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Summary

External condensation occurs on high-performance windows when the surface tempera-
ture of the outer pane falls below the ambient air temperature and the dewpoint. This can
occur during clear nights when outward radiation from the window to the sky is high, due
to the low heat sink temperature of the night sky. Condensation then occurs when the
temperature of the glass is lower than the dewpoint temperature of the air. In general, the
extent of condensation depends on local surroundings, the building and the local climate.

This paper describes how the occurrence of condensation has been calculated, using cli-
mate data for Stockholm, mainly for 1990 but also for 1988, 1989, 1991 and 1992. The
number of condensation hours (both in total and during the daytime) has been calculated
for one specific case of U-value and sky view factor, in order to provide a comparison
between the years considered.

The occurrence of condensation on a month-by-month basis has been illustrated for three
different U-values. Broken down further, the occurrence of condensation over the 24
hours of the day has been calculated for a number of selected combinations of U-value
and screening factor. Finally, the 1990 Stockholm conditions have been used as the input
data for a number of calculations of the number of hours of condensation (both total and
during the day) for a range of U-values (0.7-1.4 W/(m?K)) and view factors (0.25-0.50).

Some of the major points of information provided by the calculations are that:

e the number of occasions on which condensation occurs, and their distribution, vary
widely from year to year

e condensation occurs primarily during the early hours of the morning (i.e. before sun-
rise) and drops off rapidly during the (daylight) morning

e the number of times when condensation occurs increases with falling U-value. There
is no general minimum value at which condensation ceases completely.

e most occurrences of condensation happen during the autumn

o the greater the arc of the sky that the window can 'see’, the higher the number of
condensation cases.



Introduction

Heat losses through windows make up a significant part of the total heating energy re-
quirement of a building: for a detached house, for example, these losses can amount to
about 15-20 %. This is therefore an area with a considerable potential for saving energy,
so it is important to encourage the development of windows having better thermal insu-
lating properties. Various function requirements in respect of parameters such as thermal
insulation, airtightness, strength, noise transmission etc. have been quantified in order to
provide guidelines for the development of good quality energy-efficient windows, i.e.
windows having excellent thermal insulating characteristics. There has been intensive
development of glasses and glazed assemblies having improved thermal insulation prop-
erties. In recent years, by combining the use of constantly improving low-emission coat-
ings with some form of inert gas filling, significant improvements have been made in the
thermal insulation performance of the glazed part of windows. Over a 25-year period,
typical values for the coefficient of thermal transmission (the U-value) of the glazed area
have been reduced from about 3 W/(m?K) (of an 'ordinary' double-glazed window) to
about 1 W/(m?K) or lower.

Low U-values of the glazed area can result in condensation on the external surface of the
window under certain climatic conditions. This external condensation, which provides
visible proof of the fact that the window has a low U-value (= good thermal insulation
performance), has no adverse effect on the durability of the window, as the window will
have been designed to withstand, or is protected against, rain.

The downside of condensation is that vision through some or all of the glass surface is
obscured, scattering the light in various directions and reducing the clarity of vision
through the window. The magnitude of this effect depends on the amount of condensa-
tion, when it occurs and of the reaction of the occupants of the building to the condensa-
tion.



1 External condensation

External condensation occurs when the surface temperature of the outer pane of glass

falls below the air temperature and the dewpoint of the air. This occurs during cold
nights when the outward radiation from the window to the sky is high, due to the low heat
sink temperature of the sky. This outward radiation can be so high that the temperature of
the glass drops to below the ambient air temperature.

If condensation is to occur, it is also necessary for the moisture content of the air (relative
humidity) to be so high that the temperature of the glass is below the dewpoint of the air.
As it is the low temperature of the heat sink represented by a clear night sky that results in
this high outward radiation, most of the cases of condensation occur during the dark hours
of the day. How quickly the condensation then disappears during the day depends on
climatic conditions such as temperature, insulation, wind speed etc.

In general, the following factors can act to increase the number of cases of external con-
densation:

surroundings little screening of the sky arc by surrounding buildings or vegetation

the building little screening of the window towards the sky arc by overhanging
roofs, window recesses etc.

- alow U-value of the glazed part of the window

- the slope of the window. Outward radiation increases as the window is

inclined towards the sky (i.e. roof lights)

climate - aclear sky
- high relative humidity of the outdoor air
- low wind speed
- low temperature difference between indoor and outdoor air tempera-
tures

A particular combination of climate conditions is needed if external condensation is to
occur at all: a clear sky, in combination with sufficiently high ambient relative humidity.
The frequency of condensation increases in areas sheltered from the wind, or where wind
speeds are only low. The normal heat loss through the window raises the temperature of
the outer pane, with the result that condensation occurs more during the warmer periods
of the year.

