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1. Abstract and introduction 

of the investigation was to develop a clear and simple calculation procedure 

for the thermal performance of window glazing. At present, in Europe this is done on 

the basis of DIN EN 410 [The aim 1] and DIN EN 673 [2], which have their concep-

tual origins in experience made in the 1970’s. The solution to this task is an MS EX-

CEL program based on a ‘thermal balance model’ resulting from the very low heat 

capacity of glazing. Due to the increasingly stringent specifications for improved 

thermal insulation, interest in window glazing with extremely low thermal transmit-

tance values of Ug ≤ 0.5 W/(m2·K) is growing continually. Such low Ug values go be-

yond the conceptual scope of the current DIN EN standards and demand better 

evaluation. Also, the temperature of the outer glazing surface must be determined 

accurately as a function of the ambient conditions in order to predict when frost will 

form on the glazing. This capability is imperative for the evaluation of such well-

insulating glazing, but is also not foreseen in the DIN EN standards mentioned 

above. The developed MS EXCEL program can calculate this condition. With the 

program, the dependence of the thermal performance on the glazing configuration 

and the ambient climatic conditions can be presented very clearly and comprehen-

sively, such that guidelines for the development of window glazing with extremely 

high thermal resistance can be derived. The paper presents the program concept and 

the results obtained with it concerning the dependence of the thermal performance of 

glazing on its configuration and the ambient climatic conditions. For some cases, 

comparison is also made to the corresponding results obtained with the two DIN EN 

standards cited above. 

2. MS Excel calculation program 

The developed MS Excel calcula-

tion program is based on energy 

flow diagrams for multiple glazing 

units used in windows, as illus-

trated in Fig. 1 for the example of a 

double-glazed unit. It is physically 

allowable and will be assumed in 

the following that the heat capacity 

and the thermal resistance of all 

elements of the calculated glazing 

unit are negligible. The conse-

quence is: The glazing unit is in Fig .1: Example of an energy flow diagram for a double-
glazed unit   
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temporal thermal equilibrium, i.e. the inward heat flux is balanced with the outward 

heat flux by the temperatures of the glazing panes at each point of time. The algo-

rithm for the calculation of thermal performance of window glazing on this base is 

termed ‘thermal balance model’. 

The approach for calculating the heat flow Qint within the gas-filled space applies the 

formalism described in DIN EN 673. The optical properties of the glazing are calcu-

lated according to or analogously to DIN EN 410 in dependence on the solar irradia-

tion Qsol. In the case that the glazing unit has multiple gas-filled spaces, the heat 

flows for each space are considered separately. Positive values mean heat flows to-

ward the building interior, negative values toward the exterior. The physical laws ap-

plicable to gas-filled spaces of multiple-pane insulating glazing units (IGUs), as de-

scribed formally in DIN EN 673, have been validated over many years by measure-

ments using guarded hot-plate equipment [3] in the relevant outdoor air temperature 

range, to= -10 °C to +20 °C. Also, the formalism for calculating the transmittance and 

absorbance values τe and αi (i = pane number, starting from the outside pane) ac-

cording to DIN EN 410 has been recognized for a long time.   

However, the heat flows Qe and Qi to the building exterior and interior, respectively, 

were not calculated with the constant heat transfer coefficients he and hi according to 

DIN EN 673. Instead, the following heat transfers were taken into account for Qe: (1) 

The radiation exchange between the glazing unit and the sky with the corresponding 

equivalent sky temperature tsky [4] for overcast and clear skies; (2) the radiation ex-

change between the glazing unit and the ground with the thermal emissivity εg = 1 

and its temperature tg = te for an overcast sky and tg = (te – 2) °C for a clear sky; (3) 

the external convective heat transfer in front of the glazing unit related to the external 

air temperature te. For the heat flow Qi, the following two effects were taken into ac-

count: The radiation exchange between the glazing surface and the room walls with 

the temperature tw, and the convective internal heat transfer in front of the glazing 

unit related to the indoor air temperature ti.   

