air

non-dimensional temperature difference ratio

heat conductivity of the building material

water vapour diffusion resistance coefficient of the dry
building material

relative air humidity or relative humidity

relative air humidity from which on mould fungus
growth on wood samples is possible (in the Viitanen
model)

Mathematical symbols

operator for complete differential
operator for partial differential



difference operator
vector operator
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List of abbreviations

ATP Adenosine Triphosphate

BRI Building Related lliness

DIN Deutsches Institut fir Normung (German Institute for
Standards)

DNA Desoxyribonucleic acid

EN European Standard (Europaische Norm)

ESP-r Environmental Systems Performance research

EWT Soil-Air Heat Exchanger (Erdreich/Luft-
Warmetauscher)

IBP Fraunhofer Institute for Building Physics

CFU Colony forming units

LGA Landesgesundheitsamt (Regional Public Health
Department)

LIM Lowest Isopleth for Mould

LIMyat Lowest Isopleth for Mould for substrate groups

MI Mould Index

MVOC Microbial Volatile Organic Compounds

M.-% Mass percent

PE Polyethylene

RNA Ribonucleic acid

SBS Sick Building Syndrome

TOW Time of Wetnhess

vol.-% Percent by volume

ETICS Exterior Thermal Insulation Composite System

WHO World Health Organisation

WSchV Thermal Insulation Regulations

(Warmeschutzverordnung)

WUFI Transient Heat and Moisture Transport (Warme- und
Feuchtetransport instationéar)
(calculation program)
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Abstract

Life on earth would not be conceivable without fungi, bacteria and other
microorganisms. These organisms are responsible for the fast
decomposition of dead material, splitting it up into its components and
thereby giving it a new access to a further life cycle. Therefore
microorganisms as fungi and bacteria are important components of our
ecosystem. In buildings, however, favourable growing conditions for mould
fungi can also occur and cause fungus nfestation. Despite the quality of
house building having improved over the last decades, especially by
measures aiming at the reduction of heat losses due to transmission and
ventilation, the number of reports on building damages caused by
microorganisms, especially by mould fungi is still increasing. The “Third
Report on Building Damages” by the Federal Government of Germany in
1996 estimated the costs resulting from mould fungi damages to amount to
more than 200 million Euro per year. Different causes, as for example the
critical combination of the airtight construction method with insufficient
ventilation of the building are given as reasons for the recent increasing
occurance of mould fungi in dwellings. Whereas before the energy crisis in
the 1970’s regulating the temperature was mainly operated by opening the
windows, today, because of energy saving reasons, airing is not done as
frequently. Especially the unintentional ventilation due to leakages was
reduced considerably. As a result the air humidity in rooms rises. Thereby
mould fungi do not only occur on the nhside surface of external building
components, but even inside construction parts.

The danger for the occupants of dwellings lies in the settling and spreading
of pathogens (disease causing agents) through microorganisms. Therefore,
consequent measures have to be taken to avoid health dangers that come
from mould fungi on the surface of building components. For example, when
selling a building in the USA proof has to be furnished guaranteeing that the
dwelling is free of the mould fungus Stachybotrys atra. In comparison to
health aspects, building damages caused by mould fungi — i.e. the
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destructive effect the fungi have on building materials, like bio-corrosion or
bio-fouling — only is of minor importance. For that reason the scientific paper
on hand does not deal with building damages nor with legal problems ever
occurring in this context.

In order to avoid the mould fungus formation in buildings, a strategy has to
be set up that focuses on the growth conditions for mould fungi and also
considers the complex transient processes of building physics. The
application of biocides is always accompanied by additional health risks,
especially when used indoors, and moreover can prevent the formation of
mould fungus only over a limited period of time. Moreover, biocides often
have a very selective effect, so that other fungi or microorganisms can
spread instead. Besides a considerable limitation for the selection of
biocides is to be expected within latest EU directives. A prerequisite for
preventing mould fungus without the use of biocides is the knowledge of the
boundary conditions under which fungus growth takes place. In reference to
the boundary conditions for the growth of fungus it turns out that the decisive
parameters of influence like temperature, humidity and substrate have to be
available over a certain period of time simultaneously in order to enable the
formation of mould fungi.

The presently common valuation methods for the growth of mould fungi do
not, or only indirectly, take into account the transient boundary conditions.
Whereas in German publications mainly the relative humidity is given as only
criterion for mould fungus formation, the relative humidity in dependence on
the temperature is seen as a cause by international experts. These
characteristics usually do not allow any greater differentiation regarding the
influence of the substrate, i.e. of the building material o the degree of
contamination. Therefore, the main focus of this scientific paper on hand is
to develop a planning instrument from the point of view of an engineer that
aims at predicting the formation of mould fungus. This instrument is provided
for being used by building physicists or consulting offices acting in the field
of the building sector. This is also the reason for the deliberately chosen
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simple approach employed in this interdisciplinary scientific paper. A
biohygrothermal procedure was developed that makes it possible to predict
mould fungus formation and is based on the comparison of the three already
mentioned biological prerequisites for the growth of mould fungi and the
transient growth conditions occurring in buildings. This procedure consists of
two consecutive predictive models, i.e. the Isopleth model and the transient
Biohygrothermal model. The Isopleth model makes it possible to determine
the germination time of the spores and the mycelium growth on the basis of
different isopleth systems that also regard the influence of the substrate for
predicting the formation of the mould fungus. The isopleth system describes
the hygrothermal prerequisites for the growth of the fungus. It consists of a
boundary line that is dependent on the temperature and on the relative
humidity regarding fungus activity, and of isolines that indicate spore
germination time when spore germination is to be predicted, and stand for
growth per time unit when the description of the mycelium growth is
concerned.

Significant differences exist among the various fungus species. Therefore,
when developing common isopleth systems only fungi were regarded that are
dangerous to human health and also can be detected in buildings.
Quantitative statements on the growth conditions temperature and humidity
will be set up for these more than 150 species that fulfil both features, as far
as they are given in literature. To further clarify the differentiation of the life
phases of the mould fungi, the data for spore germination and mycelium
growth will be given separately. In order to differentiate the mould fungi
according to the health dangers they may cause, the so called hazardous
classes will be defined as follows:

A. Fungus or its metabolic products are highly pathogen; they are not
allowed to occur in used dwellings.

B. Fungus is pathogen when exposed over a long period and may cause
allergic reactions.



18

C. Fungus is not dangerous to health, fungus formation however, may cause
economic damage.

Classifying the fungi into three hazardous classes it occurs that the values of
class C are only slightly different from that of class B. Therefore it is
sufficient to differentiate within the Isopleth model only between the
hazardous class A and a combined class B/C.

