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Abstract 

The market share of thermally insulating, triple glazing increased to nearly 50% in 

Germany in 2011 and is continuing to rise in 2012. Dew and frost on the outdoor surface of 

insulating glazing units with Ug values below 1.0 W/(m
2
K) installed as window glazing 

present a severe problem, because unimpeded visual contact, one of the essential features of 

glazing, is disturbed. The report describes the calculation methods to determine the 

occurrence of outdoor condensation and the key parameters influencing it. From this 

parameter study, it follows that frost can be prevented by suitable low-e coatings, but this 

does not hold for dew. Regarding dew, only the frequency of its occurrence can be 

diminished. The essential result of the study is that dew on the outdoor surface of glazing 

cannot be avoided by any low-e coating if the external air temperature exceeds or equals the 

room temperature. The study shows that with low-e coatings having a maximum emissivity 

of εo = 0.2, which can be produced today on the basis of ITO coatings, frost can be 

prevented on the outdoor surface of all vertically installed glazing with a thermal 

transmittance Ug ≥ 0.47 W/(m
2
K) and on the outdoor of skylight glazing with 

Ug ≥ 0.70 W/(m
2
K).This is sufficient for all window glazing marketed nowadays. Weather-

resistant, cost-effective coatings on glass with εo lower than 0.2, as are required for energy-

neutral glazing with Ug values ≤ 0.4 W/(m
2
K), are the subject of ongoing development. 

Keywords: Coatings on outdoor glazing surface, low-e, outdoor condensation  

1 Introduction 

Dew and frost on the outdoor surface of thermally insulating glazing units with Ug 

according to DIN EN 673 [1] below 1.0 W/(m
2
K), which are installed for window glazing, 

present a severe problem, since unimpeded visual contact, one of the essential features of 

glazing, is disturbed. This is true especially for skylight glazing (see Fig. 1) oriented to the 

west or the north, where outdoor dew and frost can last until well into the morning. A 
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characteristic of frost on the outdoor surface of window glazing is the frost-free stripe along 

the edges of the glazing, as shown in Fig.1, caused by thermal bridging due to the metal 

edge spacer of insulating glass units and partly also the window frame construction. 

 

Figure 1: Skylight glazing with frost on the outdoor surface. 

It has long been known that low-emissivity coatings on the outdoor surface of glazing 

counteract dew and frost [2, 3, 4] (Fig. 2). 

 
Figure 2: Frost occurrence and prevention on the outdoor surface of skylight glazing. Above: glazing with Ug = 1.0 

W/(m2K), below: glazing with Ug = 0.7 W/(m2K), left side: εo = 0.17 (coated), right side: εo = 0.84 (uncoated); 

Source: Interpane, 2002/2003. 

The report aims to identify the key parameters influencing the occurrence of condensation 

on the outdoor surface of glazing, the limits for preventing this condensation by low-e 

coatings, today’s possibilities in this field and advanced future developments. 
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2 Theoretical background to the occurrence of condensation on 

outdoor surfaces 

Condensation on outdoor surfaces occurs if the outdoor surface temperature tos equals or 

falls below the dew point temperature tDP. tDP depends on the external air temperature to and 

relative humidity rHo of the external air. For the special case of rHo = 100% interesting 

especially in the following calculations, it follows for condensation on outdoor surfaces: tDP 

= to = tos. For constant rHo, it follows that tDP is a linear function of to, expressed as the 

formula tDP = frHo(to). Plots of tDP as a function of to are straight lines, called DP lines. tos also 

depends on to, as expressed by the formula tos = fglass(to), where the function fglass(to) depends 

additionally on a series of conditions, such as the design of the glazing unit, the other 

ambient climatic conditions, and the installation angle of the glazing. Normally, the graphs 

of the function fglass(to) are curves. Condensation on the outdoor surface of glazing occurs 

for all tos values of a tos curve which fall on or below the DP line for a given relative 

humidity rHo of the external air. 

 
Figure 3: Diagram of the thermal balance model depicted in the form of an energy flux diagram, here for a double-

glazed unit as an example. 

In the following, the function fglass(to) for a given glazing configuration, different external 

weather and internal climatic room conditions and user-related parameters, was calculated 

using two different algorithms. One, already demonstrated in [5], is based on the heat 

transfer coefficient ht of a glazing unit according to DIN EN 673 whereby the external and 

internal heat transfer coefficients he and hi defined in DIN EN 673 for the calculation of the 

Ug were substituted by the following radiative and convective terms: he was substituted on 
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the one hand by the heat exchange according to the Stefan-Boltzmann law between the 

outdoor surface of glazing as well with the sky as with the ground and on the other hand by 

the external convective heat transfer between the outdoor surface of glazing and external air 

temperature. hi was substituted in the same way by the heat exchange between the indoor 

surface of glazing and the internal surface temperature of the room in the following set 

equal to ti and the internal convective heat transfer between the indoor surface of glazing 

and the room air temperature. In this model, ht represents a constant, i.e. a static thermal 

conductance value basing on a set of given temperatures of glazing. 

