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PROJEKTOWANIE PRZEGRÓD BUDOWLANYCH POPRZEZ 
OBLICZENIA HIGROTERMICZNE  – DOŚWIADCZENIA I WYTYCZNE – 

 
Dla oszacowania stopnia ryzyka wewnętrznego zawilgocenia ścian i dachów były 
dotychczas stosowane proste, stacjonarne metody obliczeniowe. Obecnie, procesy 
cieplno - wilgotnościowe zachodzące w przegrodach, mogą być dokładnie 
przewidywane za pomocą zweryfikowanych narzędzi obliczeniowych, których 
praktyczne zastosowanie jest w Europie normalizowane. Zamiast dążyć do 
uzyskania idealnie szczelnych izolacji przeciwwilgociowych można, poprzez 
zbilansowanie dobowych i sezonowych przepływów wilgoci za pomocą symulacji 
higrotermicznych, projektować bardziej tolerancyjne wilgotnościowo a przez to 
trwalsze komponenty budowlane. Badania symulacyjne mogą nawet spowodować 
poszukiwania innowacyjnych materiałów jak inteligentna folia adaptacyjna, 
której rozwój przedstawiono w tym artykule. 
 
 

ABSTRACT 
 
In the past simple steady-state calculation methods were employed to assess the 
risk of interstitial condensation in wall and roof constructions. Today the 
hygrothermal performance of building envelope systems may accurately be 
predicted by validated simulation tools whose practical application is going to be 
standardized in Europe. Balancing diurnal and seasonal moisture fluxes by 
hygrothermal simulations instead of striving for a perfect seal helps to design 
more moisture tolerant and hence more durable building components. Simulation 
studies may even trigger the search for innovative products such as the smart 
vapour retarder whose development is summerized in this paper.    
 
1. INTRODUCTION 
 
Moisture protection of building structures often concentrates solely on 
controlling interstitial condensation caused by diffusions of indoor air humidity 
into the building enclosure during winter time. In most countries the problem of 
interstitial condensation is dealt with by employing a simple steady-state 
calculation method based on Glaser [1].  However, this method does neither 
account for hygroscopic sorption nor for liquid transport. Therefore its 
application is more or less limited to light-weight structures. Other moisture 
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loads, such as construction moisture, precipitation, summer condensation or 
rising damp are beyond the scope of the Glaser-method. The limitations of the 
Glaser-method can be overcome by using modern simulation models such as 
Match [2] or WUFI [3]. An extensive compilation of hygrothermal simulation 
tools can be found in an IEA-Annex 24 report from 1996 [4]. 

In this paper the temporal variations of the temperature and humidity conditions 
in the building envelope is analyzed by applying hygrothermal simulations accor-
ding to existing guidelines. By way of an example case it is also demonstrated 
how such simulation tools may be used for innovative building envelope design.  
 
2. DYNAMIC BUILDING ENVELOPE CONDITIONS  
 
The main function of the building enclosure is to protect the indoor spaces from 
natural weather. Besides precipitation and wind that occur only sporadically the 
solar radiation and the outdoor air conditions are essential. In Figure 1 those 
hygrothermal loads, their directions and their influence on the vapour diffusion process 
within the thermal envelope are represented schematically for an insulated cathe-
dral ceiling. Usually, the loads show mainly diurnal variations at the exterior sur-
face and seasonal variations at the interior surface of the building enclosure. 
During the daytime the roof surface heats up by solar radiation: this leads to an 
increase in temperature until there is a balance with the transfer of heat to the 
interior through thermal conduction and to the exterior through long-wave 
radiation and convection. Even before sunset, when the solar radiation decreases, 
the long-wave (infra-red) emission may lead to an overcooling (cooling down 
below air temperature) of the exterior surface which means that condensation of 
the ambient humidity may occur.  

 
Fig. 1: Schematic representation of the hygrothermal effects and their alter-

nating diurnal or annual directions in an inhabited attic (unvented 
cathedral ceiling insulation). 