The extent to which the window is screened from the sky has a considerable effect on the
occurrence of external condensation. Roof lights in particular 'see' a greater arc of the
sky, and so external condensation tends to form on them more often than it does on win-
dows installed vertically in walls.

As it is the combined effect of factors relating to the surroundings, the building and cli-
mate that determines the occurrence of external condensation, it is not possible to deter-
mine the number of cases of condensation in general terms. Nor is attempting to set
minimum U-values any guarantee of entirely eliminating condensation. The only con-
nection that can be noted is that windows with higher U-values are less prone to forma-
tion of external condensation, although even this reduction may be small or marginal if
the window is significantly screened from the sky and/or is in an area of favourable cli-
matic conditions, i.e. such that external condensation occurs only rarely.



2 Calculations of external condensation

These calculations have been made using a model, described in Appendix 1 and in more
detail in SP Report 1995:01. As the effect of screening of the sky is of considerable im-
portance, the definition of this characteristic has been described in more detail in Appen-
dix 2.

Climate data in the form of hourly values of ambient temperature, relative humidity,
long-wave radiation and wind speed from the Swedish Meteorological and Hydrological
Institute (SMHI) has been used as the input data for the calculations. The calculations
have been concentrated on values for Stockholm from 1990, although values for 1988,
1989, 1991 and 1992 have also been checked.

As the main inconvenience occurs when condensation forms on the glass, it is for this
part of the window that the calculations have been performed: in other words, the
U-values are those for the glazed portion.

Both the total annual number of hours of condensation and the number of hours of con-

densation occurring during the daytime have been calculated. For these purposes, day-

time has been defined as a fixed interval, between 07.00 and 19.00, which is intended to
reflect both normal working hours and the sunlit part of the day. This interval has been
used throughout the year, i.e. with no change during summertime.



3 The occurrence of external condensation

3.1 Year-to-year variation

It is essential, for calculations such as these, to choose a real year. Creating a set of mean
values from data for several years produces a false normal year' lacking the extreme
values and tending to smooth out climate variations, and so producing an incorrect picture
of the formation of condensation.

As climate varies considerably from one year to another, the results of the calculations
will also vary from one year to another. However, comparisons within one given year
(having the same climatic data) for different values of parameters such as the U-value and
the sky view-factor, produce correct relative differences. In order to check whether the
1988-1992 climate parameters for Stockholm exhibited any extreme conditions, a com-
parison calculation was made for each of the years, from the results of which it was
decided that 1990 should be taken as a relatively typical year for the Stockholm climate.

Figures 1 and 2 show the total number of hours of condensation and the total number of
daytime hours of condensation occurring during the five years. Comparison has been
simplified by taking a specific case, with a U-value of 1.0 W/(m?K) and £ = 0.5, the
results of which in terms of the number of hours of condensation are shown in the table
below.

Table 1 Number of hours of condensation per year
Vear Hours of condensation
Total Daytime

1988 403 41
1989 450 101
1990 435 63
1991 400 39
1992 242 26

It can be seen from the calculations that 1989 and 1992 differ substantially from the other
years in terms of the number of hours of condensation and their distribution. Of the three
remaining years, we have selected that with the greatest number of hours of condensation
as representative of a relatively difficult year from the point of view of condensation, but

without being an extreme year.
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Figure 2  Number of daytime hours of condensation per year



3.2 Month-to-month variation

Figures 3 and 4 show the distribution of hours of condensation for Stockholm in 1990 on
a month-by-month basis for three different U-values of 0.8, 1.0 and 1.3 W/(m?K), with no
screening of exposure to the sky (= 0.5). It can be seen from the diagrams how the
number of hours of condensation increase as the U-value of the window is reduced, e.g.
changing the U-value from 1.3 to 1.0 increases the total number of hours of condensation
in April by 34 (55 - 21). In the five years that were investigated, the greatest number of
hours of condensation generally occur during August, September and October and, to
some extent, during April and July. However, there are considerable variations from one
year to another, so some care must be taken when attempting to draw any rather too
general conclusions. It can also be seen from the diagrams that the number of hours of
condensation increases in a different manner as the U-value of the window is increased,
in that such an increase in U-value results in only a modest increase in the number of
hours of condensation during August, but in a substantial increase in the number of hours
of condensation in October. During the daytime, the number of hours of condensation is
greatest during the autumn months of September to November, with very few cases of
daytime condensation during May, June and July.
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Figure 3  Total number of hours of condensation per month
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Figure 4  Total number of daytime hours of condensation per month
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4 Occurrence during the day