The second algorithm is derived from a so-termed ‘thermal balance model’ (Fig. 3) based 

on the physically justifiable fact that the thermal capacity of the individual panes of a 

glazing are negligible which results in thermal equilibrium of the glazing as well with the 

external weather as with the internal climatic room conditions at each point of time [6]. In 

this case, the heat fluxes in the interspaces were calculated with the longtime proven 

formalism depicted in DIN EN 673 and with the thermally and spectrally relevant data of 

the individual panes and gases of the interspaces according to the glazing design. Again, the 

external and internal heat transfer from and to glazing was calculated with the same 

formalism as applied for the calculations with the ht algorithm. From the calculation with 

the algorithm of the thermal balance model, it follows that the temperatures of the 

individual panes can be calculated exactly for all glazing and ambient climatic and user-

related conditions. In addition, the calculations with this algorithm have shown that for 

glazing designs resulting in Ug < 1 W/(m
2
K) according to DIN EN 673 the thermal 

resistance of the individual panes influences only less the results. Therefore, for simplifying 

the calculations the thermal resistance of the individual panes were neglected in this case. 

Because for the thermal balance model the temperatures of the individual panes adjust to 

the ambient climatic conditions, the thermal conductance of glazing is dynamic in this case, 

contrary to the calculations on the basis of the ht value.  

From both algorithms, it follows that the occurrence of condensation will be determined by 

the intersection point of the tos graph with the DP line.  

To calculate the occurrence of condensation on the outdoor surface of a glazing unit, the 

following most critical external conditions have to be entered as parameters in the 

calculation: 

- Absence of or only little solar irradiation Qsol = 0 (e. g. at night or at sunset/sunrise), 

- calm external air conditions (αco = 3.6 W/(m
2
K), i.e. only natural convection), 

- cloudless sky, represented in this report by an equivalent sky temperature according to 

[7],  

- no shadow on the glazing, 
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- low inclination β of the installed glazing; e.g. β = 30
°
(as for skylights) and  

- relative air humidity rHo = 100%. 

As an example, Fig. 4 shows the plot of the function fglass(to) for these conditions calculated 

with the algorithm based on the ht value for an insulating glass unit with the thermal 

transmittance Ug = 0.7 W/(m
2
K) according to DIN EN 673 and the outdoor surface thermal 

emissivity εo = 0.17 as well as the DP line for rHo = 100%. In the external temperature 

range depicted in Fig. 4, the tos curve is nearly a straight line intersecting the DP line for rHo 

= 100% at to = 4.5 °C.  

This is the minimum external temperature considering the most critical external conditions 

for the occurrence of condensation on the outdoor surface of the given glazing unit, in the 

following called tomin. Fig. 4 implies: Outdoor condensation cannot occur for to < tomin, but 

for to ≥ tomin.  

 

Figure 4: tos curve of an insulating glass unit with Ug = 0.7 W/(m2K) according to DIN EN 673 and εo = 0.17 in 

dependence on to compared to the DP line for rHo = 100%, situation with most critical conditions for outdoor 

condensation, room temperature ti = 20oC. 

3 Parameters influencing the occurrence of condensation on the 

outdoor surface of glazing 

In [8], calculations on the basis of the ht algorithm were carried out. The following five 

essential parameters were found to have the greatest influence on tomin and thus on the risk 

of condensation on the outdoor surface of glazing, whereby the term ‘risk’ means that tos 

falls on or below the dew point temperature tDP: 

- relative air humidity rHo, 

- thermal transmittance Ug, 

- inclination ß of glazing in the façade, 
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- room temperature ti and 

- thermal emissivity εo of the outdoor surface of glazing. 

From the calculations, it followed:  

1. Lowering of Ug, β and ti increases the risk of outdoor condensation of glazing  

2. Lowering of rHo and εo considerably decreases the risk, whereby the lowering of εo 

is very effective and is thus proposed for the prevention of outdoor condensation 

on window glazing for a long time (see Fig. 2).  

The same trend for the risk of condensation on the outdoor surface of glazing is obtained 

from the calculations with the algorithm on basis of the ‘thermal balance model’, however, 

the individual values may differ. 

