
1

Title

Bio-based reference façade wall details
Design and analysis of moisture transport and thermal bridges for Dutch residential top-up buildings

P5 Presentation

19-06-2025

Mark de Kanter



2

Title

Figure 1. (NOS, 2022)
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981.000 additional residences necessary

Figure 2. (Own illustration, 2025)
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100.000 residences potential with top-ups

Figure 3. (Own illustration, 2025)
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Definition top-up

Figure 4. (Own illustration, 2025)



6Figure 5. (Tomlow, 2021)
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Current reference details

Figure 6. (Bouwzo, 2025)
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Most used materials

Concrete Brick Plaster Steel Insulation
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100.000 residences potential with top-ups

Figure 7. (Own illustration, 2025)



10Figure 8. (Own illustration, 2025)
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Existing building materials

Concrete Brick Plaster Steel Insulation
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Cork Flax Hemp Straw Wood

Bio-based building materials



13Figure 9. (Own illustration, 2025)



14Figure 10. (Own illustration, 2025)



15Figure 11. (Own illustration, 2025)

Lightweight construction



16

Thermal mass

Figure 12. (Own illustration, 2025)



17Figure 13. Derived from: (Koppenhol, Hertzberger, et al., 2024)

Phase shift & temperature amplitude



18Figure 14. Derived from: (Bouke, 2020)

Vapour-open constructions



19Figure 15. Derived from: (Greg, 2019)

Vapour diffusion resistance factor



20Figure 16. Own illustration

Capillary
more efficient evapouration

Uniform moisture distribution
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Benefits top-ups with bio-based

Figure 17. (Own illustration, 2025)
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Lack of technical knowledge
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What if?
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Hypothesis
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How can bio-based façade wall reference details for residential 
top-up buildings be developed according to thermal and 

moisture regulation within the construction?
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First methodology
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First methodology
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Dutch policy documents
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Most promising bio-based materials

Figure 21. (College van Rijksadviseurs, 2023)
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WUFI database
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First methodology
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Selection bio-based materials
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Cork Flax Hemp Straw Wood

Selection bio-based materials
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Second methodology
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List of bio-based products
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Second methodology
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Design principles
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Third methodology
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Third methodology
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Development details
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Assessment details
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Third methodology
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Third methodology
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The bio-based reference detail configurations



47Figure 22. (Own illustration, 2025)

Detail configuration 
hempcrete insulation blocks and a wooden façade
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Detail configuration 
hempcrete insulation blocks and a wooden façade

Wooden façade panels

Wood fibre plate

Hempcrete blocks

Clay plaster
Wooden cavity battens

Untreated wood

Treated wood
Flexible hemp fibre

Figure 23. (Own illustration, 2025)

Hempcrete lintel
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Corresponding details
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Methodology detail development

Detail developmentDesign principlesProducts selection
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Detail developmentDesign principlesProducts selection
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Detail configurations

Figure 26. (Own illustration, 2025)
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Simulation set-up
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WUFI geometry
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Figure 27. (Own illustration, 2025) Figure 28. (Screenshot WUFI, 2025)

Detail development WUFI assessment
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WUFI numerical grid

Figure 29. Derived from: (NEN 2778, 2015)
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Boundary conditions

Figure 30. (Screenshot WUFI, 2025)

Indoor surface
Outdoor surface

Adiabatic border

Indoor surface
Outdoor surface

Adiabatic border

Indoor surface
Outdoor surface

Adiabatic border



57

Simulation results
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Isopleths

Figure 31. (Screenshot WUFI, 2025)
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Isopleths

Figure 32. (Screenshot WUFI, 2025)

Re
la

tiv
e 

H
um

id
ity

 [%
]

0.0 6.2 12.4 18.6 24.8 31.0

Temperature [°C]

70.5

76.4

82.3

88.2

94.1

LIM I
LIM II

Hygrothermal condition 

Isopleth - wood fibre plate



60

Isopleths

Figure 33. (Screenshot WUFI, 2025)
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Surface condensation

Figure 33. (Screenshots WUFI, 2025)
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𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
17,269×𝜃𝜃𝜃𝜃
237,3+𝜃𝜃𝜃𝜃 , for θ ≥ 0 C° 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
21,875×𝜃𝜃𝜃𝜃
265,5+𝜃𝜃𝜃𝜃 , for θ < 0 C° 