Within the Isopleth model the prerequisites for the growth of mould fungi in
dependence of temperature and relative humidity are stated for the above
mentioned hazardous classes at first for the optimal culture medium. The
iIsopleth systems were developed for assessing the spore germination as
well as the growth of the myceliums. They are based on measured biological
data and also consider the growth conditions of all fungi of one hazardous
class. The resulting lowest boundary lines of possible fungus activity are
being called LIM (Lowest Isopleth for Mould).

In order to regard the influence of the substrate, that is the building materials
or possible contamination, on the formation of mould fungus, isopleth
systems for four categories of substrates were suggested that could be
derived from experimental examinations. For this purpose four categories of
substrates were determined and different building materials assigned:

Substrate category 0: Optimal culture medium

Substrate category |: Biologically recyclable building materials like wall
paper, plaster cardboard, building materials made of
biologically degradable raw materials, material for
permanently elastic joints;

Substrate category I1: Building materials with porous structure such as
renderings, mineral building material, certain wood as
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well as insulation material not covered by I;

Substrate category I11: Building materials that are neither degradable nor
contain any nutrients.

An individual isopleth system will only be set up for the categories O, | and
1, whereas in the building category 0 the isopleth systems for optimal
culture media are applied. For the substrate category 11l no isopleth system
IS given since it can be assumed that formation of mould fungi is not
possible without contamination. In case of considerable contamination,
substrate category | always has to be assumed. The basic principle of the
new method and of defining the building material categories is to assume a
worst case scenario, therefore always being on the safe side in respect of
preventing the formation of mould fungi. To what extent correcting the
isopleth systems for individual Dbuilding material categories towards
increased relative humidity can still be done with a clear conscience, has to
be proved by further measurements.

Altogether, the following four isopleth systems were developed for the spore
germination and for the growth of the myceliums individually. Every one of
the systems is valid for a whole group of mould fungi and takes into account,
next to optimal culture media, also building material:

a) lIsopleth systems for the hazardous class B/C (LIM B/C): systems
referring to optimal culture medium. Therefore they provide the smallest
prerequisites for the growth of fungi as far as relative humidity is
concerned. They build up the limit for the growth of all species of fungi.
This means that fungal growth for fungi of hazardous class A can also be
excluded when the boundary conditions exclude the growth of fungi of
hazardous class B/C.

b) Isopleth systems for the hazardous class A (LIM A): analogous to a), but
only valid for all fungi of the hazardous class A.
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c) lIsopleth systems for the substrate category | (LIMya 1): valid for all mould
fungi occurring in the building. In respect to the culture medium they do
not refer to the optimal medium but to materials of category I.

d) Isopleth systems for the substrate category Il (LIMya¢ I1): analogous to c),
but only valid for all materials belonging to the substrate category Il.

For transient boundary conditions of temperature and relative humidity,
either spore germination time or the mycelium growth can be determined
with the help of these isopleth systems. The assessment of spore
germination on the basis of the Isopleth model has the disadvantage that an
interim drying out of the fungi spores cannot be taken into account in case of
occurring transient microclimatic boundary conditions. Therefore in these
cases, this process will more often predict the germination of spores than
the Biohygrothermal model. In order to describe the mode of action for the
fundamental means of influence on the germination of spores, i.e. the
humidity available at certain temperatures, a new Biohygrothermal model
was developed. This model makes it possible to calculate the moisture
balance of a spore in dependence of the transient boundary conditions, thus
even to consider interim drying out of the fungus spores.

The Biohygrothermal model for predicting the germination of the spores is
based on the fundamental idea that a fungus spore has a certain osmotic
potential because of the salts, sugar and further substances inherent in the
spores. With the help of this osmotic potential spores can absorb water
existing in the environment, i.e. in materials as well as in the air. This
potential computationally is described by means of a moisture retention
curve. A moisture retention curve for bacteria spores, found in literature, is
used with slight modifications. The absorption of humidity through the spore
septum is being described by a diffusion approach in the model. This
simplification is justifiable because the humidity absorption always occurs
isothermal, due to the small geometrical size of the mould fungus spore.
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Furthermore the spore septum receives a humidity-dependent sq value that is
being iteratively adjusted by comparison of the calculated spore germination
times with those given in the isopleth systems.

The Biohygrothermal model assumes that humidity absorption first takes
place by means of diffusion, until a certain moisture content inside the spore
is reached that is needed for starting the metabolism. From this point on the
fungus can regulate its metabolism, if necessary independent of the
surrounding conditions. Nevertheless, the substantial regulation mechanism
still remains generally unknown and therefore cannot be described in an
exemplary manner nor in terms of physics. However, this is not necessary
since it is being assumed in the model that the critical moisture content that
makes biological activity only possible, must not be passed. This critical
moisture content is being fixed by the isopleth systems for the spore
germination as follows. Depending on the temperature, the lowest relative
humidity at which the spore germination takes place can be read off the
respective LIM curves. With the help of the moisture storage function
assumed for the inside spore, the corresponding critical moisture content
can be calculated. Furthermore, the LIM curves in the isopleth systems of the
appropriate categories of building materials have to be used when setting
the critical moisture content.

In order to consider possible influences of the substrate, the sy values of the
spore septum were adjusted in that manner that the spore germination times
measured in the Biohygrothermal model correspond with those taken from
the isopleth systems in the building material categories | and Il. By adjusting
the sq values of the spore septum as well as by slightly raising the moisture
retention curve in the upper humidity range, a model spore can be stated that
is valid for all of the three building material categories.

