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ABSTRACT

With its focus on reduced energy consumption, contemporary housing construction requires a highly insulated and airtight
building envelope with as few thermal bridges as possible. Windows must be carefully designed, as thermal bridges can lead to
surface condensation or mold growth, even if the window has an U-factor of 1 W/(m2·K) or lower.

This paper describes the development of modern, energy efficient Danish windows with reduced thermal bridges. It focuses
on materials, geometry, and sealing of window panes based on a literature review. Examples of modern windows are presented.
Experience with the minimum acceptable surface temperature regarding surface condensation or mold growth, implemented in
the Danish Building Regulations in 2010 (Danish Enterprise and Construction Authority 2010), and the calculation method for
this temperature based on international standards is discussed.

The introduction of the minimum acceptable surface temperature has been an important driver for the development of new
window solutions in Denmark, increasing the inner-surface temperature at the sealing of window panes. However, it will not stop
complaints from consumers, as this temperature is calculated under standardized conditions. Increasing requirements for airtight-
ness increases the importance of sufficient ventilation in order to prevent problems with condensation or mold growth.

INTRODUCTION

Contemporary housing construction focuses on reducing
energy consumption. This means that the building envelope
has to be highly insulated and airtight with as few thermal
bridges as possible. The surface temperature becomes lower at
thermal bridges than at surrounding surfaces. Indoor air that
gets in contact with the surface at the thermal bridge will be
cooled down resulting in a higher relative humidity. This
means that the relative humidity is higher at thermal bridges
than at other surfaces.

Windows are normally the coldest area in a room and
previously the presence of dew on windows was used as an
indication that the room was insufficiently ventilated. The
pane of traditional double-glazed windows or coupled sashes
was previously the coldest area of a window. However, the
corners of the sash and the edge of the glazing are normally the
coldest parts of windows with low-e glazing (Brandt 2013).

To minimize the thermal bridges, windows must be care-
fully designed. Otherwise it will lead to moisture-related prob-
lems such as condensation, degradation, or mold growth even
if the window has a total U-factor of 1 W/(m2·K) or lower.

Condensation occurs when the surface temperature is
lower than the dew-point temperature, which is given by the
moisture content in the ambient air. Even at higher tempera-
tures, there might still be a risk of moisture problems, as molds
are known to grow at a relative humidity as low as 75%, depend-
ing on the temperature and material (Sedlbauer 2001). There-
fore, to prevent mold growth, a critical surface temperature may
not only be based on the risk of condensation (100% rh) but also
based on a lower moisture level, e.g., the minimum acceptable
surface temperature should be higher than the dew-point
temperature.

The present requirement for U-factors for windows
means that some of the problems that previously were
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common are not found in contemporary constructions (Brandt
2013). For instance, condensation is very rare on the center of
modern glazing with a U-factor of 1 W/(m2·K) or lower.
However, windows should not be characterized by energy
performance alone. Acceptable moisture levels must be
ensured as well. The paper discusses the minimum acceptable
surface temperature as a parameter and the method for calcu-
lating this based on the building legislation and experience
gained with windows in Denmark. The minimum acceptable
surface temperature approach is relevant for a major part of
Europe situated in the same warm temperate, fully humid
climate zone, defined by the Köppen-Geiger climate classifi-
cation (Kottek et al. 2006).

The development of modern, energy-efficient windows in
Denmark is described, highlighting the necessary choices that
had to be made concerning materials and design. Examples of
modern windows are shown. Then the energy and moisture-
related requirements for windows in the Danish Building
Regulations (DBR) are described, as these have been an
important driver for the development of windows. The mois-
ture-related requirements are based on an international stan-
dard for calculating the minimum acceptable surface
temperature for mold growth or surface condensation, which
is briefly described (ISO 2012b). Examples of using the stan-
dard in a Danish context are given as a background for discuss-
ing the method itself and its practical consequences. The
choice of level for the minimum acceptable surface tempera-
ture is also discussed.

DEVELOPMENT OF ENERGY-EFFICIENT WINDOWS

A window is a complex construction where different parts
all contribute to the total U-factor: the glazing, the sash/frame
construction, and the edge sealing. Since 2000, research
conducted at the Technical University of Denmark, financed
by the Danish EnergyAgency, has aimed at inspiring and help-
ing the Danish window industry and it has been an important
background for the development of modern, energy-efficient
windows. Development was necessary to comply with the
gradually-tightening requirements for the energy performance
of windows and recently also the requirement concerning the
avoidance of surface condensation as presented in the section
“Requirements for Windows in the DBR.”

U-factor for Glazing

As glazing constitutes the major part of a window area, the
first efforts at reducing the U-factor of windows focused on
reducing the U-factor of the glazing by increasing the number
of layers of glazing, by filling the space between panes with gas
instead of air or by applying low-emission coating. Table 1
shows some typical U-factors for different types of glazing
(Nielsen 1991).

While condensation on the inside of the glazing was
common on windows with a high U-factor, improved U-factors
of the glazing have resulted in condensation on the outside
instead. This condensation can occur on clear nights with

humid air (above 85% rh), usually in the spring and autumn,
and in locations where the window has an unobstructed view of
the sky. Since the outbound heat transport through the window
is small, the outer pane thus becomes colder than the surround-
ing air, and condensation will form. The condensation starts to
form at the bottom of the pane (the coldest part), and in some
cases it spreads over the whole pane (Persson et al. 1994).

Materials for Sash/Frame Construction

Improvement of the U-factor of glazing resulting in U-
factors below 1 W/(m2·K) meant that it became important to
reduce the U-factors of the sash/frame construction. Develop-
ment of new constructions has taken place for several years
involving different kinds of materials: wood (Finland,
Sweden, and Denmark), aluminum (e.g., Denmark), polyvinyl
chloride (PVC) (Germany), or glass-fiber reinforced polyester
(GFRP) (USA and Canada) (BYG DTU 2009a; 2009b). Or a
combination, e.g., where a traditional inner wood part is
combined with a weather-resistant outer part made of alumi-
num or PVC as shown in Figure 1.