 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 + ∆𝑑𝑑𝑑𝑑 
 

∆𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇) = −27𝑇𝑇𝑇𝑇 + 640 
 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝜑𝜑𝜑𝜑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
=

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅
0,8

   

 

𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

17,269−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) ≥ 610,5 Pa 

 

𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

21,875−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) < 610,5 Pa 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚 = 𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 +  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  
 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 =  𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  

V1
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Surface condensation

Figure 33. (Screenshots WUFI, 2025)
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-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0
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Temperature at the critical surface temperature, V2Highlight lowest point, V2
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-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0
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Temperature at the critical surface temperature, V3Highlight lowest point, V3

-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0
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fRsi = 0.66
fRsi ≥ fRsi,max

No mould growth
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No mould growth
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No mould growth

θsi = 15.94˚C θsi = 15.40˚C θsi = 15.31˚C

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
17,269×𝜃𝜃𝜃𝜃
237,3+𝜃𝜃𝜃𝜃 , for θ ≥ 0 C° 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
21,875×𝜃𝜃𝜃𝜃
265,5+𝜃𝜃𝜃𝜃 , for θ < 0 C° 

 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 + ∆𝑑𝑑𝑑𝑑 
 

∆𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇) = −27𝑇𝑇𝑇𝑇 + 640 
 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝜑𝜑𝜑𝜑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
=

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅
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𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

17,269−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) ≥ 610,5 Pa 

 

𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

21,875−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) < 610,5 Pa 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
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𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
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𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 +  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  
 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 =  𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  

V1 V2 H1

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
17,269×𝜃𝜃𝜃𝜃
237,3+𝜃𝜃𝜃𝜃 , for θ ≥ 0 C° 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃) = 610,5 × 𝑒𝑒𝑒𝑒
21,875×𝜃𝜃𝜃𝜃
265,5+𝜃𝜃𝜃𝜃 , for θ < 0 C° 

 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 + ∆𝑑𝑑𝑑𝑑 
 

∆𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇) = −27𝑇𝑇𝑇𝑇 + 640 
 

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =
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237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

17,269−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
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610,5

, for psat(θsi) ≥ 610,5 Pa 
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
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𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅
0,8

   

 

𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

17,269−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) ≥ 610,5 Pa 

 

𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
237,3×𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

21,875−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
610,5

, for psat(θsi) < 610,5 Pa 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚 = 𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
 

 

𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 +  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  
 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 =  𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  
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f-factor

Figure 30. (Screenshots WUFI, 2025)

Highlight lowest point, V1

-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0

Temperature [°C]

Lowest point

f = 0.94
f ≥ 0.65

No thermal bridge

θi = 17.07˚C

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  ∆𝑈𝑈𝑈𝑈" × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �0,8 ×  
𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� ×  
(𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 

 

 

𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 + ∆𝑈𝑈𝑈𝑈 
 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓 =  
1
𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓

 

 

 

𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤 =
∑𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 ×

𝑈𝑈𝑈𝑈𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

+ ∑𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 +∑ 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 × 𝜓𝜓𝜓𝜓𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 + 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 

 

 

𝑚𝑚𝑚𝑚′ =  �(
𝑛𝑛𝑛𝑛

𝑅𝑅𝑅𝑅=1

𝜌𝜌𝜌𝜌𝑅𝑅𝑅𝑅 × 𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅) 

 

 

𝑓𝑓𝑓𝑓 =  
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜑𝜑𝜑𝜑𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 =  𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 × (θ𝑗𝑗𝑗𝑗 − θ𝑏𝑏𝑏𝑏) 
 

V1
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f-factor

Figure 30. (Screenshots WUFI, 2025)

Highlight lowest point, V1

-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0

Temperature [°C]

Lowest point

Highlight lowest point, V2

Lowest point

-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0

Temperature [°C]

Highlight lowest point, V3

-9,0 < x < -4,9
-4,9 <= x < -0,8
-0,8 <= x < 3,3
3,3 <= x < 7,4
7,4 <= x < 11,5
11,5 <= x < 15,6
15,6 <= x < 19,7
19,7 <= x < 23,8
23,8 <= x < 27,9
27,9 <= x <= 32,0