In order to get the transient conditions for temperature and relative humidity
occurring in buildings, different possibilities will be presented. In case no
measured values are on hand, modern hygrothermal calculation methods (i.e.
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the program WUFI) can be used that take into account all important physical
effects when calculating the hygrothermal conditions in one and two-
dimensional structures. The assessment of the spore germination will be
done directly for the microclimate on the surface. The hygrothermal
conditions in 1 to 3 mm depth also should be referred to for the mycelium
growth. This can also be done in a very simple manner with the help of the
WUFI program. Three-dimensional structures can be assessed e.g. by using
the appropriate calculation programs, like finite-difference-programs. The
transient hygrothermal boundary conditions determined at the corresponding
places on or within building components serve as input parameter for the
Biohygrothermal model.

The biohygrothermal process is being validated by observation of
plausibility, sensitivity analyses as well as the comparison with the results of
laboratory experiments, experiments of outdoor testing sites and
measurements in occupied dwellings. In all cases great correspondence
between the results of the predictive models and the measurements and
observations in practice is being observed. Since the material parameters
for the Biohygrothermal model are in some aspects only adjusted or could
only be assumed from experiments with spore-forming bacteria, they will
have to be furthermore supported by specially selected biological
experiments. Comparing the Biohygrothermal model with previously standard
guidelines, preventive strategies and other predictive methods, it is shown
that the Biohygrothermal model is by far exceeding the state of the art.
Furthermore, the developed procedure is being employed in various typical
examples. Based on these, conclusions for the prevention of mould fungi are
being drawn.
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1. Background and goal

Life on earth would not be conceivable without fungi, bacteria and other
microorganisms. These organisms are responsible for the fast
decomposition of dead material, splitting it up into its components and
thereby giving it a new access to a further life cycle. Therefore,
microorganisms as fungi and bacteria are important components of our
ecosystem. Their properties are specifically used in some applications of
process engineering, for example for exhaust air cleaning [27] by means of
bio-filters or bio-washers as well as for sewage purification and the
rehabilitation of loaded soil.

In buildings, however, favourable growing conditions for mould fungi can also
occur and cause fungus infestation (e.g. [54, 98]). Despite the quality of
house building having been improved over the last decades, especially by
measures aiming at the reduction of heat losses due to transmission and
ventilation, the number of reports on building damages caused by
microorganisms, especially by mould fungi, is still increasing (e.g. [99]). The
“Third Report on Building Damages” by the Federal Government of Germany
in 1996 [26] estimated the costs resulting from mould fungi damages to
amount to more than 200 million Euro per year. Different causes, as for
example the critical combination of the airtight construction method with
insufficient ventilation of the building are given as reasons for the recent
increasing occurrence of mould fungi in dwellings. Whereas before the
energy crisis in the seventies regulating the temperature was mainly
operated by opening the windows, today, because of energy saving reasons,
airing is not done as frequently. Especially the unintentional ventilation due
to leakages was reduced considerably. As a result the air humidity in rooms
rises. Thereby mould fungi do not only occur on the inside surface of external
building components, but even inside construction parts (please see for
example [70]).

The danger for the occupants of dwellings lies in the settling of pathogens



24

(disease causing agents) through microorganisms. Therefore, consequent
measures have to be taken to avoid health dangers that come from mould
fungi on the surface of building components. For example, when selling a
building in the USA proof has to be furnished guaranteeing that the dwelling
is free of the mould fungus Stachybotrys atra. In comparison to health
aspects, building damages caused by mould fungi - i.e. the destructive
effect the fungi have on building materials, like biocorrosion or biofouling
[143] — only is of minor importance. For that reason the scientific paper on
hand does not deal with building damages nor with legal problems ever
occurring in this context (compare e.g. [56]).

In order to avoid the mould fungus formation in buildings, a strategy has to
be set up that focuses on the growth conditions for mould fungi and also
considers the complex transient processes of building physics. The
application of biocides is always accompanied by additional health risks,
especially when used indoors, and moreover can prevent the formation of
mould fungus only over a limited period of time. Furthermore, biocides often
have a very selective effect, so that other fungi or microorganisms can
spread instead. Besides a considerable limitation for the selection of
biocides is to be expected within latest EU directives. A prerequisite for
preventing mould fungus without the use of biocides is the knowledge of the
boundary conditions under which fungus growth takes place. Therefore, the
aim of this paper on hand is to develop, validate and apply exemplary a new
method that makes it possible to predict mould fungus formation, by
comparing the growth conditions with the hygrothermal growth conditions in
buildings. Figure 1 shows in this context a schematic diagram of the
methodical procedure. The growth and spreading of mould fungi mainly
depends on the climatic boundary conditions at the surfaces of construction
parts and also inside these constructions. The decisive parameters are
temperature, relative humidity and a corresponding substrate.

Based on the transient hygrothermal conditions known from measurements
or calculations in building physics, and based on the material properties — in
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their meaning as growth prerequisites — it is the aim of the new prediction
method to deduce statements of what boundary conditions are needed by a
fungus to grow and under which conditions there is no danger of fungus
growth. Furthermore, the method should allow to make comparative,
gualitative statements regarding in what way one can expect the growth of
the fungus, i.e. the mycelium growth, to continue, in case of a spore
germination, under different hygrothermal conditions.

Therefore, the main focus of this scientific paper on hand is to develop a
planning instrument from the point of view of an engineer that aims at
predicting the formation of mould fungus. This instrument is provided for
being used by building physicists or consulting offices acting in the field of
the building sector. This is also the reason for the deliberately chosen simple
approach employed in this interdisciplinary scientific paper. The calculation
program WUFI [76] as a modern hygrothermal calculation method allows to
determine the transient courses of temperature and relative humidity at
surfaces of building components as well as inside these parts for different
geometries. WUFI has been validated well even experimentally by extensive
investigations (e.g. [65] and [66]). Since the WUFI program was developed
for hygrothermal calculations of building materials and components,
biological data can only be used after having been processed adequately.
That means that this scientific paper must combine the biological model part
(hereinafter called Isopleth model) and the hygrothermal model part to a
.biohygrothermal master model”.

2. Evaluation of literature

To reach the goal described above one first has to get a general idea of the
current state of knowledge in the biology field of mould fungi, clarify the
growth conditions and discuss the causes of their occurrence in buildings.
After that, when evaluating the literature, the latest developments in
hygrothermal calculation methods are explained and previous as well as
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current standard guidelines and safety concepts regarding the formation of
mould fungi are dealt with.