The number of hours of condensation during the year has been broken down over the 24
hours of the day. Figure 5 shows the effect of varying the U-value of the glass (F = 0.5),
while Figure 6 shows the effect of varying the screening towards the sky (Ugas = 1.0). It
can be seen from both diagrams that condensation tends to occur mostly during the early
hours of the day, falling away rapidly after about 06.00. Changing the U-value or the
F-value tends mainly to increase the number of hours of condensation outside the daytime
period (07.00-19.00). During the daylight hours, it is particularly the time between 07.00
and 08.00 that shows a clear increase, with the number of cases close to the middle of the
day being insignificant.
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Figure 5  Total number of hours of condensation, by times of day
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5 Annual total

When calculating the number of hours of condensation, the U-value of the glass has been
varied between 0.7 and 1.4 W/(m?K)), and the view factor from the sky (F) has been
varied between 0.25 and 0.50. These latter values represent respectively half the sky
screened off and total exposure to the sky. Calculations have not been made for lower
F-values due to the fact that such conditions produce few cases of condensation.

Figure 7 shows the effect on the total number of hours of condensation of varying the
U-value and the F-value. It can be clearly seen that, the lower the U-value or the higher
the F-value, the greater the number of hours of condensation. Even U-values as high as
1.4 W/(m?K) can result in cases of condensation.

Figure 8 is a similar diagram to Figure 7, but this time showing the total number of hours
of condensation occurring during the daytime. The same essential pattern can be seen,
but at a considerably lower level.

Figure 9 is intended to assist interpolation between the various cases. Apart from this, it
contains the same information as Figure 7.

The data from which the diagrams have been prepared are shown in Tables 2-3. In
addition, the tables show the proportion of total hours of the year represented by hours of
condensation and the proportion of daylight hours represented by the hours of condensa-
tion.

As previously mentioned, the formation of condensation is also affected by the wind
speed, i.e. whether the window is exposed or sheltered. Calculations on the basis of
U =1.0 and F = 0.5 showed that there were about 15 % more condensation hours for
windows protected from the wind, both in total and during the daylight hours.
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Table 2 Total number of hours of condensation and the proportion of the total
number of hours per year that they represent
U-value (glass), W/(m2K)
Screening 0.7 0.8 0.9 1 1.1 1.2 1.3 14
factor No. No. No. No. No. No. No. No.
of % of % of % of % of % of % of % of %
hours hours hours hours hours hours hours hours
F=025 | 22 | 03 | 11 | 01 6 0.1 3 0.0 2 0.0 1 0.0 1 0.0 1 0.0
F=030 | 101 | 1.2 | 48 [ 05 | 22 | 03 | 13 | 01 6 0.1 3 0.0 2 0.0 1 0.0
F=035 | 264 | 30 | 172 | 20 | 95 [ 11 | 46 | 05 | 26 | 03 | 16 | 0.2 9 0.1 4 0.0
F=040 | 409 | 47 | 323 | 3.7 | 255 | 29 | 165 | 19 | 103 | 12 | 53 | 06 | 28 | 03 | 19 | 0.2
F=045 | 529 | 6.0 | 469 | 54 | 376 | 43 | 305 | 35 | 231 | 26 | 163 | 19 | 109 | 1.2 | 67 | 08
F=050 (621 | 71 | 569 | 65 | 504 | 58 | 435 | 50 | 361 | 41 | 296 | 34 | 218 | 25 | 164 | 1.9
Table 3 Number of hours of condensation (daytime) and their proportion (%) of the
total number of daylight hours per year
U-value (glass), W/(m?K)
Screening 0.7 0.8 0.9 1 1.1 1.2 1.3 14
factor No. No. No. No. No. No. No. No.
of % of % of % of % of % of % of % of %
hours hours hours hours hours hours hours hours
F=0.25 2 0.0 2 0.0 2 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
F=030 | 11 | 0.2 6 01 2 0.0 2 0.0 2 0.0 0 0.0 0 0.0 0 0.0
F=035 | 30 | 06 | 17 | 04 9 0.2 5 0.1 2 0.0 2 0.0 2 0.0 0 0.0
F=040 | 64 | 13 | 40 | 08 | 27 | 06 | 15 | 0.3 7 0.1 3 0.1 2 0.0 2 0.0
F=045 | 93 | 20 | 77 |16 | 47 | 10 | 31 | 07 | 21 | 04 | 15 | 03 8 0.2 2 0.0
F=050 (117 | 25| 98 | 21| 8 |17 | 63 |13 | 42 |09 | 28 | 06 | 20 | 04 | 15 | 03
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Conclusions

The number of hours of condensation, and their distribution, vary widely from year to
year, making it difficult to define a normal' year.

