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Abstra ct. The outer walls and roofs of modern buildings are generally
impermeable to moisture. Often there are seweral impermeable layers:
paint, airtight membrane, outer cladding and perhaps a nal layer of
outside paint. Furthermore, the materials in these walls are generally
inert to water vapour: they do not absorb and desorb water vapour as
the local relative humidity changes. Historically, buildings have been
more permeable, more moisture absorbent, better vertilated and less
well insulated. Our desireto go lightly clothed indoors in winter causes
a large temperature gradient through the walls and our passionfor hy-
giene generatesa high relative humidit y in the indoor air from bathing.
These changesin both building technology and in life style have made
our homesand o ces vulnerable to damage by condensation within the
structure.

The prevalence of mould growth in houses,and our growing recog-
nition, or conviction, that this mould is harmful to health, has led to
minimum verntilation requirements for houses. On the other hand our
recognition, or corviction, that our energy consumption is altering the
world's climate hasled to a conicting requirement that vertilation be
reduced. Mould growth in the occupied part of the houseis usually a
consequenceof uneven wall temperature. Mould growth in the hidden
parts of the structure is usually a consequenceof air leakage from the
inhabited part. The dependenceof mould growth on moisture in the air
and in materials has been precisely de ned in laboratory experiments
but these results do not correlate well with obsenations from real life.
The computer models that we use to predict moisture content in hid-
den building componerts cannot calculate rapid uctuations in moisture
content of absorbent building materials, becausethey are basedon a dif-
fusion equation that takesno accourt of chemical adsorption of water on
materials. There are somerather fundamental gapsin our knowledge of
the dynamics of biological growth. The in uence on growth of air ow
and air exchange has been neglected.

There is an increasing interest among building physicists in the prop-
erties of water absorbent, porous materials, which, combined with per-
meable membranes to retard vapour ow, promise to allow a measure
of dehumidi cation and air puri cation by gas movemert through the
ertire wall, rather than through pre-ordained channels such as ducts
and windows. These material investigations, together with physiolog-
ical studies of people's tolerance to draughts and uneven temperature
indoors, promise to re-activate the discussion on the use of traditional
ventilation through windows as a perfectly reasonable way to control
the indoor climate without unreasonablewaste of energy.
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1. Intr oduction

This article is an attempt to bring together information from the elds of
microbiology, ecology physicsand the historic developmert of houses.When
the various threads are interwoven there emergeinteractions and synergies
that are surprising, and open up avenuesof exploration in building technol-
ogy that are not yet in the mainstream of academicendeavour.

| start with a review of the biology of organismsthat damagehousesand
the peoplewho live in them. The next section dealswith the various ma-
terials usedto build and decorate housesand how the use of non-absorbent
building materials increaseghe risk of water damage. Finally, | put forward
someideason how we should be deweloping building materials and designs
to simplify the making of a healthy indoor ervironment in buildings which
can survive a measureof neglect.

2. Micr oor ganisms

This rst sectionreviewswhat we know about the climatic conditions and
material properties that favour growth of microorganismsin buildings. The
discussioncertres on fungi. Bacteria generally require a very high relative
humidity (RH) to thriv e. Algae require a high RH and alsolight. They are
therefore not often found in hidden parts of a building. Lichensalsorequire
light and seemto be con ned to the outside of buildings. It seemsto be
the fungi which causethe most damageto buildings and their occuparts.
The chemicals and spores emitted by fungi are held responsible for much
respiratory illness and fungi are also thought to be the main food of dust
mites, whoseexcremert is one of the main causesof asthma.

High relative humidity is the factor most often cited asfacilitating mould
growth, but a survey of the literature revealsa more complicated, and by
no meansfully understood, interplay of environmental in uences.

2.1. Water activit y as the measure of water availabilit y. W.J.Scott
[Scott 1957]is generally credited with introducing the idea that the limit
for biological growth of an organismis mainly determined by two variables:
temperature and water activity. As often happens,his introduction of water
activity (which is identical with relative humidity) asa de ning variable has
beenacceptedmore wholeheartedly than he himself intended.

Scott describes the connection between the concerration of water in a
dilute solution of a salt, or a soluble organic molecule,with the vapour pres-
sure of water above the solution. The solute, that is the dissolved material,
interacts with water in a way that increaseshe overall intermolecular forces
and thus makesthe water moleculesmore di cult for an organismto take
in. This increasedintermolecular force also manifests itself in a decreased
tendency for water to escae into the vapour phase. The relative diminu-
tion of the vapour pressureis thus a measureof the organism's di cult y
in obtaining water. The relative humidity is de ned asthe partial pressure
of water vapour divided by the saturation partial vapour pressureof water,
that is the water vapour pressureover a free water surfacein an unvertilated
container. The RH is often quoted as a percertage, to give it a corveniert
numerical value. The degreeto which the actual RH is lower than 100%can
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Figure 1. The dependenceon water activity (RH) of the
growth of Aspergillus amstelalami. Growth stopsin sodium
chloride solution at a water activity of 0.92 (92% RH), while
growth continues in solutions containing glucose, sucrose,
glycerol and magnesiumchloride. Note alsothe slow growth
at very high water activity. (adapted from Scott 1957p.116).

beregardedas a measureof the di cult y any organismhasin getting water
into its cells.

It haslong beenassumedahat organismscannotdirectly cortrol the move-
ment of water moleculesthrough their cell walls. If the cell is short of water,
and is therefore in danger of collapsethrough lack of internal pressure,re-
ferred to as turgor, it synthesiseshygroscopic chemicals, such as glycerol,
mannitol and various sugars. These reduce the activity of water within
the cell, sothat water di uses into the cell from the surrounding liquid or,
in principle, from the surrounding humid air. The hygroscopicentity can
also be an ion, which can be moved in through the cell's active transport
mechanism, a processwhich needsenergy When, later, the ambient water
activity rises, the cell metabolisesthe now excessie hygroscopic molecules
to re-establish equilibrium. This processis known as osmotic regulation of
the cell uid. A good description can be found in [Finkelstein 1987].

2.2. Limits to the validit y of water activit y as a controller of bio-
logical growth. Scott was not dogmatic about the overriding importance
of water activity. He notesthat yeasts,which are related to the fungi, grow
in liquid with water activity as low as 0.62 (62% RH) but have not been
reported to grow on solids at this low water activity. He alsonoted that the
limit for growth wasa ected by the nature of the solute. Figure 1 shawsthe
limited ability of an Aspergillus speciesto grow in sodium chloride solution.
On the other hand there are organismsthat require a high concerration
sadium chloride solution to thrive. The commonly obsened pink discol-
oration of the whitewashedwalls of damp churchesis causedby organisms
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Figure 2. Pink discolouration of biological origin, probably
a halobacterium, around an e orescence of salt on the inner
side of the wall of Gierslev Church, Sjlland, Denmark. The
picture is about 15 cm across. Photo by Roberto Fortuna.

that thrive in a salty ervironment (gure 2). Enzyme activity in the cell
is strongly in uenced by the nature of the solute that the cell secretesto
maintain its osmotic balancewith its surroundings. The nature of the sol-
uble componerts of the substrate therefore has a powerful in uence on the
viabilit y of organismsstressedby low water availability. A common meda-
nism usedby many organismsto survive freezing, which is a form of water
stress characterised by a rapid increasein ion concertrations in unfrozen
residual liquid, is to increasethe concerration of glycerol, mannitol and
sugarsin their cell uid. Glycerol can even beimported from the surround-
ings. In this way the organism can attain the samewater activity as the
extra-cellular uid, but with a completely di erent chemistry.

Felix Franks [Franks 1982],a noted authority on water, was also sceptical
of the indiscriminate acceptanceof water activity asthe limiting factor for
organic growth. He points out that any system shawing hysteresisin water
absorption and desorption, as do all organic polymers and many silicates,
cannot have a de ned water activity, becausewater activity is a variable
of state, meaning that it is independert of how that state is approaded.
Franks points out that foods (and | will add building materials) also have
a solid hygroscopic componert, while the equations used to de ne water
activity are basedon homogeneousbinary solutions with a non-volatile so-
lute. A cellulose moleculein damp wood can scarcely be consideredas a
homogeneousagueoussolution.