2.1 Mould fungi

In order to be able to prepare the growth conditions of mould fungi for the
above mentioned prediction model, one has to analyze systematically the
species that can be detected in buildings as well as possible dangers to
human health resulting from that.

2.1.1 Overview

In contrast to algae and lichen, mould fungi do thrive also under unfavourable
ambient conditions. Therefore, they are often called primary colonizer. To
get an idea of the geometrical dimensions of fungal hyphae and spores in
comparison with bacteria and cells of higher plants, please see Figure 2
showing the respective differences in size [116].

Definition of the mould fungus term

The colloquial German term ,Schimmel* (mould) goes back to the Old High
German and has the same root as the German word ,Schimmer® (glimmer)
[102]. Mould fungi are defined in the main by the following criteria [102]:

- mould fungi have a cotton wool type mycelium,

- they grow on solid culture media,

- they get nutrients by decomposing dead organic substances,

- reproduction takes place mainly asexually.
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With that, however, an exact classification as defined by biology is not
possible. Consequently, mould fungi can be found in the biological taxonomy
in different classes. Classification into divisions, classes, orders etc. is
done with regard to the morphological structure and on the basis of the
teleomorph and anamorph (sexual and asexual reproduction) [40]. Figure 3
shows the presently customary fungi classification [125]. Mould fungi can be
found in the following classes:

- zygomycetes

- ascomycetes and

- deuteromycetes (Fungi imperfecti).

Let’s mention at this point an odd fact that often leads to mistakes, above all
by experts who do not have any qualification in biology: Since the sexual
reproduction of many species takes place under special ambient conditions
only, the result is that one and the same fungus may be registered under two
different names. For example, an existing fungus is called Aspergillus
repens (class of deuteromycetes) when its anamorph occurs whereas the
same fungus in its teleomorphic stage is known as Eurotium repens (class
of ascomycetes).

Occurrence

The natural habitat of mould fungi are dead plants on the soil. So they can be
found in composting plants, garbage and bio containers and near indoor
plants. Therefore, it is no wonder that spores of mould fungi can be detected
ubiquitously, that means at all places and in any season, although the
measured spore concentrations of the outside air depend on seasonal and
daily cycles [80, 135], as shown in investigations of the spore concentration
in the outside air carried out for some North German places [139]. Hence,
when measuring the indoor spore concentration (please see e.g. [101]), one
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should also include the spore concentration of the outside air in the
evaluation. The spore concentration is usually indicated in ,colony forming
units per volume* (CFU/m?3). Influence factors of the seasonal cycle as stated
by Takahashi [129] are precipitation, mean monthly temperature and relative
humidity, solar radiation, wind velocity and the barometric pressure.
Therefore, it is no wonder that different authors make different statements
concerning the maximum outer spore concentrations [87]. If, however,
measurements in rooms show a spore concentration which is much higher
than that in the outside air, there is in all probability a mould fungus growth in
the dwelling, for example on indoor plant soil or even on building
components, the cause for that.

2.1.2 Mould fungi in construction

This scientific paper on hand will deal only with mould fungi occurring in
buildings. To infer the most important species in buildings that can be
cultivated on standard media, from the more than 100,000 different species,
essential passages in literature were evaluated in [55] and the results
compiled. An overview of building materials that are often infested by mould
fungi as well as the species involved are shown in Table A in the Appendix.
Table 1 shows about 200 species occurring in buildings. This list contains
those species that the various authors [12, 37, 39, 52, 81, 89, 97] and also
the new draft of DIN 4108, part ,Mould fungi [21], consider to be
representative ones, that means they do occur in buildings quite often. It is
surprising that only few species are mentioned by several authors in
common. The reason for such discrepancies probably lies in the applied
methods of collection, the different buildings, the humidities and
temperatures within these buildings and finally also in the different
geographical and seasonal boundary conditions. That's the reason why it
seems to be necessary to consider the growth conditions of all fungi
mentioned in Table 1 in the prediction method, provided that corresponding
data is existing.
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2.1.3 Health hazard

It is a generally-known fact that fungi can cause diseases to human beings
(e.g. [17, 59, 94]). As also indicated in Figure 1, it is necessary to assess
the importance of various species with respect to health exactly so that
suitable mould fungi are selected for the model development. For this
purpose, it will be explained first of all which diseases are possibly to be
expected and whether certain standard values for spore concentrations in
rooms can be taken into account. Based on this, all fungi occurring in
buildings will be simplistically divided into several hazardous classes.

Table 2 shows an overview of possible human diseases caused by mould
fungi according to [32, 102, 113, 129]. On the whole there are three different
fundamental kinds of diseases which are explained in the following:

Mycoses

A mycosis is the fungoid growth on a human host. In medicine, the name of
the disease is made y of the fungus name and the ending -osis (from
mycosis). The most widespread diseases are aspergilloses and
penicillioses. Usually, mycoses do not represent a threat to human'’s life; but
in case the patient has an immunodeficiency, they might become a serious
danger. Let’'s mention at this point the so-called ,Pharaohs’ curse® when
pulmonary mycoses took a fatal course. These are the organs that are
infested preferably: skin, respiratory organs, eyes but also heart, liver,
kidney and the digestive tract. Three causes are mentioned by Reil3 [102]:

- Exposure at work: working with fungi-containing material, for example
fungal elements in the dust of cereals, hay and straw, but also when
treating mouldy wood.
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- Accidental exposure: take-up of fungi-containing material through
constructional defects, for example ventilation of dayrooms by mouldy
air-conditioning systems, moisture in living quarters or through
contaminated food, rubbish and dirt.

- Inconspicuous constant exposure: in the domestic environment, for
example indoor plant soil or pets.

The most important mould fungus species causing mycoses are [102]:
Absidia sp., Aspergillus sp., Basidiobolus ranarum, Cephalosporium sp.,
Cladosporium sp., Fusarium sp., Mortierella sp., Mucor sp., Penicillium
sp., Rhizopus sp., Scopulariopsis sp. and Verticillium sp.