Constructions made of aluminum, PVC or GFRP can be
produced with a lot of cavities. Thereby the thermal conduc-
tivity can be reduced depending on the number and size of the
cavities and whether the cavities are empty or filled with insu-
lating material, etc. GFRP is stronger than PVC and this avoids
the use of steel as reinforcement. Aluminum is strong and
light, but it has a very high thermal conductivity (see Table 2).
This makes it difficult to make sash/frame profiles of alumi-
num with a low U-factor without thermal interruption and the
only real solution is to use another material, e.g., GFRP.

Design of Sash/Frame Construction

Reduction of the U-factor of the sash/frame construction
often resulted in very large dimensions of the sash/frame part
of the window. This in turn reduced the amount of solar radi-
ation coming through the window and eventually reduced the

Table 1. U-factors for DifferentTypes of Glazing,

All with 4 mm Glass and 12 mm Distance between the

Layers of Glazing, Except when Noted (Nielsen 1991)

Type of Glazing Type of Glass
U-factor
(Center)

W/(m2·K)

Double glazing Clear pane 2.9

Double Low-e glazing
Same + pane with a
Low-e coating

1.9

Aerogel 20
Two clear panes with 24 mm
distance, space filled with
Aerogel

0.6

Aerogel 30 Same with 34 mm distance 0.4
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energy performance of the window, expressed by the net-
energy gain, Eref.

Therefore, attempts were made to develop windows with
a reduced sash/frame ratio without increasing the thermal
bridge at the edge sealing (BYG DTU 2009b; Kragh and
Svendsen 2009). Such solutions are primarily relevant for
dwellings and not for offices, etc., where there is a risk of over-
heating the building. Figure 2 shows a solution with a sash/
frame construction made of GFRP with better energy perfor-
mance than traditional Danish products with a net-energy gain
of –60 to –40 kWh/m2 (Kragh and Svendsen 2009; Applefield
et al. 2010).

For a simpler solution based on traditional sash/frame
constructions, it is suggested to place the sash construction on
the external side of the frame construction (BYG DTU 2009b).
Solutions with a sash construction on the external side of the
frame construction (as shown in Figure 3) are produced for the
Danish market by a number of manufacturers.

Design of the Edge Sealing/Construction

Concurrently with the development of new designs of the
sash/frame construction, work has been done to reduce the
linear-thermal transmittance (or equivalent thermal conduc-
tivity) of the edge construction between the panes and the sash.
The equivalent thermal conductivity of different edge con-
structions is given in Table 3. The edge constructions consist

of a spacer that provides the construction with a specified stiff-
ness and sealing materials (see Figure 4).

The total U-factor of the window can be reduced by up to
10% by using a spacer with a low equivalent thermal conduc-
tivity instead of using a profile made of aluminum. The
improvement of a specific window depends on the size of the
window, the design of the sash/frame construction, the type of
glazing, etc.

Apart from improving the U-factor of the window, the
choice of material for the spacer also affects the risk of
condensation, as it affects the inner-surface temperature. The
lowest inner-surface temperature of a traditional double-
glazed window with a wood sash/frame construction, 15 mm
distance between layers, and a spacer made of aluminum, is
8.2°C (BYG DTU 2009a), when the external and internal

Table 2. Thermal Conductivity of

Different Materials Used for Windows

Aluminum Stainless Steel PVC GFRP

220 W/(m·K) 15 W/(m·K) 0.2 W/(m·K) 0.2–0.4 W/(m·K)

Figure 1 Wood sash/frame construction with an outer
cover of aluminum (BYG DTU 2001). External
side to the left.

Figure 2 Detail from a window with a sash/frame
construction of GFRP, designed to optimize the
glass area of the window, Uw = 0.78 W/(m2·K),
Eref = 27 kWh/m2 (Kragh and Svendsen 2009).
External side to the left.

Figure 3 A traditional design of (A) a wood sash/frame
construction, (B) a slimmer profile and (C) a
design where the sash is placed on the external
side of the frame (BYG DTU 2009b). External
side to the left.
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temperature is 0°C and 20°C respectively. Lowest means that
the inner-surface temperature refers to the location on inner-
glass surface closest to the dew-point temperature of the
indoor air. If the air change is 0.5 h–1 and the inhabitants
produce 9.5 kg moisture per 24 h, the equivalent of 4–5 people,
there is a risk of condensation 57 h/yr. By using a spacer made
of stainless steel or PVC instead, there is a risk of condensation
of only about 17 h and 11 h/y (BYG DTU 2001; 2009a). The
number of hours with a risk of condensation should be as low
as possible, but the result of condensation expressed as discol-
oring as well as rot and mold growth will of course depend on
whether condensation takes place often, each time for a short
period, or seldom, but for longer periods.

Table 4 shows the effect of using a spacer made of alumi-
num or stainless steel on the inner-surface temperature for
traditional windows with a wood sash/frame construction and
a 12 mm distance between the layers of glazing (Nielsen 1991).

The choice of spacer not only depends on its thermal
conductivity. It is important that the spacer is tight and stays
tight for the window’s service life to prevent moisture from
entering the construction or punctured glazing with resulting
reduced insulating capacity. This is the reason for using a
double-sealed unit, as shown in Figure 4. Other properties that
are relevant: stiffness, ability to adhere to glass, that the spacer
is easy to work on, and cost (Nielsen 1991). Altogether, this
has for a long time made aluminum the best choice.