2.3. Water activit y in porous media. Water activity in a homogeneous
solution is de ned in terms of the vapour pressureof water above it. In
the world of soil sciencea di erent tradition has establisheditself wherethe
di cult y a plant hasin taking up water is described as a suction pressure.
Athough thesetwo conceptsturn out to be equivalent and interconvertible,
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the useof parallel systemsof units in related disciplineshas causedconsider-
able confusionand misunderstanding. The matter is discussedby Passioura
[1982]. For the momert we need just note that the availability of water
to organismsin porous media is cortrolled both by solute conceriration,

as described in the previous section and by the retention of water in ne

capillaries where the water column is under sud high tensile stressfrom

the surface tension of the curved capillary surfacesthat its availability to

the organismis reduced. Water adsorbed on surfacesis alsoincluded in the
capillary componert.

In the botanical literature the reduction of water activity causedby the
addition of soluble substancesis referred to as the osmotic potential. The
plant cell can increaseits own solute concerration until water enters the
cell by osmosis. The di cult y of extracting water against the surfaceten-
sion acting in the meniscusformed in small capillaries is called the matric
potential. Thesetwo forcescombine to hold water bad from the living cell.
In the botanical and soil scienceliterature the water activity is called the
suction pressure. A relative humidity of 85%, in building physicsterminol-
ogy, is equivalent to a water activity of 0.85in microbiologists jargon and a
suction pressureof minus 22 megapascaln soil sciencediscussions.

Finally, there is the vapour phaseto consider. Here the water activity is
exactly expressedby the relative humidity. One characteristic of water in
the air is that it is very dilute, comparedwith water of equivalent activity in
a solution, or in the capillary poresof a solid. The water conceriration in a
saturated potassium nitrate solution, asis commonly found in the masonry
of the cellars of older buildings, will be approximately 900g/l. The water
vapour in air at equilibrium with this solution (95% RH) is, at 20 C, 0.016
kg/m3 = 0.016¢g/l. The dierence in concerration is dramatic. One might
suspectthat kinetic, rather than equilibrium thermodynamic considerations,
would limit the usefulnessof water vapour to the stressedorganism.

It is really only building sciertists who have to considerall three phases:
the aqueousliquid and the water vapour within the unsaturated porous
solid. The liquid phasecan stressthe organismsability to get water out of
it by containing a lot of solute, the solid phasecan retain water by holding
it in very ne capillaries where surfacetension holds the liquid under strong
tensile stresswhich the cell can only overcome by making solutesto lower
its internal water activity. Finally the water in the vapour phase de es
capture by being very dilute. Furthermore it cortains no solutes, which
meansthat the cell has no chance of capturing solutes from it to use to
absorb water vapour. The cell must therefore manufacture its own activity
reducing solutesif water vapour is the only water sourceavailable to it.

On the other hand, the solutesmay be toxic, sothat the organismcannot
usethem. In an unsaturated porousmaterial the solute may alsoaccumnulate
at the points where the organism absorbsthe water, leading to a low water
activity at that point and increasingresistanceto further water absorption.

The unique problem that building sciencehas, that soil sciencedoes not
have, is that the water vapour is di using through a wall, often indepen-
dently of liquid movemer. Soil sciertists regard percolating water as the
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main distributor of water, with the pore vapour phasealways passiwely at
equilibrium with the pore water.

A certral question therefore is how much does a high relative humidity
in the pore volume encouragemould growth in the absenceof an accessible
liquid phasecontaining dissoled salts.

According to Adan's [1994](p.61) very comprehensie survey of the my-
cologicalliterature "Unambiguousdata on the e ects of the amount of water
at the sameRH on fungal growth have not beenfound in the literature.'
Adan presumably meansconceriration, when he writes “amourt'.

Adan also obsenes (p 101) that the conidia (spore bearing growth) of
Penicillium chrysggenum show liquid drops asthe RH is raised in a high
pressurescanningelectron microscope, suggestingthat the fungusitself can
exude deliquesceh substancesto absorb water directly from the air. Sud
processesare well known in the animal world. Dust mites, for example,
exude potassium chloride and then re-absorbthe liquid formed at high RH.

2.4. Ventilation. A variable that has beenconsisterly ignored in biolog-
ical researd is the air speedover the organism. The reason probably lies
in the experimental di cult y of holding a circulating air systemsu cien tly
sterile and constart in water activity. Most researders culture their spores
in small enclosureswhose water activity is cortrolled by saturated or un-
saturated salt solutions. The air is not stirred. Evidence for the possible
in uence of air movemert comesindirectly. Kristian Fog Nielsen [Nielsen
2001] refers to cultures on building materials in a climate chamber with
moving air. He complainsthat the growth was uneven, probably becauseof
uneven air velocity over the culture dishes.

For millenia, the standard householdadvice has beento vertilate houses
to inhibit mould growth. Unfortunately vertilation a ects so many inter-
dependert variables in the microclimate that this good advice cannot be
interpreted scienti cally . Vertilation will even out the temperature, and
therefore the local relative humidity. Vertilation will dry out obscurecor-
ners which have moisture in the walls from other sourcesthan the room
air.

One might suspectthat vertilation might have a powerful in uence on the
growth of organismsin the real world. It very often happens(about half the
time in fact) that the porous substrate that the organismis growing on has
a higher water activity than the air above it. The organismwill relatively
easily hold its equilibrium with the pore solution but its aerial parts will
be bathed in a medium of lower water activity. Fungal mycelium is fairly
impermeable, but not entirely. Even more frequertly, one can imagine a
situation wherethe wall is nearly always at a higher water activity than the
indoor air. This happenswhen there is rising damp, or driving rain on the
outside of the wall. The wall will then be evaporating water into the air for
long periods.

A closelyrelated matter is air exchangerate. Microorganismsemit a vast
range of signal chemicalswhich inhibit the growth of other organisms,even
of the emitting organismitself. Forsyth [1955]noted that that Wheat Rust
fungus spores do not germinate in closed asks becauseof an inhibitory
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volatile substance,which heidenti ed astrimeth ylethylene. A damp, sealed
roof or wall construction should be a poisongasbattle eld of someintensity.

2.5. The inuence of the substrate. From the earliest investigations
there have been parallel studies using both agar and real industrial ma-
terials as growth media. Scott mertions the greater range of permissible
water activity for yeast growth in a homogeneousmedium compared with
a ‘real world' substrate. Grant and coworkers [Grant 1989] measuredthe
limiting water activity for growth of three Cladosprium specieson various
substrates. The limits on agar were 0.81to 0.85. Corresponding valuesfor
industrial substrates varied from 0.9 to 1.0. The in uence of added nutri-
ent on bare and enulsion painted wood basedpaper was also considerable:
carboxymethylcellulose added as a readily accessiblecarbon sourcereduced
the limiting water activity by 0.05 (5% RH) units in seeral casesbut often
there was no di erence at all.

Nielsenand co-workers [2000] measuredthe growth of seven microorgan-
isms on 27 building materials over a 7 month period. They obsened no
growth at 70% RH, only slight growth on wood and wood products at 80%.
At 90% RH many materials were attacked, but not gypsum board. Their
visual tests were supplemernied by other tests which revealedthe existence
of mycelium, visually indistinguishable from the bres of the substrate.

There are some microorganisms that need an unusual ervironment; a
high water activity is not enough. The already mertioned pink discoloration
around the salt e orescence in Gierslev Church, Sjlland, isan unidenti ed
halophile organism, maybe a halobacterium, which can grow at around 0.75
water activity.

The nutritional requiremerts of microorganismsare often so special that
many have never beengrown in the laboratory. A relevant caseis the growth
of Penicillium on oak timber within the organ casein K ge Church, south
of Copenhagen(gure 3). The Consenation Department of the National
Museum made a climate record for about a year, during which the relative
humidity within the organ casewas hardly ever above 65%. Only someoak
timberswereattacked, immediately adjacert piecesbeingertirely una ected
(gure 4). The biologists at the Tednological Institute were unable to
culture the organism to identify the species. Even the polymerase chain
reaction failed, so DNA analysis could not be usedto identify the species.
The mould hasrecenly beendiscovered on wooden pewsin the north aisle
of the church.

There are seeral Penicillium speciesthat cansurviveat quite low relative
humidity. Wolfgang Krumbein, of the University of Oldenburg, who is a
specialist on microbiological growth on inorganic substrates, reports many
failures in culturing bacteria found on the surfacesof buildings.