Temperature [°C]

Lowest point

f = 0.94
f ≥ 0.65

No thermal bridge

f = 0.94
f ≥ 0.65

No thermal bridge

f = 0.94
f ≥ 0.65

No thermal bridge

θi = 17.07˚C θi = 16.92˚C θi = 16.99˚C

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  ∆𝑈𝑈𝑈𝑈" × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �0,8 ×  
𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� ×  
(𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 

 

 

𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 + ∆𝑈𝑈𝑈𝑈 
 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓 =  
1
𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓

 

 

 

𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤 =
∑𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 ×

𝑈𝑈𝑈𝑈𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

+ ∑𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 +∑ 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 × 𝜓𝜓𝜓𝜓𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 + 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 

 

 

𝑚𝑚𝑚𝑚′ =  �(
𝑛𝑛𝑛𝑛

𝑅𝑅𝑅𝑅=1

𝜌𝜌𝜌𝜌𝑅𝑅𝑅𝑅 × 𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅) 

 

 

𝑓𝑓𝑓𝑓 =  
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜑𝜑𝜑𝜑𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 =  𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 × (θ𝑗𝑗𝑗𝑗 − θ𝑏𝑏𝑏𝑏) 
 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  ∆𝑈𝑈𝑈𝑈" × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �0,8 ×  
𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� ×  
(𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 

 

 

𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 + ∆𝑈𝑈𝑈𝑈 
 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓 =  
1
𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓

 

 

 

𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤 =
∑𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 ×

𝑈𝑈𝑈𝑈𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

+ ∑𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 +∑ 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 × 𝜓𝜓𝜓𝜓𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 + 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 

 

 

𝑚𝑚𝑚𝑚′ =  �(
𝑛𝑛𝑛𝑛

𝑅𝑅𝑅𝑅=1

𝜌𝜌𝜌𝜌𝑅𝑅𝑅𝑅 × 𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅) 

 

 

𝑓𝑓𝑓𝑓 =  
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜑𝜑𝜑𝜑𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 =  𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 × (θ𝑗𝑗𝑗𝑗 − θ𝑏𝑏𝑏𝑏) 
 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  ∆𝑈𝑈𝑈𝑈" × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

∆𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × (
𝑅𝑅𝑅𝑅1
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

)2 

 

 

𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �0,8 ×  
𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� ×  
(𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 

 

 

𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓 =  𝑈𝑈𝑈𝑈𝑇𝑇𝑇𝑇 + ∆𝑈𝑈𝑈𝑈 
 

 

𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓 =  
1
𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓

 

 

 

𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤 =
∑𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 ×

𝑈𝑈𝑈𝑈𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

+ ∑𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 +∑ 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 × 𝜓𝜓𝜓𝜓𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖

𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 + 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 

 

 

𝑚𝑚𝑚𝑚′ =  �(
𝑛𝑛𝑛𝑛

𝑅𝑅𝑅𝑅=1

𝜌𝜌𝜌𝜌𝑅𝑅𝑅𝑅 × 𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅) 

 

 

𝑓𝑓𝑓𝑓 =  
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒

 

 

 

𝜑𝜑𝜑𝜑𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 =  𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗;𝑏𝑏𝑏𝑏 × (θ𝑗𝑗𝑗𝑗 − θ𝑏𝑏𝑏𝑏) 
 

V1 V2 H1
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PSI - value

Figure 31. Derived from: (Mousdell, 2024)
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PSI - value

Figure 32. (Own figure, 2025)

V1

Qideal = 13.826 W

QWUFI = 14.464 W

PSI-value= 0.059 W/(mK)
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PSI - value

Figure 33. (Own figure, 2025)

V1 V2 H1

Qideal = 13.826 W

QWUFI = 14.464 W

PSI-value= 0.059 W/(mK)

Qideal = 8.960 W

QWUFI = 9.770 W

PSI-value= 0.068 W/(mK)

Qideal = 15.913 W

QWUFI = 16.886 W

PSI-value= 0.077 W/(mK)
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Density

Figure 34. (Own figure, 2025)



69Figure 35. Derived from: (Koppenhol, Hertzberger, et al., 2024)

Phase shift & temperature amplitude
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What if?

Figure 33. (Own illustration, 2025)



71Figure 34. (Own illustration, 2025)
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