Mycotoxicoses

Mycotoxicoses are intoxications through toxic-active substances being
produced by fungi by means of their metabolism. It is assumed that mould
fungi produce such substances so as to assert themselves better against
rival species. Toxins concerned here are aflatoxin and ochratoxin A, patulin,
citrinin, citreoviridin, sterigmatocystin and mycophenol acid [102, 122].
These substances are mainly intaken by mouldy foodstuffs. But aflatoxins for
example may get into the blood circulation also when inhaling contaminated
dust and spores. Due to strict provisions concerning the handling of
foodstuffs, acute intoxication signs have become rare in industrial states.
More critical are here the chronic intoxication signs since the human body is
not able to decompose and excrete these toxins. The most widespread
chronic disease is the primary liver cancer (hepatocellular carcinoma).
According to Reil3 [102] about one million persons per year come down with
that disease; one estimates that at least 200,000 persons per year all over
the world die of it.

Toxic responses because of inhaling spores are described at high
concentrations > 10° CFU/m3 and thus, they occur only at workplaces with
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high loads of dust. Stachybotrys conidia having a high toxin content, show
toxic influences on the immune system even from concentrations of
10 CFU/m3 on [124]. Mould fungi producing toxin are Aspergillus sp.,
Penicillium sp., Fusarium sp., Cladosporium sp. and Stachybotrys sp.

Allergies

Allergies are due to an excessive reaction of the immune system. The
various allergy forms are divided into four types, depending on the immune
reaction they cause [50, 87, 102]:

- Type 1 allergies caused by fungus allergens appear either as allergic
rhinitis or as asthma. Allergic reactions, also allergies of the respiratory
tract, proceed in two phases. The early phase sets in within minutes; the
release of mediators (e.g. histamine from parent cells) is typical of this
phase. 3 to 4 hours after inhaling the allergens, the late reaction takes
place as a result of cell reactions to the mediators produced in the early
phase.

- Type 2 allergies are reactions of antibodies and antigens on cell
surfaces. This type of allergy is not caused by inhalation allergens but by
oral intake, for example. Since inhalation allergens do not cause a type 2
reaction, this allergy type is not treated more detailed in this paper.

-  Type 3 is caused by an immune complex formation between antigen and
antibody. This happens approx. 4 to 6 hours after exposure; so it is a late
reaction.

- Allergy type 4 is defined by a reaction of sensitised T-lymphocytes with
an allergen. This takes place 24 to 48 hours after antigen contact, so a
delayed reaction is typical of this type.

Mould fungi can cause inhalation allergies. It is not the mycelium which plays
the decisive role but the spores. Many fungus spores have a size of only 2 to
5 um and thus, they get into the bronchial tubes and can cause asthma.
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Particles having a diameter of more than 10 um are kept back by the mucous
membrane of the nose and the pharynx and can cause allergic rhinitis.
Typical allergic clinical characteristics that occur most frequently are the
following:

- conjunctivitis,

- allergic coryza (rhinitis),

- inflammation of the respiratory tract (bronchitis),
- spell of breathlessness (bronchial asthma),

- skin eczema (atopic eczema, neurodermitis) and

- nettle rash (urticaria).

Sick Building Syndrome (SBS) and Building Related lliness (BRI)

Terms like SBS and BRI are mentioned more and more often in the context
of mould fungi and therefore, they are explained here briefly. Sick Building
Syndrome (SBS) and Building Related lliness (BRI) respectively are several
nonspecific symptoms (e.g. mucosal irritations, smarting eyes, repeated
common colds, but also fatigue and weakness of concentration) that arise
when persons stay in certain buildings, without finding a clear cause. Factors
of influence indicated are not only viruses, pollen, mites, nitrogen oxides,
carbon monoxide, ozone, radon, emissions from building and facility
materials and electromagnetic fields but also ,Microbial Volatile Organic
Compounds® (MVOC) and fungus spores. The dangers caused by fungus
spores are described above. McGrath [86] shows a connection between
increased indoor concentrations of penicillium spores and SBS.

As the name already indicates, MVOC are volatile, organic compounds
(alcohols, ketones, aldehydes, terpenes and aromatic compounds) that are
formed among others also by fungi. Moisture and available food do influence
the growth and with that also the production and composition of MVOC. One
single MVOC is no sufficient criterion to prove microbial infestation at
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building materials [62]. Nevertheless, high MVOC concentrations can be
perceived also with the human nose. This makes itself felt by a musty, earthy
smell which may indicate a mould fungus damage at an advanced stage.

Guidelines for admissible spore concentrations

In buildings, the transmission way “air” is the only one that plays a role with
regard to the health hazard through fungi. Therefore, it is important to know
what are the critical concentrations in rooms. However, there are no exact
statements existing about which concentrations of fungoid aerosols (spores,
mycelium containing dust, volatile microbial substances) do represent a
hazard to health. Many recommendations for the assessment of fungus spore
load indoors are based on values occurring in rooms that are free from
fungus spores and not on data describing the influence on health. That is the
reason why the instructions of legal directives do often differ widely from
each other. An overview of these guidelines is given by Rao [97]. According
to that, the recommendation by the World Health Organization (WHO)
declares pathogenic and toxic fungus species not to be acceptable indoors.
A concentration of £ 150 CFU/m? is considered to be normal, if it is made up
of a mixture of different fungus spores, and £ 500 CFU/m3, if they come from
Cladosporium and other fungi usually occurring in the outside air [97]. As for
the building practice, Senkpiel [123] states the experience value of
100 CFU/m? over the outside air to be a good benchmark as an indicator of
an intramural concentration.

As explained under 2.1.1, there are considerable fluctuations in spore
concentrations in the outside air that may lead to changes also in living
guarters, due to the air change in the building; thus, it is no longer noticeable
in the end to what extent a mould fungus infestation in rooms contributes to
an indoor concentration. Altogether, the conclusion has to be drawn that for
the development of a model, hypotheses concerning an admissible spore
concentration indoors are not suitable but that one has to assume that there
must not be any fungus growth in buildings at all, if possible.
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Classifying the fungi regarding their hazard to health

Table B in the Appendix lists some human pathogenic and allergenic mould
fungi and the diseases caused by them [55]. To assess individual species
regarding their hazard to health, the “Landesgesundheitsamt” (Regional
Public Health Department) in Stuttgart [81] has made the following division
which has not yet been published, though (group 1 to 3):

Group 1:  Fungi of that group should not predominate indoors -
long-term call for action.