The durability of spacers made of aluminum is known to
be good, while the durability of spacers made of PVC is
unknown. The experience of spacers made of materials with a
low-thermal conductivity has been gained over about 8 years.
Today all windows for new buildings in Denmark have warm
spacers made of stainless steel, polycarbonate, or a combina-
tion of stainless steel and polypropylene.

Examples of Modern Danish Windows

Table 5 shows examples of modern, openable Danish
windows and their data that refer to the U-factor, the net-
energy gain Eref, and the lowest inner-surface temperature si
at 20°C (internal) and 0°C (external). Windows with similar
properties for the U-factor and net-energy gain from other
Danish manufacturers and from the USA, Canada, Germany,
etc. can also be found. Windows on the Danish market seem
to be the only ones with specifications for the inner-surface
temperature. In the USA, the condensation resistance (CR)
calculated according to the National Fenestration Rating
Council is widely used by manufacturers as a relative indicator
of the ability to resist the formation of condensation at a
specific set of environmental conditions, however it is not
mandatory (NFRC 2010).

Table 4. Lowest Inner-surfaceTemperature for

Windows with a Wood Sash/Frame Construction and

12 mm Distance between Layers of Glazing,

External and InternalTemperature –10°C and 20°C

(Nielsen 1991)

Type of Glazing
si

Aluminum
Spacer

si
Stainless Steel

Spacer

Double glazing 4.3°C 7.0°C

Triple glazing 7.1°C 10.0°C

Low-e double glazing 5.2°C 8.7°C

Low-e triple glazing 8.8°C 11.7°C

Table 3. EquivalentThermal Conductivity of Edge Constructions Depending on the Material Used for the

Spacer in Windows with Double Glazing and 15 mm Distance between Layers (BYG DTU 2009a)

0.4 mm Aluminum Profile 0.2 mm Stainless Steel Profile 1 mm PVC Profile Massive Polyisobutylene

2.6 W/m·K 0.7 W/m·K 0.5 W/m·K 0.3 W/m·K

Figure 4 Design of edge constructions for a window with double glazing. The spacer made of 0.4 mm aluminum, (A) 0.2 mm stain-
less steel or (B) 1 mm PVC is attached to the glass with a 0.25 mm polyisobutylene sealant and 3 mm polysulphide sealant
in the bottom for extra mechanical stability. (C) Solution with a spacer of polyisobutylene (BYG DTU 2001; 2009a).
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With one exception, (B1), all the windows in Table 5 have
been marketed in Denmark since 2008 and later, and are
produced with a warm spacer made of stainless steel, polycar-
bonate, or similar materials. Types A1–A3 are designed with
a traditional mutual placement of the sash and frame construc-
tion, as shown in Figure 5. Types B1–B3 are designed with the
sash construction placed on the external side of the frame
construction, as shown in Figure 6, giving the optimal amount
of solar energy.

Types C1 and D1 are examples of windows where the sash/
frame construction is a combination of wood at the internal side
and plastic (PVC or polyurethane [PUR]) at the external side,
covered by a thin aluminium profile, as shown in Figure 7.

Type B1 resulted in condensation on the inner side of the
window in many cases in Denmark, although the lowest inner-
surface temperature of this window type is higher than 7°C,
recommended since 2003 by the Association of Danish
Window Manufacturers (2003). This shows that the recom-

mendation was obviously too low. Type B1 also had a rela-
tively high U-factor, which together with the low inner-surface
temperature probably is the reason for removing it from the
market.

Table 5 also shows CR for these windows. The calculation
method described by the NFRC is based on 2D heat transfer

Table 5. Examples of Modern, Openable Windows on the Danish Market. Layers of Glazing,

Sash/Frame Material, U-factor, Eref, Lowest Inner-surfaceTemperature (si), and CR According to

(NFRC 2010)

Type Layers of Glazing Sash/Frame, Material
U-factor

W/(m2·K)
Eref (2)

kWh/m2
si
°C

CR

A1 2 Wood with aluminum cover (1) 1.36 –29 11.7 48

A2 3 Same 0.77 3 14.1 63

A3 3 Wood/GFRP 1.01 –17.2 13.5 59

B1 (3) 2 Wood/aluminum 1.6 –40 7.2 25

B2 (4) 2
Wood/aluminum with
thermal interruption

1.4 –24 9.5 37

B3 (5) 2 Wood/GFRP 1.3 –17 10.3 41

C1 2 PVC 0.82 8 14.0 63

D1 3 Wood/PUR/alu 0.87 24 14.1 63

Notes: (1): Separated by a composite profile, (2): Existing requirement for net-energy gain in the DBR –33 kWh/m2, (3): Marketed in 1985–2008,
(4): Marketed since 2009, (5): Marketed since 2011.

Figure 5 Design of window type A1. External side to the
right. Measures in mm.

Figure 6 Design of window type B1. External side to the
left. Measures in mm.

Figure 7 Design of window type D1. External side to the
right. Measures in mm.
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simulation of the cross sections of the whole window and calcu-
lations are made separately for the frame, edge-of glazing and the
center-of-glazing (2010). The resulting CR for the whole
window is determined from the lower of these ratings.The values
for Danish windows shown in Table 5 are the result of a simpli-
fied calculation based on the inner-surface temperature (si). si
is adjusted as NFRC (2010) uses 21°C and –18°C as internal and
external temperatures while si is based on 20°C and 0°C.

As the inner-surface temperature in Table 5 represents the
coldest spot on the window, a calculation of CR based on this
value would underestimate CR compared with American
windows, where the calculation is based on the conditions for
the window as a whole. Instead a weighted calculation where
25% of the window (the lower part) is represented by the inner-
surface temperature given in Table 5 and the other 75% of the
window is represented by a 1°C higher temperature according
to (BYG DTU 2001). It is assumed that the inner-surface
temperature given in Table 5 represents the worst case, i.e., no
separate calculations are made for frame, edge-of-glazing, or
center-of-glazing.