 232

The hygrothermal loads bear consequences for the transient temperature and 
humidity conditions in the construction. When the exterior surface temperature 
rises during daytime it may cause vapour diffusion out of the exterior layers to 
the interior side of the envelope. The possible extent of moisture transport to the 
interior side can be estimated from results in Figure 2 which were recorded in a 
sheet-metal cathedral ceiling (orientation: south, inclination: 50°). The measured 
variations of the exterior surface temperature and the relative humidity between 
the vapour retarder and the mineral wool insulation during a bright winter day 
show a very large range. Here the temperature of the sheet-metal covering rises 
from -15°C during the night to 70°C at noon. This strong increase in surface tem-
perature drives the moisture of the wooden sheathing (bearing of the sheet-metal) 
to the interior side. For that reason the relative humidity between the vapour 
retarder and the insulation increases with a small delay from less than 10% to 
more than 90%. During the next night, when the exterior surface temperature 
falls again below the temperature of the conditioned space the direction of the 
vapour diffusion flow changes and the relative humidity behind the vapour retar-
der goes back to its initial state. These experimental results show clearly the 
diurnal humidity variations that may appear in the building enclosure due to 
vapour diffusion processes. In general the balance between nighttime and daytime 
diffusion fluxes results in a seasonal net flux to the exterior side in winter and to 
the interior side in summer.  

 

Fig. 2: Diurnal fluctuations of surface temperature and RH between the 
vapour retarder and the fiber glass insulation measured at a south 
facing cathedral ceiling during a sunny winter day in Holzkirchen [5]. 
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3. MOISTURE CONTROL STRATEGY 
 
The modern moisture control strategy takes account of the real conditions at a 
construction site. Unfavourable weather during construction and small imper-
fections in the building enclosure can never be entirely excluded. Therefore some 
moisture as vapour or liquid may get into a construction assembly. Vapour bar-
riers are generally installed to prevent the indoor air humidity from penetrating 
into the building enclosure during the heating season. However, in summer the 
vapour flux may come from outdoors especially in cases where the exterior layer 
has some moisture storage capacity (e.g. brick veneer). The so-called summer 
condensation occurs when the sun hits a wet façade driving the evaporating 
moisture inwards as long as the exterior layer contains precipitation water [6]. 
 
A second moisture source is air convection. In contrast to vapour diffusion which 
is acting on the whole area of the enclosure, air convection follows a small path 
created by cracks, imperfect joints or other flaws in the air barrier. Air-tightness 
of the building enclosure is very important because air convection can move more 
moisture than vapour diffusion. However, the most efficient way of getting 
moisture into the building enclosure is liquid water penetration. Minor flaws in 
the exterior seal of the enclosure may therefore have detrimental effects unless 
the drying potential of the enclosure assures a sufficiently forgiving construction. 
 
The use of vapour tight barriers in building envelope systems subjected to the 
hygrothermal loads described above has caused a lot of problems in the past.  
Many damage cases originate from the deficiency of such barriers because of 
inadequate workmanship or a lack of durability. Instead of striving for a perfect 
seal modern vapour control strategies aim at a tailored balance of all moisture 
supplying and removing processes. That means that a limited moisture entry is 
accepted when a sufficient and quick drying is assured later on. The admitted 
quantities of moisture in the building enclosure depend mainly on the materials’ 
capacity of storing moisture without harmful side effects. After a characteristic 
moisture supply and removal cycle a building component should not contain more 
moisture than before. This means, the condensate accumulated during the heating 
period has to dry out in early summer. Infiltrating precipitation water must drain 
and dry away before the next rain period. This can be achieved by carefully 
balancing the moisture fluxes in both directions, e.g. with tailor made vapour 
retarding layers as suggested in [7]. Employing hygrothermal simulations is 
probably the most efficient way of doing this. 
 
4. APPLICATION OF HYGROTHERMAL SIMUATION TOOLS 
 
Today, some of the hygrothermal simulation tools developed at universities or 
other research institutions are also available for the practitioner. The 
specifications and applications of such tools are described in the ASTM Manual 
40 “Moisture Analysis and Condensation Control in Building Envelopes” [8] and 
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in the ASHRAE Handbook of Fundamentals 2001 [9]. Recently (Oct. 2004) an 
English version of the WTA-Guideline 6-2-01/E “Simulation of Heat and 
Moisture Transfer” has been published. This guideline contains the following 
items: 
- fundamentals of heat and moisture transfer processes for building purposes 
- definition of hygrothermal material properties 
- boundary conditions (indoor and outdoor climate, surface resistance) 
- initial conditions (e.g. construction moisture) 
- accuracy of numerical solution (grid spacing, time steps) 
- documentation of results. 