4 Limit for prevention of condensation on the outdoor surface of 

glazing by low-e coatings 

The questions arise: Does a limit for the prevention of condensation on the outdoor surface 

of glazing exist when its emissivity approaches zero? Or in other words, is there a 

maximum tomin when εo approaches 0? εo = 0 means in our case that radiation exchange 

between the outdoor surface of the glazing and as well the sky as the ground is completely 

suppressed. Assuming a glazing unit with a given Ug value and constant internal climatic 

conditions, then it follows for tos from the constancy of heat fluxes through materials 

connected in series, for the case of no solar irradiation, i.e. Qsol = 0: 

αco·(tos – to) = k’·(ti – tos),  

whereby the right side of the equation signifies the heat flux from the room to the outdoor 

surface of glazing and the left side describes the convective heat flux from the outdoor 

surface of glazing to the external environment. αco is the external convective heat transfer 

coefficient depending on wind speed and 1/k’ = 1/Ug – 1/he. Since in the case of 

condensation on the outdoor surface of glazing tos = to due to rHo = 100%, it follows from 

the above equation: 

tos = tomin = ti. 

This implies the following:  

1. The risk of condensation on the outdoor surface of glazing cannot be prevented by any 

low-e coating for to ≥ ti and 

2. this limiting case is independent of the Ug value, i.e. of the thermal conductance of 

glazing units. 
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The same results are obtained from the calculation with the algorithm on the basis of the ht 

value, as shown in Fig. 5 demonstrating the situations for εo approaching 0, as well as with 

the algorithm on the basis of the thermal balance model, not depicted here. Both 

calculations must yield the same result because the thermal conductance of the glazing does 

not play a role in this limiting case of εo = 0 as demonstrated above. Therefore, it can be 

concluded: Frost on the outdoor surface of a glazing unit can be prevented by a suitable 

low-e coating which shifts tomin above 0 °C, but regarding dew, it is only possible to reduce 

its frequency.  

 

Figure 5: tos curves for insulating glass units with Ug = 0.7 and 1.2 W/(m2K), εo = 0.05 (Fig. 5a) and εo = 0 (Fig. 

5b) in dependence on to compared to the DP line for rHo = 100%, situation with most critical conditions for 

outdoor condensation, room temperature ti = 20 °C. 
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5 Consequences for the application of low-e coatings on the outdoor 

surface of glazing 

The results of the last two sections are that condensation on the outdoor surface of glazing 

can be considerably mitigated by a low-emissivity surface, i.e. by a low-emissivity coating, 

but not completely prevented. The risk of condensation increases with increasing external 

air temperature and relative air humidity rHo. Therefore, only a partial solution for the 

prevention of outdoor condensation on glazing is possible with low-e coatings. The 

question is: What is the worst case of condensation and can it be prevented by 

economically produced low-e coatings? Beyond doubt, the worst case of outdoor 

condensation on glazing is frost, which occurs most frequently on the increasingly 

widespread, highly insulating glass units with Ug values < 1.0 W/(m
2
K). Frost on skylights 

equipped with this type of glazing in western and northern façades can last until well into 

the morning, completely disturbing the unimpeded outlook being one of the essential 

features of glazing.  

To mitigate the development of weather-resistant low-e coatings for positioning on the 

outdoor surface of glazing (see below), it should be questioned: What is the maximum εo 

for a glazing with a given Ug value, in the following abbreviated with maxεo, with which 

frost can be avoided? This was calculated as well with the algorithm on basis of the ht as on 

the thermal balance model (Fig. 6).  

 
Figure 6: Comparison of the maxεo results on the basis of the thermal balance model and ht algorithm according to 

DIN EN 673 plotted versus Ug according to DIN EN 673 as a measure for the thermal transmittance of the glazing 

unit, ß = 90° and ti = 20 °C. 

From Fig. 6 it can be concluded that maxεo values calculated on the basis of the ht value are 

lower in the depicted range of Ug values according to DIN EN 673 - being here a measure 

for the thermal transmiuttance of glazing - than those calculated on the basis of the thermal 
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balance model. Due to the fixed prevailing ambient environment conditions and installation 

angle of the glazing used for both calculation algorithms, the reason for this divergence is 

that the lower maxεo values must result from a lower heat loss of the glazing and, therefore, 

in this case its thermal conductance of glazing must be lower than that resulting in the case 

of the higher maxεo values. I.e. the statically thermal conductance applied with the 

algorithm on the basis of the ht value is lower than that resulting from the calculated 

dynamically thermal balance algorithm.  

However, it must still be ascertained that the calculations based on the thermal balance 

model correspond better to the in-situ thermal behaviour of glazing installed in buildings 

and, therefore, are preferable to those calculated on the basis of the ht value; i.e. the heat 

losses of window glazing installed in buildings has to be treated dynamically and not 

statically as is standardized in DIN EN 673 (see also [6]).  

It may be argued that the maxεo values calculated on the basis of the ht value provide a 

greater safety margin against frost occurrence on the outdoor surface of glazing. However, 

from the experience gained from recent investigations [9], it must be considered that it is 

very difficult to achieve weather-resistant low-e coatings with thermal emissivity values ε < 

0.2, which simultaneously feature low solar absorbance and reflectance, i.e. low optical 

losses. The calculations based on the thermal balance model facilitate this development. 