The values for CR calculated for the Danish windows are
comparable with values for windows in the USA, according to
the NFRC Certified Products Directory (search.nfrc.org). As
the calculation of CR for Danish windows is based on simpli-
fied conditions, no further discussion on specific differences
in CR for windows with two or three layers of glazing is made
in this paper.

REQUIREMENTS FOR WINDOWS IN THE DBR

Since 1966, minimum requirements for windows in new
buildings were expressed by U-factor in the DBR (Ministry of
Housing 1966) and they were gradually tightened from 3 W/
(m2·K) in 1966 to 1.5 W/(m2·K) in 2008. It was also prescribed
that thermal bridges in windows must be insignificant. A
requirement for U-factor at the replacement of windows was
introduced in 2006 (Danish Enterprise and Construction
Authority 2006).

Although a window is considered to be energy efficient if
it has a low U-factor, that is not sufficient to describe a window’s
energy performance, as it can have a very low U-factor, while
more or less neglecting another important property, e.g., the
amount of solar radiation through the glazing. Therefore, the
minimum requirement for windows both in new buildings and
at replacement has since 2010 been expressed by the net-energy
gain through the window in the heating season: –33 kWh/m2 per
year for vertically-oriented windows (Danish Enterprise and
ConstructionAuthority 2010). The net-energy gain Eref is based
on the U-factor Uw and the solar energy transmittance of the
window gw expressed as

Eref = I ·gw – G ·Uw = 196.4·gw – 90.36·Uw (1)

The solar heat gain I and the number of degree hours G
during the heating season are determined on the basis of the
Design ReferenceYear DRY (Lund 2001). The solar heat gain
through windows depends on the orientation of the windows.

A single-family house with the following distribution of
windows is used as a point of reference: north 26%, south
31%, east/west 33%. The calculation uses an opening refer-
ence window 1.23  1.48 m.

The Danish standard DS 418 (Danish Standard Associa-
tion 2011) on the calculation of the heat loss from buildings
has been part of the Danish construction legislation since the
first national Building Regulations was implemented (Minis-
try of Housing 1961) and it specifies how the U-factor for
windows is calculated. In the newest version of the standard,
it is stated that the calculation of the U-factor only takes place
in instances where the manufacturer has not declared a value
according to harmonized product standards (Danish Standard
Association 2011). DS 418 shows a graph with U-factors for
wood sashes and frames depending on the thickness of the
sash or frame. Reference is made to EN ISO 10077-2 for a
more detailed calculation of the U-factor for the sash/frame
construction (2012a).

Moisture-Related Requirements

Together with the introduction of net-energy gain in 2010
in DBR, a requirement for the minimum acceptable surface
temperature on the window frames was introduced for windows
at replacement (9.3°C) (Danish Enterprise and Construction
Authority 2010). For a calculation of the surface temperature,
DBR10 refers to EN ISO 10077-2, although the standard only
specifies the calculation of U-factors for the sash/frame con-
struction and the linear-thermal transmittance for the spacer
(2012a). But the surface temperature can at least be calculated
when the U-factor is known.

Since 2008, DBR has stipulated that building structures
and materials must not, on moving in, have a moisture content
that is liable to increase the risk of mold growth (Danish Enter-
prise and ConstructionAuthority 2008). This requirement mini-
mizes the risk of moving into overly-damp buildings, both in
new buildings and renovation projects and derives from the
number of cases of mold growth in buildings in Denmark. The
moisture content of a material that is in equilibrium at 75% rh
is normally taken as the critical surface humidity regardless of
surface quality, temperature, and duration of moisture load, as
knowledge of the specific level of the critical moisture content
for different materials is rather scarce (de Place Hansen 2012;
Nevander and Elmarsson 2006; Sedlbauer 2001).

Then, when the indoor relative humidity based on knowl-
edge about moisture production, air change, etc., is known in
a specific case, it is possible to calculate the minimum inner-
surface temperature to avoid critical situations, as described in
the following section.

METHODS TO CALCULATE

MINIMUM ACCEPTABLE SURFACETEMPERATURE

A simplified and easily-accessible method for evaluation
of temperature and moisture conditions in and around a building
element is described in EN ISO 13788, Section 5 (2012b).
Using this method, the risk of surface mold growth or surface
6 Thermal Performance of the Exterior Envelopes of Whole Buildings XII International Conference



condensation can be calculated. The method is described briefly
in this section, followed by some examples in the next section.

For each month the following steps are to be followed:

1. Define the external air temperature;
2. Define the external humidity;
3. Define the internal temperature in accordance with

national practice;
4. Calculate the internal relative humidity;
5. Calculate the minimum acceptable saturation humidity or

vapor pressure;
6. Determine the minimum acceptable surface temperature,

Si,min; and
7. Calculate the minimum temperature factor, fRsi,min from

the minimum acceptable surface temperature, the
assumed internal temperature and external temperature.

Then it is possible to determine the month with the highest
risk of mold growth or surface condensation, expressed by the
highest required value of fRsi,min.

The standard describes different ways of calculating
internal relative humidity (step 4) designing for avoidance of
mold growth, based on internal humidity classes, a constant
relative humidity, or a fixed or variable air-change rate and
fixed moisture supply. The standard operates with 80% rh as
the limit for mold growth unless more specific information is
available.Another calculation based on constant external rela-
tive humidity (95% rh) and the mean annual minimum on a
daily basis is to be used for design to prevent surface conden-
sation on low thermal-inertia elements such as windows.