Most cases of condensation occur during the autumn months of August, September
and October.

There are very few cases of daytime condensation during the summer.

Condensation occurs primarily during the early hours of the morning (i.e. before sun-
rise) and falls off rapidly after about 06.00.

Windows in protected positions (i.e. where wind speeds are low) can exhibit more
cases of condensation.

The occurrence of external condensation is determined by the combined effects of the
surroundings, the building and the local climate.

The number of cases of condensation changes, depending on the values of the thermal
insulation performance of the window and its exposure to the sky. The general ten-
dency is for the number of cases of condensation to increase with falling U-values, but
there is no particular limit value at which condensation ceases. This means that gen-
eral minimum limits for the U-value are difficult to define. Relatively high U-values
would be required in order totally to eliminate condensation.

The more exposed the window is to the sky, the greater will be its long-wave radiation
to the sky: in other words, the number of cases of condensation increases with rising
value of the view factor (F). Roof lights are more prone to condensation than win-
dows fitted vertically in walls.



15 Appendix 1

A model of the heat balance of the outer pane

The surface temperature of the outer pane of a window, of known structure and with
known physical features, in a building can be calculated from climate data such as the
ambient air temperature, wind speed and long-wave radiation. Additional input data re-
quired are the U-value of the window (the coefficient of thermal transmittance), the in-
door air temperature and the view factor (see Appendix 2).

The dewpoint can be calculated if the relative humidity is known. If the surface tem-
perature of the window, as calculated above, is below the dewpoint, an estimate can be
made of the occurrence of condensation.

The external surface temperature of the window is calculated by determining the heat
balance conditions of the outer pane. SP Report 1995:01 describes the theoretical basis of
this in more detail. Under steady-state conditions, the heat flow through the glass to the
outer pane is equal to the heat flow from the pane to the surrounding air or surfaces as a
result of convection and radiation.

If we consider only the radiation exchange between the window and the sky (as other
sources of radiation are assumed to be negligible), the surface temperature of the outer
pane can be calculated from the following expression:
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= the temperature of the outer pane, °C

the indoor air temperature, °C

the outdoor air temperature, °C or K

the sky temperature, °C or K

= the U-value of the glass, W/(m?K)

the view factor

the wind speed, m/s

= constants (expressions as suggested in ISO/DIS 15099 have been
used)
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The partial pressure characteristic, which describes how the saturation pressure of water
vapour changes with temperature, is given in DIN 4108. From this, the dewpoint of the
outer pane can be calculated from

20< 4, <0°C Saage = RH"'>? (148,6 + 9,,) — 148,6
0<4,<30°C Sage = RH" (109,8 + 9,,) — 109,8
where 84 = the dewpoint of the outer pane, °C
9, = the surface temperature of the outer pane, °C
RH = the relative humidity (Pa/Pa)



16 Appendix 2

The sky view factor

The view factor (F) of radiation is used when calculating the radiation between two sur-
faces. In the case of a window, the counter-radiating surfaces consist of the sky, the
ground, surrounding buildings, vegetation and/or screening from the window's 'own'
building such as overhanging eaves, window reveals etc. The window 'sees' these sur-
rounding surfaces. The view factor provides a means of indicating what proportion some
particular surface makes up of the total surrounding surface. In the extreme case of a
completely unscreened horizontal window (i.e. in a horizontal roof surface), it is the sky
that makes up the only counter-radiating surface, giving an view factor of #=1. The
more normal case, of an unscreened window in a wall, with an unobstructed view to the
horizon, sees the counter-radiating surface divided up into two halves, made up of sky
and ground. The view factor for the sky or for the ground is then £ = 0.5. If the sky is
partly obscured by buildings or vegetation, the factor is less: if, for example, half of the
sky is obscured, then the angle factor will be reduced to 0.25. In this case, of the sur-
rounding surfaces as seen from the window, the sky will make up one quarter (see dia-
gram).

Sky

Ground

Figure The view factor for radiation between a window and its surroundings
F=1 hemisphere
F=0,5 half hemisphere (quarter sphere)
F=0,25  halfthe sky obscured (1/8 sphere)