Group 2:  Fungi of that group should not repeatedly occur indoors -
medium-term call for action.

Group 3:  No fungi of that group must exist indoors -
immediate call for action.

Table 1 shows the assignment of the single fungi to these 3 groups. Group 2
contains 15 fungi. 10 species are assigned to group 3, only few fungi are

assigned to group 1.

2.1.4 Growth conditions

If the ambient conditions are optimal, like in a liguid complete medium for
example, one can set an inherent law for the growth of mould fungi being
divided into 6 successive phases:

A to B: initial growth-lag
B to C: acceleration phase
C to D: log-growth phase

D to E: delay phase
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E toF: stationary phase
F to G: declining phase of growth.

Figure 4 shows the schematic diagram of this growth curve according to
[102]; the number of germs is drawn logarithmically against the time. In the
first phase, the initial growth-lag, the cells do increase, their metabolism is
activated, but in the main the number of cells remains constant. The duration
of this phase depends on the temperature and the humidity at the spores.
After that the acceleration phase takes place which is followed by the log-
growth phase. In that phase, the fungus confines itself to the reproduction of
its vegetative units and the production of bio-mass. If the reproduction rate is
falling due to unfavourable ambient conditions like lack of nutrients, the delay
phase is reached. Finally, the stationary phase takes place with the number
of germs being constant, because the new formation and the dying off of the
cells is balanced. Since the existing nutrients become more and more
scarce and since toxic metabolism products are created, the fungus culture
will die off after the stationary phase at least in its centre. The fungus’ life is
endangered, and so it will sporulate in this phase, thus to ensure its survival.

In the following, all parameters are listed that influence the fungus
metabolism directly. The limits between which the life and survival of mould
fungi happens, will be shown. Table 3 gives an overview of the most
Important factors influencing the growth of microorganisms.

Temperature

Since a multitude of biochemical transformations are involved in the growth
and development processes of an organism, one has to expect a
dependence on temperature regarding the growth and development of
microorganisms. As we know from mycology, fungi grow from 0 °C on at an
optimal growth temperature of more than 30 °C. From various literature data
[9, 123, 128] the conclusion can be drawn that mould fungi are able to grow
within a temperature range of 0 °C to 50 °C. It has frequently been observed
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that fungi are usually more tolerant towards cold than to heat stress [102].
The food industry makes good use of this discovery. Spores and myceliums
are almost completely destroyed by heating the product for a short time up to
80 °C. Some spores of Aspergillus sp. and Penicillium sp., however, do
resist even these hostile conditions [140]. These non-cryophilic species do
also keep their germinability up to -10°C [116]. Since the temperatures
inside building constructions or at internal surfaces usually are between 0°C
and 30°C, temperature will never have any lethal effect on mould fungi.

The bio-mass production changes, depending on the temperature. In Figure
5 one can notice a clear optimum of the growth rate drawn in dependence on
temperature [39]. Accordingly, a change in temperature has an effect on the
metabolism. Strasburger [128] says that a certain minimum temperature has
to be exceeded in order to set off a growth process, i.e. the enzymatic
activity of mould fungi. From that point on, with the temperature rising further,
one can observe an acceleration of the growth rate. It slows down just before
reaching the ideal range. When exceeding the optimum, impeding influences
can be noticed which finally lead to a discontinuance of growth. Heat for
example does restrict biosynthesis and growth very strongly and may stop it
because proteins (enzymes) denature [16].

However, a small temperature difference of few kelvin can decide in many
cases whether a special species does grow or not. A survey of the
temperature range as well as the respective optimum of some representative
fungi can be seen in Figure 6. One cannot only notice the large range but
also the differences between the single fungi. According to Ayerst [4] one
has to assume an uncertainty of £+ 2 K as far as data is concerned which
describes the dependence of the growth on temperature. Furthermore,
various authors often make different statements regarding the temperature
range for one and the same fungus. Table 4 contains the minimum, optimum
and maximum growth conditions for spore germination and mycelium growth
as far as temperature, relative humidity and pH value is concerned.
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Humidity

The decisive criterion for the growth of microorganisms is the humidity
available to the mould fungus, which can be taken by the fungus not only
from the substrate but also from the air, either in the form of water or water
vapour (e.g. [1]). This moisture content is described in biology often as water
activity — ,a, value" — and is directly connected with the relative humidity in
the building material or at the surface [9]:

j =aw x100 (1)
with:

j [%] relative humidity

aw [-] water activity

Hereinafter, the term relative humidity is used. Bieberstein [9] emphasizes
that the formation of mould fungi can take place at humidity values that are
still far away from the status of humidity saturation. It is not only the spore
germination and the mycelium growth that strongly depend on the humidity
available (besides temperature and nutrients) but also the mycotoxin
production [84].

Already in 1949, Snow [127] proposed a rough classification of fungi for the
growth parameter humidity: xerophilic fungi are those ones that are able to
grow below a relative humidity of 85 %; mesophilic fungi need 85 %,
hydrophilic fungi grow from 95 % on only. Since this division is already more
than 50 years old, one has to correct the limits downwards by approx. 5 to 10
%, thus taken new investigations into account [5, 39]. Each single fungus
species has its particular, characteristic humidity range that allows the
species to live and that determines among others the growth intensity, as it
can be seen from the values in Table 4.
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From the data indicated in Table 4 one can draw the conclusion that the limit
of humidity under which there is no mould fungoid growth occurring in
buildings, is a relative humidity of approx. 70 %. Xerophilic fungi certainly
need a relative humidity of only 65 %, but not all species occur in buildings
[146]. With the degree of humidity increasing, the probability of mould fungus
formation increases as well. At a relative humidity of 80 % the growth
conditions are achieved for nearly all species of mould fungi. A higher
humidity is a growth condition for only few species, the optimal range of
which lies between 90 % and 96 %. Furthermore, one can assume that only
few mould fungi can survive in water in liquid form [102].