Internal Humidity Classes

It is generally considered that the moisture supply or
internal humidity load, i.e., the difference between moisture
content (in g/m3) in the indoor and the outdoor air tends to be
relatively constant in a house in the colder part of the heating
season (external temperature below 0°C), while it decreases
with increasing external temperature due to increased ventila-
tion. EN ISO 13788 defines five humidity classes to describe
the internal humidity load for different types of buildings,
based on data from buildings in Western Europe (maritime
climates), see Figure 8 (2012b).

The placement of dwellings with normal occupancy in
humidity class 2 is in accordance with findings reported in
(Geving et al. 2008; Künzel 2006; Francisco and Rose 2010;
Brandt 2013).

Fixed or Variable Air-Change Rate and

Fixed Moisture Supply

Instead of using humidity classes, a constant internal rela-
tive humidity or a fixed or variable air-change rate (h–1) and
fixed moisture supply can be used. This is especially relevant
in mechanically ventilated buildings. The DBR stipulates an
air-change rate of 0.3 l/s/m3 (equaling 0.5 h–1 in a building with
a normal ceiling height of 2.5 m). The size of the moisture

production should be set according to the use of the building
and the number of people using it; in a single-family house with
three or four people 7.0–9.5 kg per 24 hours is appropriate.

Constant External Humidity and

Mean Annual Minimum Temperatures

The standard EN ISO 13788 also prescribes how to calcu-
late the risk of surface condensation on a lightweight construc-
tion (2012b). In this case, the temperature shifts relatively fast
and therefore the mean annual minimum temperature on a
daily basis should be used as external temperature and 95% rh
as external humidity.

EXAMPLES OF CALCULATION OF

MINIMUM ACCEPTABLE SURFACE TEMPERATURE

A calculation based on internal humidity classes is made
for the Danish Test ReferenceYear TRY (Andersen et al. 1982),
with an internal humidity load corresponding with the upper
limit of humidity class 3 and 75% rh as critical surface humidity
for mold growth during the winter period (Brandt 2013). Table
6 shows that the highest value of the minimum temperature
factor fRsi,min is found in January. Comparing the corresponding
minimum acceptable temperature si,min with the inner-surface
temperature of a window at a specific location, e.g., at the edge
of the glazing, it can be evaluated whether there is a risk of mold
growth.

Figure 8 Variation of internal humidity classes with exter-
nal temperature. Maritime climates (Western
Europe). Humidity class 1: unoccupied build-
ings, storage of dry goods, class 2: offices, dwell-
ings with normal occupancy and ventilation,
class 3: dwellings with unknown occupancy,
class 4: sports halls, kitchens, canteens, and
class 5: special buildings, e.g. laundry, brewery
and swimming pool (ISO 2012b).
Thermal Performance of the Exterior Envelopes of Whole Buildings XII International Conference 7



The example in Table 6 has been expanded in Table 7,
which shows the minimum acceptable surface temperature for
mold growth (75% rh) and surface condensation (100% rh),
calculated for the upper limit of the different internal humidity
classes shown in Figure 8. Table 7 is based on average monthly
values from TRY (Andersen et al. 1982) for temperature
(–0.6°C) and relative humidity (94% rh) for January, which is
the critical month in Denmark regardless of humidity class.
Internal temperature is 20°C.

Table 8 compares the level of the minimum acceptable
surface temperature using internal humidity classes and the
other preconditions according to EN ISO 13788 (2012b). For
‘internal humidity classes’, the upper limit of humidity class
3 is used as internal moisture load, like in Tables 6 and 7. For

‘fixed or variable air-change rate and fixed moisture supply’,
the air-change rate is 0.25 + 0.04 e h–1 and the moisture
production is 0.4 kg per 24 hours, representing 4-5 persons.
The chosen conditions are estimated to be comparable.

In all four cases, results based on 75% rh (mold growth)
and 100% rh (condensation) are shown, although the first three
methods are aimed at mold growth and the last one at surface
condensation. Only the results for January are shown, like in
Table 7, as this is the critical month.

Apart from the case of constant internal RH, Table 8 shows
that the different methods give comparable results and that
9.3°C used as critical surface temperature to prevent surface
condensation in the DBR is too low. The results for a specific
building will, of course, depend on the actual moisture condi-
tions. Note that 9.3°C is based on 0°C as external temperature,
while the results of the calculation based on internal humidity
classes and fixed external RH in Table 8 are based on –0.6°C
as external temperature, representing January. The temperature
9.3°C corresponds to 9.0°C at –0.6°C as external temperature.

DISCUSSION

Minimum Acceptable Surface Temperature—

Based on a Daily Changing Temperature

In preparing the requirements for DBR10, the Technical
University of Denmark recommended a value of 12°C to avoid
surface condensation, which is comparable with the values for
100% rh in Table 8 (Laustsen and Svendsen 2008). Calcula-
tions based on the upper limit of humidity class 3 (ISO 2012b)
as internal humidity load, 95% rh as external relative humidity,
20°C as internal temperature, and daily minimum external
temperature based on the Danish DRY (Lund 2001) gave a
temperature factor with a maximum value of 0.65 correspond-
ing to 12.9°C as the minimum acceptable surface temperature.
As this is an extreme situation that occurs just once a year,
12°C was recommended, corresponding to a temperature
factor of 0.6.