Its purpose is to help the practitioner to successfully apply hygrothermal simu-
lations and demonstrate to the public that moisture protection involves much 
more than control of interstitial condensation. In the meantime the European draft 
standard prEN 15026 “Hygrothermal performance of building components and 
building elements – Assessment of moisture transfer by numerical simulations” 
which is largely based on the WTA-Guideline is in its final stages. This develop-
ment proves that also in Europe hygrothermal simulations can be considered 
state-of-the-art.  

For the simulations in this paper, the most widely used tool in Europe and North-
America called WUFI® [3] will be employed. This model has been validated by a 
number of common exercises [4] and by well-defined benchmark cases. The 
reliability of this software has also been confirmed by independent authors who 
compared experimental data with WUFI® predictions, e.g. [10, 11]. 
 
5. EXAMPLE CASE: DEVELOPMENT OF A SMART RETARDER 
 
Hygrothermal simulation tools are usually applied to assess the moisture protec-
tion of building envelope systems and sub-systems in order to prevent unhygienic 
conditions or damage. However, they may also be used to create new and inno-
vative envelope components or building materials by running parametric studies 
with virtual assemblies or material layers. Such an example is the development of 
the smart vapour retarder, a humidity controlled PA-film described in [12]. The 
development of that vapour retarder would have been impossible without a 
hygrothermal simulation model. Therefore the process leading to this product will 
briefly be summarized here. 

 
Fig. 3: Typical construction of an unvented cathedral ceiling with glass fibre 

insulation between roofing membrane and vapour retarder (bottom). 
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The development was inspired by moisture accumulation problems in unvented 
roof constructions found in practice such as the one depicted in Figure 3. Because 
most of these assemblies have a rather vapour tight roofing membrane (e.g. 
bituminous felt or reinforced plastic film), vapour barriers were installed to 
protect them from interstitial condensation. However, in the case of minor imper-
fections with subsequent moisture intrusion this assembly would fail because it 
cannot dry out to either side. In existing roofs, the top layer is difficult to change 
without replacing all tiles. Therefore a better solution to this problem is to find a 
vapour retarder that is tight enough to prevent excessive interstitial condensation 
while still allowing some moisture penetration to provide a sufficient drying 
potential towards the interior.  
 
The first stage of the development process aimed at the optimization of the 
vapour diffusion resistance of the retarder by simulating the moisture behaviour 
of timber-framed cathedral ceiling constructions exposed to Central European 
climate conditions. The vapour diffusion resistance of a material layer is 
commonly defined by the equivalent diffusion resistance of a stagnant air layer 
with the thickness sd. It turned out that a vapour retarding layer of sd = 2 m is a 
good compromise between the requirement to prevent excess interstitial conden-
sation and the need to provide a better drying potential of these constructions to 
eliminate moisture damage during the summer period. Starting from equilibrium 
water content at 80% R.H. Figure 4 shows the calculated moisture balance after a 
typical meteorological year (recorded at Holzkirchen weather station) for differ-
rent orientations and inclinations of the roof surface. A negative moisture balance 
indicates that the assembly dries out. A positive balance, however, is a warning 
sign. It may be an indication for moisture accumulation. It seems that especially 
the northern orientation combined with an inclination of more than 40° is rather 
unfavourable for this roof. 
 
While the drying potential is clearly better than with a traditional polyethylene or 
aluminium vapour barrier, the drying by vapour diffusion towards the interior is 
not sufficient for shaded orientations. Therefore the vapour diffusion characteris-
tics of the retarder have to be tailored in a way that enhances the drying potential 
of the assembly during the summer season. This can be achieved by reducing the 
retarder’s resistance during the evaporation period (summer time) while keeping 
the resistance up the condensation period (winter time). The resistance should be 
variable with the variation being a function of a parameter that differs distinctly 
between the condensation and evaporation period. As explained above, the rela-
tive humidity at both sides of an installed vapour retarder is such a parameter. 
The simulations show that a virtual material layer having a vapour diffusion 
resistance which is diminished by a factor of 10 during the summer period solves 
the moisture problems for all orientations and inclinations of the considered 
construction. After this parametric study the only remaining item was to find a 
material whose properties matched the virtual retarder. 
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Fig. 4: Annual moisture balance in a cathedral ceiling with vapour tight top and 
a slightly permeable vapour retarder (sd = 2 m) determined for different 
orientations and inclinations of the roof. 

 

 
Fig. 5 Variation of vapour diffusion resistance sd of a film (thickness = 50 µm) 

made from polyamide (PA) with ambient humidity conditions. 