One often hearsthat modern wood is more susceptibleto rot than old
wood, becauseit is cut with the sapin the cells. | shov an embarrassing
example from Gierslev Church where the Consenation Department of the
National Museum consened and re-mourted the 16th certury altar picture
(gure 5). We remaoved the painting from its place directly in front of the
porous stone altar, which rested directly on the earth and was visibly wet
whenwe removed the painting. It wasreplacedin a ventilated mount, showvn
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Figure 3. The organ of K ge Church, Sjlland, Denmark.

from the bad in gure 6, and screenedrom the air immediately around the
stonealtar. On our next visit a year later the oak planks of the picture were
unaltered but there was mould growth on the modern timber of the frame!

The obsenation that mould doesnot grow whereit should, accordingto
the measuredrelative humidity, has been understandably ignored by mi-
crobiologists: it is not the obvious way to a brilliant career. Examples are
therefore anecdotal rather than carefully documerted.

One of the often cited examplesof survival through (careful) neglectis
Skoklosters, near Uppsala. This historic housemuseumis not warmed, nor
inhabited, in winter, exceptfor a small o ce in the basemen. The sewen-
teenth certury interior decorationis generallyin good condition. According
to curator Bengt Kylsberg there is ice on the wallpaper throughout the
winter,which evaporates without melting in the spring. Mould growth and
corrosion have only beenobsened on someweapons in the armoury which
had beenentrusted to a consenator for treatment. One cansuspectthat the
refreshing mixture smearedonto the weapons contained humectans, suc
as glycerol, which gave microorganismsthe meansto reduce their water
activity, and maybe also a nutrient source.

There is one unconsideredsourceof nutrient which is particularly preva-
lent in the roofs of modern buildings. This is the breakdovn products of
building materials. Bogaard and Whitmore [2002]studied the astonishingly
rapid breakdown of paper under cyclic change of relative humidity between
25% and 75%. The small moleculesreleasedby this medanical-chemical
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Figure 4. The interior of the organ of K ge Church. The
red rectangle towards the top right is an enlargemen which
shavs mould growing preferertially on the horizontal sur-
faces. The white bulb at bottom right providesgertle heating
to keepthe organ relatively dry.

processcan provide nourishmert for microorganisms. In a sealedroof con-
struction the local relative humidity can swing violently with the changing
temperature of the roof skin, causedby radiant heating from sunlight. Apart
from the expecteddaily cycle from maybe 5%RH in bright sunlight to 100%
on a clear night, there are also uctuation causedby clouds passingover.

The cortinuous, slow breakdowvn of wood products is attested by the
volatile compounds given o over certuries; for example, acetic acid, which
can be metabolised by moulds.

2.6. The combined inuence of temp erature and water activit y.
The frequertly cited paper by Ayerst [Ayerst 1969] contains data exclu-
sively from cellulose Im or agar, encapsulatedin test tub e reaction asks.
His paper is, however, useful for the detailed graphs of the response of mi-
croorganismsto conbinations of temperature and water activity.

The lowest water activity that can support mould growth is 0.7 at 35 C,
among the candidates investigated by Ayerst (gure 7). At the normal
temperature of damp cornersin inhabited houses,say 12 C, the limiting
water activity is much higher: about 0.9. The most frequertly wet area
in housesin cold climates is the inside of the outermost componert in the
wall during the winter. This is also the coldest part, so the much higher
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Figure 5. The altar of Gierslev Church, Sjlland, Den-
mark. Note the sixteerth certury painting in front of the
altar. Photo by Roberto Fortuna.

Figure 6. The bad of the new frame supporting the old
picture, at the time of re-installation in Gierslevchurch. The
new timber was attacked by mould within one year, though
the original oak planks were una ected.

limit for growth at temperaturesbelov 5 C meansthat such placesmust in
practice cortain liquid water before growth will occur. On the other hand
a few organismsare reported to grow at 60% relative humidity: the fungus
Xeromyaes bisporus and the yeast Sacharomyces rouxii [Brock 1974].
There is good evidencefrom obsenation of old buildings that have been
unheated for certuries that mould growth is supressedwhen the period of
high relative humidity coincideswith the cold period. | have already men-
tioned Skoklosters, near Uppsala, (gure 8) a time-capsule of seerteerth
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Figure 7. Germination time (left) and growth rate of As-
pergillus chevalieri as a function of both water activity and
temperature (from Ayerst 1969).

certury art and equipmenrt. The interior is in impressiwely good condition,
in accordancewith generalexperiencethat furniture, in particular, endures
better in unheated houses.

Krus [2001]has collected the data for germination and growth of seweral
mould speciesas a function of time and temperature. He then drew in a
‘worst case' curve designating the lower limit of temperature and RH for
mould growth. His limiting curvesare shown in gure 10.
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Figure 8. SkoklostersHouse,near Uppsalain Sweden. The
interior is largely unchangedsincethe seenteerth certury.

Figure 9. An interior view of Skoklosters House. The fur-
nishing is generallyin good condition. The houseis unheated
all the year and dark, except when visitors are showvn round
in groups.

It is evident from this section that the temperature dependenceof the
limiting RH is of great importance in buildings. Mould in the corner of
a warmed room requires a much lower RH than mould growth towards the
outer skin of awell insulated building. We shall seelater that the outer parts
of buildings tend to dry out quite quickly in spring, beforethe temperature
has risen signi cantly. The most humid period indoors is, howeer, in the
relative warmth of early autumn.

2.7. Time of wetness. It takessometime for the dry spore to germinate.
Grant [1989]calculated the fraction of time over a certain RH in out of the
way cornersof dwellings, basedon the RH and the surfacetemperature. This
measuremeh howewver, doesnot indicate how long the RH was consisterily
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Figure 10. Limiting temperature and relative humidity for
germination (top) and growth of common house moulds.
From Krus 2001.

over a certain RH. Adan [1994]p.167 mentions an experiment by Pasanen
[1992] which indicates that intermittent wetting is enoughto causemould
growth on wallpaper.

Adan measuredthe responseof mould to alternating high and low RH.
The result for painted gypsum plaster is showvn in gure 11. The periods
of low RH were long enoughto ensurethat there is no residual e ect from
water evaporating into the aerial boundary layer from the substrate. On
the other hand the water cortent of the substrate will always be higher than
the equilibrium value for the low ervironmental RH. Adan considersthis
matter in somedetail. The readeris referredto the original thesis, which is a
substartial contribution to the subject of mould growth on porousmaterials.

One must concludefrom Adan's results that a low RH following a period
of luxuriant growth at high RH will discomfort, but not kill, the organism.



14 TIM PADFIELD

average rating

days

Figure 11. Mould growth during repeatedalternating peri-
odsof high and low RH. The Y axis unit is the logistic growth
rate, described in detail in Adan [1994]page 178. The sub-
strate was gypsum coated with acrylic emulsion paint. The
mould was Penicillium chrysgenum The high RH exposure
for all curveswas 6 hours at 97%RH followed by 6 hours
at a lower RH: | = 10%, Il = 33%, |1l = 58%, IV = 87%.
Redrawn from [Adan 1994]

2.8. Comp etition between species. Agarossi and co-workers [Agarossi
1989]give an accourt of attempts to combat biological growth in Etruscan
tombs at Cerveteri, north of Rome. A seriesof biocides designedto target
particular groupsof organisms: algae,actinomycetesand bacteria, wereused
in turn. Eacdh disturb ed the ecologicalbalance,causingabundant growth of
organismsthat were opportunistically enjoying the absenceof others that
had previously held them in chek. My dertist tells of patients who have
not heededthe warning on their asthma inhalers: to rinse the mouth after
inhaling. The medicine kills bacteria in the mouth, giving perfect growth
conditions for fungi, which attack the gums.