Table 6. Calculation of the

Minimum Acceptable SurfaceTemperature and the

MinimumTemperature Factor According to

EN ISO 13788 (2012b) for Buildings in Humidity Class

3 (Upper Limit) Based onTRY (Andersen et al. 1982)

and 75% rh as Critical Moisture Level (Mold Growth),

InternalTemperature: 20°C. (Brandt 2013)

Month
e pe Δ p pi psat(si) si,min fRsi,min°C Pa Pa Pa Pa °C

Jan –0.6 0.94 546 810 1356 1808 15.9 0.802

Feb –1.1 0.91 507 810 1317 1756 15.5 0.785

Mar 2.6 0.91 670 718 1388 1850 16.3 0.786

Apr 6.6 0.82 799 576 1375 1833 16.1 0.711

May 10.6 0.78 996 434 1430 1907 16.8 0.655

Jun 15.7 0.67 1194 253 1447 1929 16.9 0.289

Jul 16.4 0.74 1380 228 1607 2143 18.6 0.614

Aug 16.7 0.71 1349 217 1566 2088 18.2 0.453

Sep 13.7 0.85 1332 324 1656 2207 19,1 0.854

Oct 9.2 0.87 1012 483 1495 1994 17.5 0.765

Nov 5 0.91 793 633 1426 1901 16.7 0.781

Dec 1.6 0.88 603 753 1356 1808 15.9 0.778

Table 7. The Minimum Acceptable

SurfaceTemperature Based onTRY

(Andersen et al. 1982) at the Upper Limit of

Different Internal Humidity Classes Calculated

According to EN ISO 13788 (2012)

Critical RH
Minimum Acceptable Surface Temperature,

θsi,min

Φsi

Internal Humidity Class

1 2 3 4

75% rh 8.2 °C 12.5 °C 15.9 °C 18.8 °C

100% rh 4.1 °C 8.2 °C 11.5 °C 14.3 °C

ϕe

Table 8. Calculation of the

Minimum Acceptable Surface Temperature Using

Different Preconditions According to

EN ISO 13788 (2012b). Climate Data for January in

Denmark (Andersen et al. 1982),

Internal Temperature: 20°C.

Method Preconditions
si,min

75% rh
si,min

100% rh

Internal humidity classes
Upper limit

class 3
15.9°C 11.5°C

Constant internal RH 50% rh 13.6°C 9.3°C

Fixed air-change rate
and moisture production

0.25 + 0.04e h–1,
0.4 kg/h

17.2°C 12.7°C

Fixed external rh 95% rh 16.6°C 12.2°C
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EN ISO 13788 prescribes the use of a mean annual mini-
mum temperature on a daily basis and 95% rh as external relative
humidity, implying that only one single calculation is to be
made, representing the whole year (2012b). By using daily mini-
mum temperatures and calculating the temperature factor for
each day, it is not only possible to calculate whether there is a
risk of surface condensation in a specific case or not, but also the
number of days when there is a risk. This makes it possible to
compare different window solutions to see which of them gives
the highest risk of surface condensation. However, in combina-
tion with the daily minimum temperature, Laustsen and Svend-
sen used 95% rh as external humidity (2008). It can be argued
that such preconditions are overdone to be on the safe side, and
thus exaggerating the risk of condensation of specific window
solutions.

BYG DTU describes an even more detailed calculation of
the risk of surface condensation using the external temperature
in the heating season on a time basis, and also using a program
to calculate the U-factor as a function of the external temper-
ature with a fixed internal temperature and another program to
calculate the inner-surface temperature as a function of the
external temperature (2009a). The calculations show that the
minimum temperature factor, fRsi is nondependent on an exter-
nal (e) and internal (i) temperature between –10°C and
20°C. This means that it is possible to calculate the inner-
surface temperature (si) hour by hour by using a reference
year for the external temperature:

si = i · fRsi + (1 – fRsi)·e (2)

Minimum Acceptable Surface Temperature—

Based on a Fixed Air-Change Rate

When the minimum acceptable surface temperature
became a requirement in DBR10, the value was set at 9.3°C,
but only at replacement of windows (Danish Enterprise and
Construction Authority 2010). DBR10 also introduced the
concept of moisture safety in relation to energy savings to
highlight that care has to be taken when renovation or replace-
ment is carried out to save energy. In some cases, renovation
is not advisable, as it is not possible to renovate without a high
risk of causing moisture-related problems.

Since 2003, theAssociation of Danish Window Manufac-
turers had recommended that windows should have an inner-
surface temperature of at least 7°C (Association of Danish
Window Manufacturers 2003) which was increased to 8.5°C
in 2008 and 9.3°C in 2010. The Association argued that 12°C
corresponds to 60% rh indoors, which is a very high level
during winter, indicating that it represents a situation with
insufficient ventilation (Association of Danish Window
Manufacturers 2009). Figure 9 shows how the internal relative
humidity changes over the year depending on the humidity
class.

The Association suggested that calculations should be
based on 0.5 h–1 as the fixed air-change rate, as required in
DBR10 and a moisture production of 10l per 24 hours, repre-

senting 4–5 persons. This is in accordance with EN ISO
13788, which prescribes the use of humidity classes, a
constant relative humidity or a known moisture supply and
ventilation rate (2012b). In that case, an 80 m2 house, which
is very small for 4–5 persons, results in 9.3°C as the minimum
inner-surface temperature, indicating that 9.3°C should be on
the safe side.

The U-factor of a window is calculated for the window as
a whole, according to EN ISO 10077-1 (2006) and DS 418
(2011), which means that the inner-surface temperature is also
calculated for the window as a whole. However, the lower
spacer becomes 0.2°C–1.0°C colder than the rest of the
window due to internal convection, which means that some
kind of safety margin is necessary, which speaks for a higher
value than 9.3°C to be used (BYG DTU 2001).

It can also be argued that the use of 0°C as external
temperature is too high. The inner-surface temperature at the
spacer is reduced from 8.2°C to 5.3°C for a window with wood
sash/frame construction, double glazing, 15 mm distance
between glazing panes and a traditional spacer made of alumi-
num if the external temperature is reduced from 0°C to –5°C
(BYG DTU 2009a) resulting in moisture-related problems.