Several plastic films were tested in the laboratory and a polyamide film whose 
vapour transport characteristics are shown in Fig. 5 was chosen because its humi-
dity depending diffusion resistance corresponds with the properties of the virtual 
layer defined by the hygrothermal simulations. The resulting temporal fluctuation 
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of the water content in the roof assembly of Fig. 3 with a vapour retarder having 
a constant diffusion resistance (sd = 2 m) and the polyamide film (see Fig. 5) is 
shown in Fig. 6. In this example the roof surface is facing North with an incli-
nation of 50°. The interior climate has been chosen according to the recommend-
dations of the WTA-Guideline 6-2-01/E, with low (30% r.F. indoor air humidity 
in January), medium (40% r.F.) and high (50% r.F.) interior moisture load. While 
the constant vapour retarder is doing fine when the interior moisture load is low, 
the situation is becoming critical for higher indoor air humidity because the 
drying rate in summer is too small to prevent moisture accumulation in the 
construction. When this retarder is replaced by the smart PA-film (variable sd) 
the drying rate in summer is increased considerably. Therefore the roof con-
struction will dry out in the long run even when the interior moisture load is high 
due to excessive vapour production by the occupants. Experimental results [13] 
confirmed the positive results of the simulations. Since its market introduction in 
1997 the smart retarder is successfully applied in Europe and North-America. 
This proves the benefits of hygrothermal simulations concerning building perfor-
mance predictions and innovative product development.  

 
Fig. 6 Seasonal water content fluctuations in a north oriented roof assembly 

with the constant vapour retarder respectively the smart retarder. 

 
6. REFERENCES 
 
[1] Glaser, H.: Vereinf. Berechnung der Dampfdiff. durch Wände bei Ausschei-

dung von Wasser und Eis. Kältetechnik (1958), S.358-364 & 386-390. 
[2] Rode Pedersen, C.: Combined heat and moisture transfer in building con-

structions. Dissertation Technical University of Denmark 1990. 
[3] Künzel, H.M.: Simultaneous Heat and Moisture Transport in Building 

Components. http://docserver.fhg.de/ibp/1995/kuenzel/001.pdf 
[4] Hens, H. et al.: Heat, Air and Moisture Transfer in Insulated Envelope Parts 

– Modelling and Common Exercises. IEA-Annex 24 fin. report, 1996. 



 238

[5] Künzel. H.M. Flexible Vapor Control Solves Moisture Problems of Building 
Assemblies. JTEBS vol. 23, July 1999, pp. 95-102. 

[6] Lstiburek, J.W.: Humidity Control in the Humid South. BETEC Workshop 
Proceedings, November 16-17, 1993. 

[7] Straube, J.F.: Moisture in Buildings. ASHRAE Journal., 1/2002, pp.15-19. 
[8] Trechsel, H.R.: Moisture Analysis and Condensation Control in Building 

Envelopes. ASTM MNL 40, 2001. 
[9] ASHRAE: Handbook of Fundamentals 2001, Chapter 23. 
[10] Straube, J.F. & Schumacher, C.J.: Hygrothermal enclosure models: compari-

son with field data. Proceedings IBPC 2003, Leuven, pp.319-325. 
[11] Kalamees, T. & Vinha, J.: Hygrothermal calculations and laboratory tests on 

timber-framed wall structures. Building & Env. 38 (2003), pp. 689-697. 
[12] Künzel, H.M.: The Smart Vapor Retarder: An Innovation Inspired by 

Computer Simulations. ASHRAE Trans.1998, Vol. 104/2, pp. 903-907. 
[13] Künzel, H.M. & Leimer, H.-P.: Performance of Innovative Vapor Retarders 

Under Summer Conditions. ASHRAE Trans. 2001 part 1, pp. 417-420.  
 

Künzel Hartwig, Ph.D. Research director at Fraunhofer 
Institute for Building Physics – Holzkirchen/Germany for 
hygrothermal modeling, laboratory and field testing. He is 
chairing a European CEN working group that will produce a 
standard for the application of heat and moisture simulation 
tools in building practice. 
 
e-mail: kuenzel@hoki.ibp.fhg.de 
 

 

 
Radoń Jan, Ph.D. Tutor in Dept. of Rural Building, Agr. 
Univ. of Cracow. Scientific co-worker at the Fraunhofer 
Institute for Building Physics – Holzkirchen/Germany. 
 
e-mail: rmradon@cyf-kr.edu.pl 
 radon@hoki.ibp.fhg.de 
 
 
 
 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