An impressive example of limited growth in apparertly ideal conditions
is the CopenhagenMuseum of Modern GlassArt, openedin 2001in the cis-
terns that oncesupplied the city with water ( gure 12). There is a constart
thin layer of water on the o or and the underground site provides a rather
constart temperature. The abundant fuzz of mould on the statuesand their
plinths testies to good growing conditions, but the structure itself, with
stuccoed pillars supporting the roof, is not visibly cortaminated. Many
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Figure 12. Mould growing on the plinths and on the sand-
stone statuesin the cisternsunder S ndermarken, Frederiks-
berg. There is always 1 cm of water on the o or, sothe rela-
tive humidity is always closeto 100%,yet there is no obvious
growth on the pillars supporting the roof of the underground
structure.

authors note that 97% RH, rather than saturation, is the optimal water ac-
tivit y for fungal growth, but do not write that saturation prevents growth.
A more likely explanation is that a thriving bacterial biota is preventing the
fungi from establishing themsehes.

The infrequency of mould where the relative humidity is constartly high
is also demonstrated by caves and underground military structures. Figure
13 showsthe interior of Garderh j Fort, Near Lyngby, north of Copenhagen,
built in 1886-1892.The iron ttings are corroding briskly, but there is very
little visible mould growth. Maybe the competition from strongly growing
bacteria is an e ectiv e deterrert. This is hardly a useful way to protect an
ordinary housefrom mould growth, but it does suggestthe possibility of
arranging deliberate biological protection of buildings. Indeed, researters
at the Fraunhofer-Institut fer Bauphysik are setting out to investigate the
possibility of biological cortrol of biological growth on building materials.

2.9. Other inuences. The pH is known to inuence the growth of or-
ganisms, which themsehes alter the pH of their surroundings. The most
dramatic exampleis the Dry Rot fungus, Serpulalachrimans, which needs
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Figure 13. Garderhj Fort, north Copenhagen,from 1892,
is constartly closeto 100%RH but is relatively free of visible
mould growth, though iron structures are massiwely cor-
roded.

the alkalinity of building mortar or calcareousstone to neutralise the ox-
alic acid which it secretes.Fungi generally prefer neutral to acid conditions
but there are sewral that ourish in alkaline ervironments, so pH tends to
in uence the balance of speciesrather than the degreeof infestation.

Light is essetial to algaeand lichens,which are therefore not found within
building structures. Fungi are killed by ultra-violet radiation, but there are
also reports of increasedfungal activity in near ultraviolet radiation [Adan
1994].

Oxygen is nearly always su cien tly abundant in buildings. Among the
physical variables, surfaceroughnessis reported to have a surprisingly weak
in uence.

2.10. Unexplored, or unconvincingly documented, e ects. The most
astonishing gap in the literature is the lack of information on the e ect of
air movemert and air exchange. Air movemert is universally recommended
for inhibiting mould growth, but has never, asfar as my reading goes, been
investigatedwith scierti ¢ rigour. The scienti c argumert for the irrelevance
of air movemert is that the organismis always in passiwe equilibrium with
the surrounding air, which is in equilibrium with the solid surface of the
substrate.

The fungal hypha is in contact with the capillary liquid in the plaster at
only a few places. The fungal hypha has a robust outer skin of chitin or
chitin-cellulose complex. This is fairly impermeableto water. The water
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uptake of the organism must therefore be concerirated in somespecialised
areasof the mycelium. Nevertheless,in a high wind eventhe chitin protected
aerial hyphae will lose water, which will force the limited area of water
absorbingtissueto work harder, which meansthat it will have to synthesise
more hygroscopicmolecules,to provide a stronger driving force for di usion
of water into the organism.

Passiora[1982](p 13) reviewsthe literature onwater uptakethrough plant
rootsin soil. It ismoredi cult for plants to extract water and nutrients from
soil than from homogeneoussolution. One explanation is the accunulation
of solutesat the root surface, causinga local increasein osmotic pressure.
Onewould expect a similar problem for fungal hyphae extracting water from
a salt laden wall to compensatefor lossto the dryer air of the room.

Another factor reducing root e ciency , which should alsoapply to fungal
mycelium, is the incomplete corntact betweenthe root and the pockets of
capillary water betweenthe soil particles.

The generalacceptanceof water activity asthe limiting factor for germi-
nation and growth is a self-reinforcing assertion: there are no studies of the
e ect of water conceriration at constart activity. Furthermore, the discus-
sion of water activity is confusedby circular argumerts. Theoretically, one
can deducethat the thermodynamic de nition of water activity is, ideally,
identical with the ratio of actual vapour pressureto saturation vapour pres-
sure, that is the relative humidity. In practice, mycologistsde ne the water
activity by imposing a de ned relative humidity. The water activity is not
measureddirectly. The whole concept of osmotic equilibrium depends on
liquid equilibria acrossa semi-permeablemembrane. When one side of the
semi-permeablecell wall is bathed in air with a given partial water vapour
pressure,but no solute, the situation is far from that which the theoreticians
have soelegarly explained. One candraw an analogywith the over-familiar
useof pH in quite dry conditions. The pH is, when rigorously de ned, the
logarithm of the hydrogen ion concertration in moles per litre of aqueous
solution. There are no hydrogenions in the air, whatever the water vapour
concertration.

In general,there is an understandabletendency to take the insights from
simpli ed, usually homogeneoussystems,and apply them indiscriminately
to multiphase systems, xing deviations from the in-vitro results with em-
pirical correction factors, practical but without fundamental signi cance.

The nal gapin the body of researt results is the lack of investigation of
why organismsdo not grow in placeswhere they would be expected, such
as adjacert to placeswhere there is abundant growth but an apparertly
identical microclimate. In Denmark we have Medieval churches which are
regularly over 80% RH (gure 14). The massiwe walls are known to bu er
the local relative humidity [Pad eld and Eshj 1993], so the time the wall
surfacesand the boundary layer of air that enclosegshe fungal mycelium are
cortinuously over 80%RH is quite long.

It must be acknowledged, howewer, that we nearly always nd fungal
hyphae during microscopic studies of fragments of wall plaster from the
interior of churches, though to the naked eye there is no sign of fungal
growth. The suspicion of widespreadinfestation that is not visible to the
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Figure 14. The relative humidity measuredunder the roof
of Rrby Church, Sjlland, Denmark. For the rst months
the new roof tiles had no mortar between them to reduce
vertilation, sothe RH wasvery unstable. Later, the roof was
made more airtight and at the sametime the church heating
wasstarted. The relative humidity then roseto a steady high
value, fed by water vapour from the church below di using

through the brick vaults. Thesetwo microclimate patterns,
and intermediate states, are characteristic for many churches
and probably have beensofor seweral hundred years, yet the
church roof timbers are generally in good condition. Data
from Poul Klenz Larsen, The National Museum of Denmark.

naked eye is reinforced by the curious behaviour of the 15th certury wall
painting (gure 15) on the vaults of Gerlev Church in Sjlland, Denmark.
The paintings turn grey in winter, and brighten up again in the summer,
probably becauseof seasonalvariation in the fungal metabolism.

2.11. The risk of experimen tal error. There is some cortroversy over
whether condensationis necessaryto start fungal growth, or merely a high
water activity, in the region 0.8 to 0.98. One matter that is seldom ade-
guately described in the papers cited in this review is the accuracy of the
experimental cortrol of water activity. Anyone who has made experiments
where high RH is required will appreciate that it is extremely dicult to
avoid intermittent condensation. At a nominal 97% RH, condensationmay
occur when the specimenunder obsenation is just one degreecooler than
the controlling salt solution. Such a temperature di erence can arise simply
by unewen light irradiating the apparatus. | write that condensation may'
occur, becausea short period at low temperature will not causeconden-
sation onto a spore support that is hygroscopic- it will buer the RH for
a time. Seweral researtiers, howewer, have used spores attached to care-
fully cleanedglassmicroscope slides,which have negligible ability to bu er
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Figure 15. The fteenth certury painting on the vault of
Gerlev Church, Sjlland, Denmark. The badkground turns
grey and then white again on an annual cycle, probably from
the annual pigmentation cycle of a fungus.

the climate. Although the early researtiersreport calibrating their systems
with thermocouple psychrometers, they do not report the stability of their
experimental arrangemens, which often ran for seweral weeks.

Assertions that condensationis necessaryfor mould growth in the real
world, as cortrasted with the world of agar gels, cannot be lightly disre-
garded. Intermittent condensationinto porous walls is very dicult to de-
tect. Indeedit is dicult to de ne what ‘condensation'meansin a porous
material, wherethere is a smooth transition from the hygroscopicregion, up
to 99% RH, and the capillary condensationregion, which leadsto the state
of total saturation.