The risk of condensation is very dependent on the air-
change rate and often people do not operate the fresh air valves
correctly, closing them during winter to avoid a draft. A 50%
reduction of the air-change rate can increase 50–100 times the
number of hours per year with a risk of condensation (BYG
DTU 2001), depending on the materials used for the sash/frame
construction. Table 8 shows a case with a fixed moisture supply
(0.4 kg/h) and a variable air-change rate (0.25 + 0.04 e h–1),
resulting in 12.7°C as minimum acceptable surface temperature
(surface condensation).With 0.5 h–1 as fixed air-change rate, the
temperature becomes 6.5°C showing the effect of sufficient
ventilation all year round.

Figure 9 Internal relative humidity in internal humidity
classes 1–4 (upper limit) (simplified) and in exter-
nal air during the year. Based on EN ISO 13788
(2012) and Danish Test Reference Year (TRY)
(Andersen et al. 1982). Internal temperature
20°C, except June and September (22°C), and
July and August (23°C).
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Minimum Acceptable Surface Temperature vs.

Amount of Ventilation

Problems with specific types of wood/aluminum
windows, e.g., type B1 in Table 5 and a similar window with
a 7.5°C inner-surface temperature, demonstrate that it was
relevant to introduce the minimum acceptable surface temper-
ature in the Danish building legislation concurrently with the
U-factor or net-energy gain as a parameter for windows. It also
demonstrates that the recommendation by the Danish window
industry (7.0°C and later 8.5°C) was too low. The manufac-
turer of window B1 has since improved the construction by
inserting a thermal interruption between the internal wood part
and the external aluminum part (type B2) or by exchanging
aluminum with a composite material (type B3). The inner-
surface temperature for these solutions is 9.5°C and 10.3°C,
respectively. They apply to the requirements in DBR10 and are
markedly higher than 7.2°C, but they are still lower than 12°C
as given by Table 8 and recommended by Laustsen and Svend-
sen (2008).

Other window manufacturers have improved their prod-
ucts as well, in some cases introducing materials with low-
thermal conductivity such as GFRP (see Table 5), acknowl-
edging that the thermal bridge at the edge construction
becomes too big when using aluminum, which results in prob-
lems with surface condensation. This shows that the industry
responds to new requirements. Since 2008, warm spacers
made of stainless steel, polycarbonate, or a combination of
stainless steel and polypropylene have in most cases been stan-
dard for new windows in Denmark and since 2010 for all new
windows (Association of Danish Window Manufacturers
2013). In some cases, spacers of aluminum are still used at
replacement. It remains to be seen how durable the warm spac-
ers are compared with the traditional aluminum solution.

During the preparation of DBR10, introducing a require-
ment for the inner-surface temperature, the Danish window in-
dustry argued that internal climate problems should not only
be solved by setting requirements to windows, but by focusing
also on the importance of sufficient heating and ventilating
(Association of Danish Window Manufacturers 2009). Suffi-
cient heating becomes more important as radiators are re-
placed by floor heating.

Ensuring sufficient ventilation by opening the windows
from time to time is also important, not least when the building
is new and construction moisture needs to be removed or when
the windows in an old building are replaced. However, in many
cases surface condensation was detected, although the re-
quirements for air change in the building regulations were fol-
lowed obliging people to remove water from the inside of
windows every morning. As buildings are becoming more air
tight to reduce energy loss, this problem might increase.

On the other hand, DBR10 prescribes that new multi-
family houses must have mechanical ventilation with heat
recovery. This might ensure sufficient ventilation, as the build-
ing user will no longer experience cold air coming through
fresh-air valves and therefore do not block them. Furthermore,

the system does not rely on the occasional opening of
windows. However, internal humidity may still be high if the
internal moisture production is higher than foreseen in the
humidity classes of EN ISO 13788 (2012). In the future, the
problem might therefore increasingly be limited to single-
family houses.

Level of Minimum Acceptable SurfaceTemperature—

Political Considerations

By choosing 9.3°C as the minimum acceptable surface
temperature, the Danish authorities were accused of listening
too much to the window manufacturers and letting the
consumers down, being aware that some windows with a sash/
frame construction and thermal interruption on the market in
2009 were not able to meet a 12°C requirement recommended
by (Laustsen and Svendsen 2008). If this is true, the minimum
acceptable surface temperature is not only a matter of protect-
ing the building user, but also a political question of protecting
national interests. However, the authorities have had this prob-
lem before and solved it by indicating future requirements
years before they became effective.

Concerning energy performance, DBR has, since 2006,
included voluntary classes (low-energy classes). At present,
low-energy classes indicate the minimum requirements for
2015 and 2020, leaving time for the industry and clients to
develop and promote building components that comply with
these voluntary classes. The introduction of net-energy gain
and minimum acceptable surface temperature for windows
instead of U-factor has had the same effect. As a result the
implementation of warm spacers has led to a number of prod-
ucts that comply with what could be expected to be require-
ments in 2020. However, it remains to be seen how much the
requirement for the minimum acceptable surface temperature
will be raised. Other countries could learn from this experi-
ence as well. In 2015, the requirement for net-energy gain is
expected to be tightened to –17 kWh/m2 per year and the
requirement for the minimum acceptable surface temperature
is to be reconsidered.

How Different Internal Humidity Classes

Can Be Taken into Account

The relationship between the minimum acceptable
surface temperature at the upper limit of the different internal
humidity classes and the acceptable relative humidity is shown
in Figure 10, as an extension of the results in Table 7. Figure
10 shows that if the acceptable RH level increases, the accept-
able minimum surface temperature decreases. For example, a
building in humidity class 3: If 75% rh can be accepted at the
inner surface, then the window should be designed to ensure
an inner-surface temperature that is at least 16°C. However, if
85% rh can be accepted, 14°C is acceptable as inner-surface
temperature.