Figure 7 represents the growth rate of different xerophilic fungi in
dependence on the relative humidity at an optimal temperature according to
[48]. Similar to the behaviour in dependence on the temperature, one can
also notice clearly that the growth depends on the relative humidity.

Combination of temperature and humidity

The growth conditions temperature and humidity have been treated
separately so far. But it has to be taken into account that the position of the
minimum and optimum relative humidities may change at different
temperatures. The minimum values can be reached only at optimum
temperatures [116]. Overlapping of these two influences results in lines of
equal growth (isopleths), when drawn in a diagram. The lowest curve
represents those conditions under which there is no spore germination or
growth detectable any more, as shown in Figure 8. The increase of the
humidity need at temperatures beyond approx. 30 °C can be explained by
the temperature dependence of the activity of enzymes involved in the
metabolism. When germination times and growth rates respectively are
indicated in dependence on humidity and temperature, one talks about
isopleth systems. Figures 9 and 10 show such representations for example
for Aspergillus rstrictus (on the left) and Aspergillus versicolor (on the
right) based on data determined by measurements [126].
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Substrate

Besides humidity and temperature, the nutrient content of the substrate on
which the fungus grows, is the most important influence factor for mould
fungus formation. Most of the tests at hand concerning the temperature- and
humidity-dependent fungus growth were carried out in the laboratory. The
culture medium used here usually is a complete medium that is an optimal
substrate for fungi. In buildings, however, there are smaller amounts of
nutrients available to the fungus, compared with the complete medium, and
the nutrients may be more undegradable, depending on the substrate (for
example building material or contamination). On the other hand, even small
amounts of organic additives in building materials (e.g. in mineral plaster)
are enough to make microbiological growth possible.

Apart from some mineral nutrients and trace elements, carbonaceous and
nitrogenous nutrients are of paramount importance. With the help of their
enzymes, fungi can decompose substrates and transform them into utilizable
matters [88]. Table C in the Appendix represents some substrate
constituents that can be used by mould fungi as nutrients [14, 102], split up
by the speed of degradability into quickly, moderately fast and slowly
degradable substances or molecules. If there are not enough nutrients
available, the growth decreases.

Gertis, Erhorn and Rei3 [29, 37, 103] had carried out extensive
measurements concerning the susceptibility of building materials to mould
fungus infestation. Regarding the influence of the culture medium, these
measurements proved that also contaminations by dust, fatty matters etc. for
example, do influence the growth decisively. Further researches showed that
the properties of the surface are the decisive factors [37] for the beginning
of the mycelium growth, and that only with the mycelium getting into the
building material (max. some millimeters) there is an influence also by the
subsoil. This can be seen especially at coats of paint and wall papers and is
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confirmed by [1]. That means that contaminations by dust, fingerprints and
air pollution (kitchen, residues from taking showers, etc.) or human
perspirations are sufficient for the formation of a layer, even on ,sterile®
media, which is thin but relatively abundant in substrate and on which spore
germination and beginning mycelium growth may take place, even though
slightly delayed.

Block [11] indicates a growth rate in dependence on the relative humidities
applied on different materials such as leather, cheese, wool, wood, cotton
and glass wool and states that the minimum relative humidities from which
on the fungus grows, are different with the used ,fungus mixture®, depending
on the material. For example, at a temperature of 30 °C mould fungi grow on
leather from 76 %, on wood from 80 %, on wool generally from 85 % and on
cotton and glass wool from 92 % upwards. This indicates that, taking the
complete medium curve as basis, the respective temperature-dependent
minimum relative humidities shift to higher humidities, depending on the
substrate.

Kruppa, Veer and Riden [63] investigated the behaviour of microorganisms
on the building materials plaster board, sandlime brick and concrete. For
this purpose, they colonized bacteria as well as mould fungi and yeasts on
these materials under normal and extreme conditions. On this occasion they
found out that at different temperature conditions from 10 °C to 30 °C fungi
can grow on building materials within three days even at a relative humidity
of 70 %. However, it is not a first infestation of mould fungi which is
concerned here but a well-developed biofilm on the building materials that
might have contained a sufficient amount of nutrients.

The influence of various building materials was investigated in detail by
Ritschkoff [107], too. The results in Figure 11 show exemplary the mould
index (method to describe the mould fungus growth; cf. 2.4) depending on
the time in weeks for different building materials at a relative humidity of
97 % and temperatures of 15 °C (above) or 23 °C (below). Depending on the
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material used, there are different exposure times to reach a special mould
index. In most of the cases, the mould fungus germination at mineral building
materials needs a slightly higher relative humidity and longer exposure
periods in the corresponding laboratory climate, compared with building
products made of wood. The reasons mentioned for that are the organic
constituents in the wood. Though the investigations carried out by Ritschkoff
yield results that seem to be contradictory in part. For example, the growth
curve for cement products in Figure 11 at a relative humidity of 97 % and
23 °C (lower illustration) lies under the curve with the same humidity but with
a temperature of only 15 °C (upper illustration). Grant [39] does also state
minimum relative humidities from which on growth takes place for different
materials like malt agar, wall paper, wood and glass. Each measurement
was taken at 12 °C and 25 °C.

Establishing criteria to assess different nutrients on and within building
products as a prerequisite for the growth of mould fungi is absolutely
required, since otherwise all statements of fungoid growth would refer to
complete media and a realistic prediction of a possible mould fungus growth
in buildings would not be possible.