2.12. Mo dels for biological growth in buildings. In spite of the evi-
dencefor many factors in uencing the growth of microorganisms,there is
a clear tendency to isolate relative humidity as the major in uence. The
German building standard states that 80% RH is the upper limit for safe
conditions. Innumerable secondary sourcesgive values between 65% and
80% asthe limit for biological growth in buildings. There hasbeenan e o-

rescenceof computer modelsto predict the local relative humidity in hidden
parts of wall and roof structures, and thus de ne the risk of mould growth
in any building design. The programs are invariably validated by the peo-
ple who write them. | have not read a comparison of various programs,
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using the samestarting data. This is surely becausethe programs are so
dicult to use. The sourcecode is sometimessecret, or so convoluted and
sparsely documerted that it still breaks the fundamertal rule of sciertic

writing: that an experiment should be repeatable from the written accoun.
The authors may say that the fundamental algorithms are published, but
that doesnot guarartee correct programming. There is a powerful casefor
intro ducing into building physicsthe concept of open source programming,
where programmerscollaborate to re ne programs. One could also urge the
adoption of the even more modern conceptof “extremeprogramming', where
one rst writes the routines that test the accuracy of eadr module in the
program, beforewriting that module.

There is a lack of modularity in the pioneering programs. By modularity
I mean dividing the code into discrete bits which ead do a limited part of
the whole task. The early programsalsohad to be written with ingeniousal-
gorithms to save memory and processingcycles. They have proved di cult
to adapt to new information and new priorities. This is amusingly illus-
trated by one of the top-rated HAM (heat and moisture) programs: WUFI.
Krus [2001], and the team from the Fraunhofer-Institut fer Bauphysik in
Holzkirchen, have intro duced mould spore germination rates into WUFI. To
do this they have to make a secondrun of the program with the spore en-
larged to the dimensionsof a calculable wall elemen. This adaptation of a
well establishedprogram to unforeseentaskswill be seenagainin the discus-
sion about the in uence of the wall on the interior climate - another e ect
that the early programmersdidn't take account of. The linear programming
style of most of the early programs is now surely hampering their rational
dewvelopmert but it takescourage,determination and funding to start again,
incorporating a decadeof developmert in building physics, microbiology and
programming.

The bioWUFI team have takenadi erent approac from Adan to rapidly
varying RH in the inner componerts of walls. They usethe permeability
of the spore wall, and the water storage necessaryto bring the spore up to
active growth. In other words they treat the spore as a typical, lifelesscom-
ponert of the building until it reachesa water content that permits active
hyphal growth to start. The di usion coe cien t for water through the spore
wall increasesrapidly with increasing water content. For calculation pur-
poseshe sporeis expandedto a 10 mm thick, parallel sidedwall componert.
The sorption curve of the spore is taken from the literature. The predicted
germination time asa function of RH is shawvn in gure 17. At 97%RH the
germination time is about a day, perhapsless, so these results are consis-
tent with Adan's reporting of nearly instantaneouswater absorption, asseen
under environmental scanningelectron microscopy at 97%RH. The biolog-
ically enhancedWUFI program, howewer, is able to integrate the in uence
of moderate RH and time to predict the likely start of mould growth.

The developmen of this biological addition to WUFI is thoroughly doc-
umented in Sedlbauer'sph.d thesis [2001].

Finnish and English researters have also beenactive in dewveloping mod-
els for the combined e ect on mould growth of RH and temperature in a
uctuating environment [Clarke][Hukka 1999],with comparableresults.
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Figure 16. The WUFI program for predicting heat and
moisture movemen in walls has been adapted to predict
spore germination and growth. For computing corvenience,
the spore is expandedto a wall elemer, 10 mm thick.

Figure 17. The germination rate of mould sporesasa func-
tion of RH, time and temperature. From Krus[2001].

One characteristic of nearly all the computer modelsis that they assume
that water vapour di uses accordingto Fick's law, which is an exampleof a
generaltype of physical law where the rate of the processis proportional to
the potential driving it. Fick's law statesthat heat ow is proportional to
the temperature gradient acrossthe test specimen. The equation describing
the transfer of heat by moleculesvibrating against one another has been
borrowedto describe the wanderingsof water moleculesin porous materials.
This has also been modelled as a random blundering about, a so-called
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Figure 18. A comparison of measuredand calculated dif-
fusion of water into a clay plaster surfaceexposedto a uc-
tuating RH. The certre graph shows the measuredrelative
humidity above the surface,and at depths of 9 mm and 34
mm below the surface,of a clay plaster specimenexposedto
a sinusoidally varying water vapour ux in a sealedcham-
ber. The steep dotted curve shows the course of the RH
in the empty chamber. The chamber relative humidity is
strongly bu ered by absorption within the specimen. The
atter curvesmeasuredbelow the surfaceshow that absorp-
tion is limited to the outer few certimetres of the material.
The graph on the left is the "Fickian' model, using the ac-
tual, statically measuredconstarts for di usion and sorption.
On the right is a modelled result where the constarts have
beenadjusted to the best t to the experimental results. It
proved impossibleto get both amplitude and phasein the
model result to t the experimental result. From Pad eld
[1999].

stochastic, or Monte Carlo model, which gives the same result as Fick's
law predicts. In reality, howewer, there are powerful chemical forcesholding
water to the surfacesof clay particles and the entry of water moleculesinto
the wood structure alters the pore size.

Pad eld [1999]experimented with a dynamically changing water vapour
concenration in a systemat constart temperature. The movemen of wa-
ter vapour through a clay mortar was modelled according to the simple
Fickian rules. It proved impossibleto match theory to reality. There was
a phasedi erence between the real and the modelled processthat could
not be removed, even by replacing the measuredvalues for water sorption
and permeability to give a best t (gure 18). A phaseshift has also been
obsened in a more recert, unpublished experimert, using an ertirely inde-
pendent model program [Peuhkuri 2002]. Already in the 1950'sthe simple
di usion model of water vapour movemert through unsaturated soilswasre-
ported to predict rates much lower than experimental values[Slatyer 1967,
p.111]. Generally, computer modelling of the building envelope has beena
spur to thinking about the materials and the design of wall and roofs, but
it is premature to usethe programsasdesigntools in the architect's studio.
As | will showv in a later section, the programs are a long way from being
able to deal with the intricate forms of real architecture, spicedwith typical
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construction defects. The real usefulnessof the programsis to explore gen-
eral ideas about constructing fault tolerant buildings that won't rot if one
neglectstheir maintenancefor a year or two.

2.13. Summary of the biological input to discussions of the mould
growth potential of building envelop e design. Mould growth depends
on an RH between 65% and 100% but is slow belov 80%. Mould growth
in building componernts is negligible belov 5 C and reachesan optimum for
many speciesaround 30 C. There is a very strong in uence of temperature
on the limiting RH for growth, which approacessaturation at 5 C and has
its minimum value at the optimum temperature for growth. The nature of
the substrate is surprisingly unimportant: roughnessand porosity have little
in uence. Good nutritional value reducesthe RH limit for mould growth
somewhat, up to 10% in selectedexamples. The in uence of containment
and air ow over the hyphae is unknown. The in uence of hygroscopicsalt
solutions is unknown.

3. Trends in building and ventila tion techniques that are
relev ant to the mould resist ance of buildings

3.1. Airtigh tness for energy e ciency . Airtigh tnessis amantra of mod-
ern building physics. If the building leaksit losesenergy One could cynically
add that if the building leaksit is impossibleto model its behaviour. Bad
workmanship is notoriously di cult to treat mathematically. The dominant
wisdom is that the building should be airtight, and then vertilated in a
supervised manner, by computer in large buildings. There have long been
attempts to extend computer cortrol to ever smaller units of habitation,

the so-called “intelligent house', but there is a growing resistanceto sud
abstract control of peoples'everyday life. The technologist's ideal of total
airtightnesswith all vertilation air channelled through a heat exchanger is
consideredby Svendsenand co-workers [Rose 2002]. Their test housedid
not meet the e ciency target for heat exchange but there is no doubt that
a carefully built demonstration housecan give impressive energy econony.