From Figure 10 it can be seen that the present requirement
for the inner-surface temperature (9.0°C, based on –0.6°C as
external temperature) fits well with the upper limit for internal
10 Thermal Performance of the Exterior Envelopes of Whole Buildings XII International Conference



humidity class 2 representing dwellings with normal occu-
pancy and ventilation. However, this indicates that dwellings
with unknown occupancy, represented by internal humidity
class 3, will have problems with surface condensation using
windows with 9.0°C as inner-surface temperature, highlight-
ing the need of raising the requirement.

Suitability of the Method

Depending on whether it is a question of evaluating the
risk of surface condensation or mold growth for a specific
window, or whether it is a question of comparing different
designs of windows, it can be argued how detailed the calcu-
lations should be.

The calculation for the risk of mold growth according to
EN ISO 13788 is a static calculation based on monthly mean
values, not taking into account the daily variations and the heat
capacity (2012b). The calculation of the risk of surface
condensation is based on a single case where the external
temperature is an average, taken over several years, of the
lowest mean daily temperature of each year.

Another possibility is to make a calculation based on daily
values for external temperatures and relative humidity. Or even
data for each hour (BYG DTU 2009a). Then the number of
days or hours where the acceptable surface temperature is
lower than the inner-surface temperature for the window can be
calculated. However, as long as the criteria for mold growth is
not known in detail, i.e., for how many days or weeks the mois-
ture conditions should be above a certain level to be critical, it
is difficult to decide whether a day-to-day or month-to-month
calculation is the more relevant.

Requirements Based on Risk of

Surface Condensation or Mold Growth

The requirement of the inner-surface temperature in the
DBR relates to the risk of surface condensation. As the exam-
ples in Tables 7 and 8 show, a requirement related to the risk
of mold growth (75% or 80% rh) would become a problem for
most of the windows available on the market today. However,
most of the sash/frames of modern windows have some kind
of surface treatment and are relative easy to clean. It is easy to
see whether cleaning is necessary compared with a wall where
mold growth can occur behind a closet or in other places that
are difficult to access.

Condensation on windows is not only a question of good
technical solutions in window design, but it is very much influ-
enced by the moisture production and the airflow at the inter-
nal side of the window, i.e., height/width ratio of the window,
how close the internal side of the window is to the internal side
of the wall, whether there is a curtain, a radiator, and/or a
window sill, etc.

Part of this can be influenced by the architect and engineer
that designs the building, but the behavior of the user is deci-
sive. The user controls internal temperature, moisture load (for
instance plants in the window), ventilation (opening of
windows), and use of curtains. Replacement of old windows
with new, tight, energy-efficient windows does not necessarily
solve the problem with surface condensation if behavior
patterns do not change.

Simulations of condensation on single glazing based on
typical variations in internal and external climate in Norway
(given in Figure 11) show how different conditions can be and
this explains why some people complain of moisture problems
while others have no problems.

However, as the development of windows has shown, it is
possible to design windows with an inner-surface temperature
higher than 13.2°C, which is the minimum acceptable surface
temperature using the upper limit of humidity class 2 as inter-
nal moisture load, (see Table 6) representing dwellings with
normal occupancy and ventilation. Therefore, in cases where
the air-change rate complies with the requirements in the DBR
and the internal moisture load is as expected, it should not be
accepted that drying the windows on a daily/regular basis is
necessary to avoid mold growth. Of course, if the internal
moisture load is high, it is reasonable to require that people air
rooms more often as a precaution.

CONCLUSION

The introduction of a minimum acceptable surface
temperature in the DBR has been an important driver for the
development of new window solutions, especially for the
design of the sealing system for window panes as this is the
critical point in relation to surface condensation and mold
growth. The requirement is not strict enough to get rid of
surface condensation. It can be stricter without ruining the
window market as a number of windows are developed with an

Figure 10 Minimum acceptable inner surface temperature,
si,min depending on the acceptable RH at internal
humidity classes 1, 2, 3, and 4 (upper limit). Exter-
nal air temperature and relative humidity based on
the Danish Test Reference Year TRY (Andersen et
al, 1982). DBR10: The present requirement for
inner-surface temperature in the Danish Building
Regulations (Danish Enterprise and Construction
Authority 2010) adjusted to –0.6°C as external tem-
perature.
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inner-surface temperature high enough to avoid mold growth
in dwellings with normal occupancy and ventilation.

Indications in the building legislation of the future
requirements to the inner-surface temperature are recom-
mended based on the experience from low-energy classes.
Introduction of requirements in countries with similar prob-
lems is recommended as well.

More detailed calculations of the minimum acceptable
surface temperature than described by the international stan-
dard are possible, but as long as the criteria for mold growth
is not known in detail the present methods seems suitable.

Information on the minimum acceptable surface temper-
ature gives the consumer a possibility to ask for this property
for specific windows giving the opportunity to select between
different windows. But the introduction of the minimum
acceptable surface temperature does not stop complaints from
consumers as this temperature is measured or calculated under
specific conditions. It cannot take into account whether
windows are mounted in the inner or outer part of the wall or
the presence of curtains in front of the window during night.
In both cases, the risk of surface condensation increases as the
internal heat resistance is increased.

Increasing requirements for airtightness increases the
importance of sufficient ventilation in order to avoid problems
with condensation or mold growth, as the requirement for a
minimum acceptable surface temperature in the building
legislation is based on a certain internal humidity load.

NOMENCLATURE

E = energy

G = degree hours in the heating season based on 20°C
as internal temperature

I = sunlight corrected for the variation of g value with
angle of entry

U = thermal transmission coefficient

f = temperature factor

g = solar energy transmittance

p = water vapor pressure

 = temperature

 = relative humidity

Subscripts

e = external (outdoor)

i = internal (indoor)

ref = net-energy gain

si = internal surface

sat = saturation

w = window
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