Recent investigations have also shown that for window glazing with Ug values below 0.5 

W/(m
2
K) installed in the moderate Central European climate, the increase of thermal 

insulation is more significant for improving the thermal energy balance in the heating 

period than the reduction of optical losses of the glazing [6, 10]. That means that for 

glazing with Ug ≤ 0.5 W/(m
2
K) the optical losses of low-e-coatings on the outdoor surface 

of glazing influence to a lesser extent the thermal balance of glazing. This result may also 

guide ongoing developments of low-e coatings for depositing on the outdoor surface of 

window glazing. 

Fig. 7 shows the maxεo calculations based on the thermal balance model as a function of the 

Ug value for vertical (β = 90°) and inclined window installations (β = 30°) and ti = 20 °C 

and 18 °C in each case. Several manufacturers have announced recently that weather-

resistant low-e coatings based on ITO, with ε = 0.2 and low optical losses, are producible. 

From Fig. 7, it can be concluded that with such a coating on the outdoor surface of glazing, 

frost can be prevented on all vertically installed glazing with Ug ≥ 0.47 W/(m
2
K) and on all 

skylight glazing having an installation angle of β ≥ 30° with Ug ≥ 0.7 W/(m
2
K). In both 

cases, this may be sufficient for all window glazing installed in buildings nowadays. 

However, it should be noted, that the weather is chaotic at times, but the results shown in 

Fig. 7 are only valid for constant weather situations. For sudden changes in the weather 

pattern, like a fast temperature increase of extenal air accompanied with relatively high  
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Figure 7: maxεo values calculated on the basis of the thermal balance model for vertical (ß = 90°, Fig.7a) and 

inclined (β = 30°, Fig. 7b) window glazing plotted versus Ug according to DIN EN 673 as a measure of the 

thermal transmittance of the glazing. 

external air humidity, as in rare cases already observed, the calculated maxεo values for 

frost prevention may not be valid. The reason is that condensation is a phase transition 

process, which reacts very sensitively to marginal tos variations. 

To progress toward window glazing with lower Ug values, i.e. toward a lower thermal 

transmittance required for energy-neutral window glazing in the future [10], intensive 

development is continuing with respect to weather-resistant and aesthetically acceptable 

low-e coatings with adequate emissivity to assure frost-free outdoor surfaces. 

N.B.: It is evident that in Fig. 6 and 7, the maxεo straight lines approach each other as Ug 

decreases. The reason for this is that for decreasing thermal transmittance (Ug value) of 

glazing its thermal conctuctances calculated here in different ways but on the basis of the 

same formalism according to DIN EN 673 approach. 

6 Conclusion 

The calculations have shown that condensation on the outdoor surface of window glazing 

can be prevented. However, there are constraints.  

For window glazing installed in Central European climate, in which the temperature range 

to < ti is characteristic for the occurrence of outdoor condensation on window glazing, the 

calculation have shown that for each installed glazing with a thermal transmittance value Ug 

and each thermal emissivity value on the outdoor surface of glazing εo > 0, there exists a 

minimum external air temperature tomin below which condensation on the outdoor surface is 

prevented.  

For εo = 0, tomin equals ti independent of the value of ti as well as the thermal transmittance 

Ug of glazing; in this limiting case outdoor condensation occurs only for rHo = 100%. 
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For to ≥ tomin, condensation on the outdoor surface of glazing can be prevented by each εo 

value > 0, but only for rHo values < 100%; i. e. in this case, a risk for condensation on the 

outdoor surface of glazing remains, but the frequency of condensation is reduced.  

With low-e coatings having a thermal emissivity of εo = 0.2, frost can be prevented on the 

today marketed vertically installed glazing with Ug ≥ 0.47 W/(m
2
K) and on skylight glazing 

(β ≥ 30°) with Ug ≥ 0.75 W/(m
2
K). Several manufacturers have announced recently that 

weather-resistant low-e coatings based on ITO, with ε = 0.2 and low optical losses, are 

producible. 

The calculations were accomplished by the algorithm on the basis of the ht value according 

to DIN EN 673 and the new developed thermal balance model. But, in the opinion of the 

author, the results on the basis of the thermal balance model are to prefer. Here the 

temperatures of the individual panes of the glazing adjust according to the ambient weather 

and climatic room conditions which lead to an exact description of the thermal conductance 

of glazing.  

Weather-resistant and aesthetically acceptable low-e coatings are the subject of ongoing 

developments for glazing with Ug≤ 0.4 W/(m
2
K) needed in future for energy-neutral 

window glazing. 
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