3.2. Airtigh tness for moisture protection. If the room walls are not air-
tight, human-generatedmoisture will penetrate the structure and condense
somewhereon its way to the generally cooler outside skin of the building.
The danger is greater nowadays becausee cien t insulation gives a colder
skin, even belov ambient temperature on a clear night. Another trend in
building methods which increasesthe risk is the use of prefabricated units,
joined on site. The units canbe madevery airtight becausehey are madein
factories where quality control is easily enforced. Joining them together on
site is another matter, becauseof variation in the weather and more di cult
supervision. The resulting structural inhomogeneiy channels air through
the few cracks betweenunits. Condensationis concerrated in a few places.
The resulting locally abundant water will then move according to gravity,
which, like leaks,is very di cult to model realistically. | give a casehistory
later.

Air movemert through cradks would not be so seriousif the crack were
lined with water absorbent material, which could absorb and dispersethe
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passingwater molecules,then releasethe absorbed water in a warmer pe-
riod, or simply transmit it sideways so that the water is distributed over
a wider area of wall, from which it can evaporate. An example of such a
wall is air dried clay. The high water sorption of the clay givesconsiderable
protection againstdiscrete leaks, though it cannot cope with constart di u-
sion of indoor air through the ertire wall. Modern buildings tend to usenon
absorbent materials such as paint, polyethylene, denseconcrete, glassand
steel. Furthermore, constructional details are quite complicated, so water
can pool in unexpected placesand remain there quite a long time without
evaporating, becausethe air is streaming through somewhereelse.

3.3. Airtigh tness and the indo or climate. We are rapidly approading
a situation where the outdoor air is cleanerthan that indoors, even in big
cities. A vast array of volatile chemicalsevaporatesfrom building materials,
furnishing and decorative nishes. The airtight, non-absorkert building does
nothing to hinder this environmental insult. Modern people spend most of
their time indoors, so the threat to health is quite serious. The pollutants
are at presern vertilated to the outside, together with the human generated
moisture. The vertilation requiremert is usually given in air changesper
hour, about 0.5. The vertilation requiremert is normally set by the needto
reducethe water vapour concerration, which is always above the outdoor
concernration. The air exchange rate thus established gives us plenty of
oxygen and adequate removal of carbon dioxide, except in very crowded
places. The air exchangerequiremert for vertilating toxic chemicalsis not
de nable, becauseit dependson ead individual object in the house. The
much discussedsick building syndrome has proved extremely dicult to
de ne in sciertic terms, in spite of a torrent of publications. The modern
human animal, with his/her demandfor comfort and happiness,has proved
to beadicult experimenal subject, leadingto conicting researd results.
Instead of a summarising a collection of references| refer the readerto the
many publications from the International Centre for Indoor Environment
and Energy [International Certre].

Two discussionswhich are particularly relevant here are the cortroversy
over the discomfort causedby low RH (under 30%) and the irritation caused
by draughts. Both low RH in winter and draughts are used as argumerts
against using windows for vertilation. Pre-conditioning of outside air can
better be done in a heat and moisture excanger, followed by distribution
through pipesto ead room. Howewer, new ndings suggestthat modern
oce folk are not sudh tender creatures as microclimate researters once
thought.

3.4. Examples of damage caused by non-absorb ent materials com-
bined with imp erfect construction. It isnot dicult to nd examples
of buildings which su er condensationin spite of a carefully specied air
barrier. The National Gallery of Art in Ottawa, Canada, ( gure 19) su ers
from condensationin the skylights, which movesseweral o ors down to drip
from the ceiling of the ground o or (gure 20). This building is not just
chosenas a random example - it was meticulously designedto have an air
barrier to hold badk air humidi ed to 50% RH for the salke of the pictures.
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Figure 19. The National Gallery of Canadain Ottawa, de-
signedwith meticulous attention to the cortinuity of the air
barrier.

Figure 20. The bucket (arrowed) catchesdripping conden-
sation from the skylight. The National Gallery of Art, Ot-
tawa

Large buildings are predominantly made of non absorbert and airtight
materials, both asinterior nish: plastic paint, and as exterior nish: glass,
concrete. The roof is typically at and built as a sealed sandwich with
airtight materials enclosinga porous, water-inert insulation, which, in Den-
mark, is usually mineral bre. There is one dominating characteristic of
thesebuildings: they do not interact with water vapour. This is often pre-
serted as an advantage but is in reality a disadvantage. There are always
air leaks around the manufactured panels. Air is therefore concerrated
into channels. If the air ow is moderate it will not much in uence the ther-
mal gradient through the construction, so condensationwill occur in cold
weather. If the ow is very fast, the heat transferred by the air will prevert
condensation, but this situation seldomarises,and would in any caseindi-
cate an unacceptableenergyloss. One characteristic of this condensationis



26 TIM PADFIELD

Figure 21. The north eastfacing facadeof the IBM build-
ing in Lundtofte, near Copenhagen,photographedon a cool
evening. There is condensation on alternate levels of the
glassfacade,which shows asdark patches,in cortrast to the
clear re ection of the sky in the una ected glass. An appar-
ently homogeneougacadehas systematically uneventhermal
characteristics.

that it is abundant in the few placeswhereit occurs. Here, the condensa-
tion will be heavy enoughto drip down. Construction details are nowadays
su cien tly intricate that it is often di cult to trace the path from the water

stain visible indoors badk to the source. The stain is therefore attributed to

a leak and the roof is repaired, without preverting the stain re-appearing
after condensationduring the next cold spell.

Much e ort is put into designinga comprehensie air barrier, and much
supervisory e ort is usedon site, also after disaster has struck. Figure 22
shaws the inside ceiling insulation being ripp ed out of a museum store in
Maryland, USA. Although the whole roof was rebuilt ( gure 23) the failure
was limited to half of the long passage.Inconsistert quality cortrol wasthe
immediate causeof failure, though the designwas risky.

Figure 24 shows a ribb on of ice forming from condensationon the inside
of a window frame in the samebuilding. This alsowastraced to a break in
the installation of the air barrier. It is a very good example of the amount
of water that can be generatedovernight by a small break in an otherwise
impermeableconstruction. Even adjusting the fans to imposea slight vac-
uum within the building did not ertirely stop the leakage of water vapour.
This is becausethe incoming air also sticks to easypaths through the erve-
lope, sothat the humid inside air can still di use to the cold outer skin of
the wall. The wall was concrete slabswith internal insulation of expanded
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Figure 22. Ceiling insulation being stripped from a mu-
seum store in Maryland, USA, becauseof condensationon
the roof above. Condensationonly occurred on the half of
the long “street' that was badly sealed.

Figure 23. Polystyrene insulation being put on the roof of
the street shown in the previous gure.

polystyrene, then a polyethylene membrane and painted gypsum board on
the room side.

My point is that specifying an air barrier asthe main defenceagainst con-
densation within the wall or roof structure is a dangerouspractice, though
it appearsto be consenative. If the building is alsodeliberately humidi ed,
as in a museum, a hospital, an electronics factory or even in an ordinary
o ce, failure of the defenceagainst condensationis sure.
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Figure 24. Ice accunulating from water vapour leaking
through a gapin the air barrier of the museumstore in Mary-
land.

Figure 25. A housein Sandowvn, southern England, with

the style of 1920and the building technique of 2000. At this

stage one seesthe functional similarity betweenthe imper-

meableglassof the window and the impermeablealuminium

coated plastic sheetof the walls. This will soon be concealed
by mineral bre insulation and a stucco facade.

Although | have taken examplesof specialisedbuildings, ordinary houses
are now built in the sameway, and have the samevulnerability. A typical
exampleis the housein southern England ( gure 25), built in the style of the
town's heyday in about 1920but with the construction technique of modern

times.
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Figure 26. A substartial earth houseunder construction in
Ottery St. Mary, Devon. It lacks only the nishing layer of
lime plaster. The houseand its interior echo the Arts and
Crafts Movemert of the 1880's, with an emphasison ver-
nacular style, ne materials and ne handwork. The owner,
architect and builder is Kevin McCabe.

A building made of water absorbent materials but with the same fre-
guency of cradks through to the outer skin, will defend itself against con-
densation becausethe o wing air will losewater vapour cortinuously to the
immediately surrounding material, which will in turn allow it to di use side-
ways to dry material which is not directly in the path of air o wing from the
interior of the building. | don't know of many measuremets of these pro-
cessesbecauseabsorbent walls are typically made of un red earth or straw
bales, which have only recenly caugh the attention of building physicists,
though clay is still the world's most widespread building material and by
no means obsolete, even in rich courtries (gure 26). Uninsulated brick
walls, though only absorbert at very high RH, seemalsoto be resistart to
condensation,from my experienceof historic housemuseums.