Time

Most of the tests to determine the germination time and the growth speed
respectively were carried out under stationary conditions. This might be
sufficient for some industrial sectors (e.g. preservation of foodstuffs). In the
civil engineering field, temperature and relative humidity are subject to
regular fluctuations. That is the reason why, from the view of building
physics, it is necessary that one can state how long and how often which
humidity state may act on a building component (e.g. an internal wall
surface), before a mould fungus is formed. Therefore, Gertis, Erhorn and
Reil3 [37] investigated the effect of transient climatic conditions on the
growth of mould fungi. Figure 12 shows that testing plant for mould fungus
tests at building and surface materials. By this measurement equipment one
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can vary the parameters atmospheric humidity, air temperature, air speed,
surface humidity and temperature. 7 different plasters, 2 wall papers as well
as 3 dispersion paints were tested. The surface temperature at the samples
was 14 °C and 18.5 °C respectively. The time course of the air humidity
fluctuations was investigated in the following combinations:

| 95 % for 24 h/d

I 95 % for 6 h/d and 60 % for 18 h/d
- 95 % for 3 h/d and 60 % for 21 h/d
IV 95 % for 2 h/d and 60 % for 22 h/d
V 95 % for 1 h/d and 60 % for 23 h/d

VI 95 % for 0.5 h/d and 60 % for 23.5 h/d

The growth intensity of the mould fungus was evaluated according to a 5-
stage classification, the definition of which can be seen in Figure 13. Here
the areas infested with mould fungus on the material surface were assessed
with regard to the growth intensity by means of a microscope, without
determining the respective individual fungus species. Figure 14 represents
growth intensities on different materials determined by measurements. When
looking at gypsum or plaster board with woodchip wall paper or various
coats of paint for example, one can notice that after a period of 6 weeks at
18.5 °C and a humidity load of 95 % for 6 hours a day, mould fungus
infestation occurs without as well as with heavy contamination. With the daily
humidity load being reduced to 1 or 3 hours, fungus growth takes place only
with existing contamination. The variants provided with fungicides do not
show any fungoid growth.

In comparison with the investigations carried out by Gertis [37], Table 5
contains a list of some literature data on the dependence of fungoid growth
on time and special substrates. The individual data are explained in the
following:
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- In [147] Zold states the number of daily hours when the mould fungus
starts to grow at temperatures below 20 °C and relative humidities of
more than 75 %. A range is regarded as safe, if, over a long period, the
relative humidity of 75 % is not exceeded more than 8 to 12 hours per
day, and if the limit of 75 % relative humidity is not exceeded more than
12 hours on 3 successive days. A state is described as critical when this
limit is exceeded over a period of more than 12 hours on 5 successive
days.

- Equal or a little smaller values for the daily time required for exceeding
the relative humidity of 75 or 80 % are given by Cziesielski [15] and
Richter [105]. But it is always emphasized that the stated condition for
the relative humidity at the place of growth must last for 5 successive
days.

- According to the TOW value definition (Time-of-wetness: hours of high
humidity per time unit; see 2.4) by Adan [1], growth takes place, though
delayed, if a relative humidity of at least 80 % is exceeded 4 hours a day.

The results of these investigations show that, depending on the hygrothermal
boundary conditions and the material, different durations are necessary to
enable mould fungi to grow. This implies that the calculation method to be
developed for the prediction of mould fungus formation has not only to
consider the influence of various substrates of building materials and
contaminations but also transient boundary conditions.

Other factors of influence

Apart from the factors described above there are further ones influencing the
growth of microorganisms such as pH value, salt content of the substrate,
light, oxygen content, surface condition and biotic influences. In summary
they may be assessed as follows:
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pH value
For the assessment of the culture media quality, the pH value is another

prerequisite for mould fungus growth. Figure 15 shows the range of this
factor for different mould fungi, based on the data in Table 4. While the
optimum growth range is at pH values between 5 and 7, pH values between 2
and 11 are tolerated in all by some single fungi [16]. Most of the species
grow within a range of 3 and 9. Wall papers and coats of paint, for example,
have a pH value between 5 (woodchip wall paper) and 8 (new color) [10]. On
the other hand, there are various building materials like concrete for example
that have pH values of more than 12; nevertheless, mould fungus growth even
on these materials cannot be excluded, since only the pH value of the
available culture medium is decisive. A sufficient amount of this culture
medium does exist on nearly all component surfaces due to dust deposits.
Furthermore, mould fungi are able to change the pH value of their direct
environment in a way that it is favourable for their growth. This is done by
activating the ,proton pump®. The fungus releases various organic acids [16,
35] and with that, makes the extracellular space acid. For the mentioned
reasons, the factor pH value is taken into consideration for the development
of the model only indirectly by creating substrate groups.

Salt content of the substrate

The salt content of the substrate possibly has also an effect on the
microbiological growth. However, there is no usable data about it currently
existing in literature. This factor can therefore be considered in the following
also only indirectly through various substrate groups.

Light

Mould fungi do not need light to grow [91]; this can be recognized by the fact
that fungi grow also inside opaque building components. When excavating
the Terra Cotta Warriors and Horses in China, Warscheid [142] found out
that in some cases light even has an impeding effect. Therefore, it is not
necessary to consider this factor as a growth condition.
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Oxygen content

The oxygen content must be at least 0.14 to 0.25 % [55]. This concentration
does exist on and in all building constructions. Below this value, some of the
aerobic fungi may even change to fermentation [16, 87]. A sufficient oxygen
content as a growth condition is therefore taken for granted.

Surface roughness

Microbial growth often occurs in zones where dust deposits do exist to a
great extent. This is more often the case on materials with a high surface
roughness or at places that are difficult to get to like corners and edges. But
fungoid growth has been observed also on even surfaces. Therefore, it is of
no use to quantify roughness as a growth condition. In connection with
roughness, the porosity or the pore radius distribution of building materials
Is often indicated as factor of influence although its only effect lies in the
possibility of storing moisture in the material. This effect is covered by the
moisture storage function and is taken into account by means of the
hygrothermal calculation methods presented under item 2.2.

Biotic influences

Biotics is the reciprocal influence of the fungi among each other and the
competition with other microorganisms respectively. Since the essence of
the prediction method is the prevention of a primary settlement of all fungi,
biotic influences do not play any role.

2.1.5 Spore germination, mycelium growth and sporulation

The life cycle of a fungi colony can be divided into three phases, as
illustrated in Figure 16. The first two stages of life (spore germination,
mycelium growth) belong to the vegetative growth whereas the spore
formation belongs to the reproductive phase.
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Spore germination

Spores of mould fungi can be found more or less everywhere since they get
to their place of activity with a mean settling velocity of only 0.1 cm/s [102]
and through different transport ways like wind, humans and animals.
Dissemination of spores is a perfect possibility of spreading genetic
material. Depending on the fungus species, the spores can be unicellular or
polycellular, can have different geometries and occur in different quantities.
Most of the inside of the spores consists of cytoplasma, enriched with
storage polymers, fats and carbohydrates. This viscous mixture having a
moisture content