3.5. The eect of the annual climatic cycle on the micro climate

within the building envelope. An extreme, and instructiv e, example of
condensationcausedby a conbination of modern demandsfor comfort, re

resistanceand energye ciency wasthe indoor precipitation in the Arts and
Industries Building of the Smithsonian Institution in Washington DC, which
sert the engineersscurrying about the roof looking for leaks[Pad eld 1999].
Figure 27 shows the roof construction of pre-fabricated boxes, ead with

its own air barrier. Air from the heated and humidi ed interior (this is a
museum, so the interior is humidi ed for the benet of the exhibits) pene-
trated the structure through the joints betweenthe boxes. The condensed
water invaded the boxesfrom above, bypassingthe air barrier. During the
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Figure 27. The designofthe roof of the Arts and Industries
Museum in Washington DC.

early summer the sun warmed the top of the roof, distilling water onto the
vapour barrier on the now cooler, interior side. After a while the water
drops coalescedand cascadedinto the interior through joints in the ceiling.
It was very dramatic, but short lived. As the graph in gure 28 shows the
roof dried out within a weekor two and the processstopped, until the next
spring sunshine. The condensationwasalsolimited to the morning hours, as
shown in gure 29. If the air barrier had had even a thin layer of absorbert
material over it, the condensationwould never have readed the interior of
the building and would have disappearedertirely over a few weeks.

Another piquant detail was the abundant fungal growth on the plywood
roof dedk (gure 30). The mycelium embraced nutritious crystals of am-
monium dihydrogen phosphate,a re retardant chemical which had recrys-
tallised separately from the biocidal borax salt.

| describe this building in somedetail becauseit shows how dicult it is
to model the behaviour of buildings. The magnitude of the air o w through
the roof dueto the stadk e ect would be very di cult to predict. The way in
which the water vapour moved up through the cradks betweenthe casettes
but moved down through the casette construction would be di cult to be-
lieve without the evidencefrom the sensors.The mould growth fostered by
the separationof the repro o ng salts wasanother hard-to-predict phenom-
enon. The water absorbent plywood played a vital role in the disaster, but
a water absorbent coating to the air barrier would maybe have prevened
the disaster altogether.

Another example shaws the combined e ects of a short seasonalevert
with variation in the thermal gradiert through the complicated facadeof an
old building.
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Figure 28. The microclimate in the roof of the Arts and
Industries Museum. Moisture accunulated in the upper ply-
wood layer during the winter, from air owing betweenthe
prefabricated roof casettes. The trace at the top is the direc-
tion of air ow through the roof, driven by the stack e ect,
over a period from winter into summer. Below this is the RH
measuredjust below the upper plywood. Notice the very
sharp fall in RH in early summer.

The Renwick Gallery in Washington DC is shovn in gure 31. In spite of
its massiwe appearance,the new stone decoration is a skin, separatedfrom
the brick core by an air gap (gure 32) bridged by stainlesssteel pins. This
intricate and expensiwe reconstruction techniqgue was designedto prevent
soluble salts from migrating into the new stone, which is actually coloured
concrete.

A perspective crosssection through the rebuilt facadeis showvn in gure
33. Moist air from the interior di uses through the solid brick wall and erters
the air gap. The air gap is at a varying distance from the boldly modelled
surfaceof the building. Consequetly, the temperature of the air gap varies,
allowing lateral moisture movemen. Instruments embeddedin the building
shaw that ice forms in the gap in such quartity that it takessewral hours
to melt (gure 34). The concernration of water in particular placesis here
vastly increasedby accunulation of ice, which preverts immediate drainage
through the cavity. In this building also there was a short period of about
two weeksin spring where a daily distillation of water acrossthe gap could
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Figure 29. The microclimate in the roof of the Arts and In-

dustries Museum. Episodesof acute condensationare caused
by bright spring sunshinewarming the upper plywood and

distilling water vapour onto the polyester air barrier which

covers the lower plywood. The morning period of condensa-
tion is shown by the crossingcurvesof the air barrier temper-
ature and the dew point of the air directly aboveit (the curve
that starts lowest). The dew accunulates until the drops co-
alesceand cascadedown the slope and into the room below
through gapsin the ceiling. These dramatic everts are lim-

ited to a few days in early summer. After that the roof dries
out until the next winter rechargesthe water cortent of the
upper plywood.

Figure 30. Mycelium of Penicil lium around crystals of am-
monium dihydrogen phosphate. The re retardant salt had
beenaddedto the plywood usedfor the roof ded of the Arts
and Industries Museum. The picture is about 1.5 mm across.
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Figure 31. The Rernwick Gallery in Washington DC. Note
the bold modelling of the 19th certury facade, with stone
details on a massiwe brick building.

Figure 32. A section of the wall of the Renwick Gallery.
There is a 1 inch (2.5 cm) gap between the original brick
structure and the new stone (actually colouredconcrete)dec-
orative elemens. Sensorsvereplacedin this gapand at other
placesin three sectionsthrough the building.

33
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Figure 33. The condensationprocessn the wall of the Ren-
wick Gallery. During the winter, moist air di uses from the
interior into the gap, which is in many placescovered on the
outer side with impermeable concrete blocks. The temper-
ature of the gap is uneven, becauseof the bold sculpting of
the facade,sovapour moveslaterally to accunulate asicein
the cooler parts.
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Figure 34. The microclimate within the wall of the Ren-
wick Gallery. A sequencdrom the climate record showing a
period of freezingfollowed by a long period of thawing, in-
dicating considerableaccunulation of ice where the wetness
sensorwas placed. The wetnesssensormeasuredthe surface
electrical conductivity of the stone and sogave a “dry' read-
ing whenfrozen. Evidencefor ice persisting after the wetness
sensorhas recovered its wetnesscomesfrom the slow rise in
temperature of the gap at this measuring site

be seenin the instrumental record. At other times of year the data logger
gave a very boring accourt of the good behaviour of a dry wall.



THE WINDO W IN ITS CONTEXT 35

Theseexamplesshow that there is scope for protecting buildings against
the occasionalcoincidenceof natural forcesthat spell disaster: what geolo-
gists call "punctuated equilibrium’. The designcan normally function on the
edgeof stability, if the designeralsobuilds in a bu er againsttheseclimatic
extremes. This is why it is soimportant to understand the reaction of water
absorbent materials in rapidly changing microclimates.

4. A rational stra tegy for improving the perf ormance of
dwellings

There aretrends in building physics,and in experimental structures, that
are threatening the dominance of the strategy of total cortrol of ewvery pa-
rameter, which has so clearly failed to produce consisterly healthy build-
ings.

4.1. Is the vapour barrier really necessary? | have preseried abun-
dant evidencethat the air barrier does not always work in practice. The
next questionis whether it is necessaryor useful. Simonsenand co-workers
[Simonsen2000B]have shavn that a housewith a porouswall can certainly
survive the Finnish winter. They replacethe absolute vapour barrier with
the concept of a vapour resistanceratio. The interior surface of the outer
wall should be betweenthree and v e times asimpermeableto water vapour
asthe outer surfaceof the wall. The water vapour leaking from the interior
will then di use through the outer surfacefast enoughthat the outer parts
of the structure do not get wet enoughto rot.

In another paper in the samesymposium[Simonsen2000]Simonsenpoints
out that porousinterior walls will passuseful quartities of carbon dioxide
and volatile organic compounds through the wall.

The establishmen of a suitable ratio of permeabilitiesis a good rst step
towards a rational choiceof building standardsfor resistanceto condensation
and mould growth, but a limit to the absolute valuesof permeability would
be even more useful, becauset would allow quarti cation of the possibility
of verting water vapour, carbon dioxide and other unwanted gasesthrough
the whole areaof the housewall instead of through channelspoked through
the walls, with fan blades spinning within them. One of the important
argumerts for relaxing the demand for absolute impermeability is that the
housecan “breathe'. This is a somewhat sertimental description of a real
process: the absorption and transport of water vapour through the ertire
fabric of the building.

A dierent approad is preseried by a group of researters in Dresden
[Haupl 2000]. They have looked at the possibility of insulating historic
buildings on the inside, so that the facadeis not dis gured. They have
demonstrated that calcium silicate porous insulation laid directly against
the interior walls doesnot rot, eventhough there is occasionalcondensation
on the wall side of the insulation. The insulation wicks the moisture badk
to the room side where it evaporates again into the room air. The risk of
condensationis di cult to predict, or to prevert, becauseold buildings often
have thick interior decoration in oil paint, of very high vapour resistance.
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Figure 35. Housesin a village in certral Devon, England.
They are built in “cob’, a form of earth building with angular
rock fragmerts embeddedin an earthen matrix. The bottom
metre or two of the wall is usually of stone. Both sides of
the walls would originally have been limewashed but they
are now usually covered with an impermeableplastic paint.
The walls are up to a metre thick, becausethe technique
is not at all re ned. This great mass of wall gives a high
thermal inertia which compensatesto some extent for the
lack of insulating value of the earth.

4.2. The casefor the entirely porous wall. Thesetwo subtle approates
to relaxing the rules for vapour barriers on the warm side of the insulation,

the inside in northern Europe, hint at the vast unexplored possibilities in

building materials that are both porous, insulating and water absorbert.

The only represertativ e of this classin commonuseis cellular concrete(gas-
beton) but such materials are not new. Figure 35 shaws a row of housesin

a village in certral Devon, England, where many housesare built in “cob’,
an earthen matrix lled with angular stones. It is an unusual form of earth

construction which has arisen becauseof the nature of the local bedrock:

a sdistose rock which weathers readily into small angular fragments that

cannot easily be usedfor corventional stone building. The vapour transmit-

ting, and vapour bu ering properties of this material are, sadly, no longer
realized in these buildings, becauseboth the interior and exterior surfaces
are commonly covered with plastic paint of vastly lesspermeability than the

material between.

If we combine the information we have onthe RH and temperature depen-
denceof mould growth and the sorption data for materials, we can seethat
in the high RH region, over 80%, where mould growth acceleratessorption
of water by materials also increasessteeply An absorbent material needs
much water to increaseits equilibrium RH from 80% to 90%, so absorbent
materials are peculiarly well suited to reducethe risk of mould growth. A
non-absorkent wall will seewild swingsfrom condensationto dryness, but
the short periods of total saturation will encouragemould growth much more
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Figure 36. A slowly disintegrating earth building in certral

Devon. The tin roof and the stone baseto the wall ensure
surprising durability even against driving rain, frequert fog
and an unheated interior.

than the periods of low RH will inhibit it. The results of Adan [1994] are
very important to this discussion.

One practical advantage of the use of massiwe, homogeneouswalls of ab-
sorbent materials is that they are very forgiving of faults and neglect. If
water accunulates, for any reason,at a particular point, it will rapidly dis-
perseinto the surrounding material. Earth walls are therefore surprisingly
water and neglectresistart. It is both sad and instructiv e to seethe long,
gertle declinein the rural earth buildings of south west England, a notably
rainy region of the world. Figure 36 illustrates the local saying about build-
ing maintenance: "A cob building needsa good hat and good boots'.

Building physicshasfor sometime extendedits interest to suc vernacular
technigues. One notable certre for researt is the University of Grenoble.
In Denmark’'s Tednical University there haslong beena slenderthread of
researd in the properties of alternative building materials such as organic
insulation, lightweight clay bricks and recertly aremarkable bre reinforced,
lime bound material from France called Canosmose.An anecdoteabout this
researt illustrates that there is still someway to goin integrating unusual
materials into the curriculum of building sciencestudies.

A group of students from the Tednical University of Denmark choseto
study the physical properties of “Canosmose'a mixture of chopped hemp
stalks (Cannabis sativa) with calcium hydroxide binder and a small portion
of a secretdark powder. The students made a cylinder of the material,
which is designedto Il the walls of timber frame constructions. They then
measuredthe water uptake in the normal manner by dipping one end of
the cylinder in water and weighing it at intervals to reveal the expected
guadratic relation betweenwater uptake and time. But it didn't suk. The
studerts in their nal presenation werevery embarrassedat their failure to
get results, attributing the problem to their own errors. The possibility they
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didn't ever considerwas that this water vapour absorbert, porous material
could alsobe water repellert. A possibleexplanation is that the lime formed
calcium soapswith organic compounds in the hemp fragmerts, but that is
just speculation. We should simply be aware that there are interesting
materials outside the mainstream of the building suppliers catalogues.

There are argumerts against the homogeneouswall that provides in one
material the total requirement for bearing the structure, insulating, and
protecting against condensation. It will surely be thicker than the minimum
hi-technology membrane that is now fashionable. An argumert put forward
by the manager of a gasbeton (cellular concrete) factory in Denmark was
that it was a dicult material to plaster and Danes prefer a yellow brick
facadeanyway.

One must not deny the importance of tradition, but it is alsoimportant
to evaluate materials for their intrinsic properties, outside the con nes of
traditional thinking, both aesthetic and scierti c.

5. The relev ance of this discussion to the windo w pr oject

Like the devastating introduction of arti cial ultramarine blue to the far
eastern painters in the late nineteerth certury, the dewelopmert of glass
that caninsulate aswell asan opaquewall hasled to a proliferation of glass
wall architecture in o ce building. It hasvariously beendescribed as cigar
box architecture, membrane architecture and worse. But styles changeand
we should have our material data sheetsready for the next architectural
revolution.

One result of the glassfacadestyle is that the outer skin of these build-
ings is impermeable. The danger of condensationin a cold climate is well
understood and two approactesare usedto minimise the chance of trouble.
An air barrier is installed, or the air spacebehind the outer skin is ven-
tilated, sothat outdoor air, with its relatively low water content (though
normally high RH) is brought into the building and warmed slightly sothat
there is no danger of condensationon the inner surfaceof the outer layer of
glass. This air circulation can be forced but is also designedto run through
natural corvection. My point is that the rst alternative: preventing indoor
air from reaching the outer glassby tting a barrier layer, is very di cult
to achieve. The secondmethod seemsto have a good record so far, but we
must wait for reports of how well the natural circulation systemswork.

The tendencyto regard the window exclusiwely as a sourceof light and a
psydological connectionto the outside world is corveniert for the designer,
becausedesigning openable windows to remain airtight for many yearsis
a formidable challenge. It is really a chemical problem: Polyvinylchloride
(PVC) is the material of choice for making intricate sealingstrips with pro-
les which include bends and furrows and changesof sti ness. Soft PVC
is, howewer, not durable. It is also regardedas an environmental hazard -
outgassingtoxic plasticisers.

If housescould be designedto work well with windows that are opened
when it is conveniert for the occupier, one could minimise energy lossand
unpleasan draughts. For example, a bedroom with water absorbert and
carbon dioxide permeablewalls will hold a good microclimate throughout
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one night with windows closed. The windows can be opened for a short
period during the day to regeneratethe bu er capacity of the wall. This is
also the time when the ambient temperature is highest, so the energy loss
is lessthan if the windows were slightly open all night to vertilate away
moisture and carbon dioxide.

There is a good casefor returning, for ordinary dwellings at least, to
simpler, more massiwe structures, made of water absorbing and permeable
materials and with windows that provide adequatevertilation when the in-
habitants want it. When the windows are shut, the porous walls take the
load of water vapour, carbon dioxide, and worse gases. The house com-
puter is usedfor its proper purp oseof playing gamesrather than cortrolling
vertilators.

Until the late 1990's,building physicists were passiwe obseners of the in-
teraction betweenthe indoor climate and the room surfacesand furniture.
It is encouragingto seean outburst of interest in actively modifying the ma-
terials and structures of buildings to generatea more subtle indoor comfort,
where the parameters which we do not consciouslysense,RH and carbon
dioxide concertration, are held at moderate levels by the building itself.

Building physicists have much to o er to, and maybe to learn from, the
alternativ e ecologicalenthusiasts who trample mud to the accompanimen
of lyrics from the high scool songbook before smading the dough up on
the slowly rising wall of their new house. Practical work brings new insight
and surprises. | nish this article with a picture (gure 37) of a clay house
of advanced designthat was recerily built by Flemming Abrahamson and
lanto Evansin Stenlille, south west of Roskilde in Denmark.
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