Thermal equilibrium is reached for the multiple-pane IGU if the temperature of each 

pane tglass,i is adjusted such that for a given solar irradiation value Qsol, the sum of the 

absorbed solar energy Qsol*αi  in the individual panes is dissipated by the heat flows 

Qe and Qi to the exterior and interior, respectively.  As a result, if Qsol = 0, then Qe = 

Qi.   

Thus, the developed MS Excel calculation program allows the thermal performance 

of multiple-pane window glazing to be calculated comprehensively for all external and 

internal climatic conditions.  

3. Analyses applying the MS Excel calculation program  

The outstanding property of window glazing in comparison to all other construction 

materials is its transparency for solar radiation, i.e. it has a solar-collector effect 

which can compensate for the heat loss through it. With the aid of the MS Excel cal-

culation program, the solar-collector effect of window glazing can be determined  by 

evaluating the internal energy balance Qbal,i for given ambient climatic conditions (see 
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Fig. 1) in dependence on the 

solar irradiation Qsol, formally 

Qbal,i(Qsol) . Fig. 2 shows 

such an evaluation for a 

conventional, uncoated dou-

ble-glazed unit as an exam-

ple. The evaluation results in 

a straight line, which will be 

called the Qbal,i line and has 

a gradient of 0.783, starts for 

Qsol = 0 at the Qn point, rep-

resenting the heat loss in the 

night, and intersects the Qsol 

axis at the En point. Solar 

irradiation values Qsol great-

er than En (Qsol > En) result in 

solar heat gain and values 

less than En (Qsol < En) in 

heat losses. Thus, En is a measure for the solar-collector effect of window glazing. In 

the case at hand, it follows for En: 

 

A fundamental result of the investigation is that for each glazing configuration and 

each set of external and internal climatic conditions, a Qbal,i value exists which lies on 

a Qbal,i line with a corresponding Qn and En value. The question is: How does this 

Qbal,i line depend on the climatic conditions on the one hand, and on the technical 

values of window glazing on the other? 

4. Dependence of the Qbal,i line on climatic conditions 

Assuming the same glazing configuration, the influences of the external and internal 

climatic conditions have to be distinguished. Because the indoor climatic conditions 

vary much less than the outdoor conditions, it is more important to investigate the 

external influences. In addition, the investigations have shown that the influence of 

the internal conditions on Qbal,i is analogous to the external conditions, but with the 

opposite sign. In the following calculations, the indoor conditions are represented by  

the constant room temperature ti = 20 °C. Unless specified otherwise, the analyses  

were made with the thermal values of the ‘iplus E’ IGU produced by the INTERPANE 

company in Lauenförde (Germany) and assuming vertical glazing (β = 90°).    

4.1 Influence of the external air temperature te 

In Fig. 3, the influence of te on the Qbal,i line in the te range from -5 to 20 °C is depict-

ed, keeping the outdoor climatic conditions (overcast sky, external convective heat 

transfer coefficient αce = 5 W/(m2·K)) constant. It can be observed: As te increases, 

the Qbal,i line shifts parallel to the Qn axis to higher values, i.e. to smaller heat losses, 

Fig, 2: Qbal,i(Qsol) for a conventional double-glazed unit and 
specified ambient climatic conditions 

β = installation angle of the glazing; ti = room temperature; te = 

external air temperature; αce = external convective heat transfer 
coefficient  
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resulting in lower En val-

ues; i.e. the transition 

from heat losses to solar 

heat gain starts at lower 

solar irradiation values 

Qsol. However, it is im-

portant to note that the 

gradient of the Qbal,i line 

remains constant for all 

values of te. (Note: An 

increase of the room tem-

perature ti, assuming that 

the other ambient climatic 

conditions remain 

unchanged, results also in a parallel shift but with the opposite sign.) 

4.2 Influence of the equivalent sky temperature tsky  

Fig. 4 shows the influ-

ence of the cloud cover 

on the Qbal,i line for the 

limiting cases of com-

pletely overcast and 

clear skies, as repre-

sented by their equiva-

lent sky temperatures 

tsky, keeping the other 

ambient climatic condi-

tions constant in the 

same way as for Fig. 3.  

Again, it can be ascer-

tained that the transition 

from a clear sky (tsky ~ (te -17) °C) to an overcast sky (tsky ~ (te - 5) °C) also results in 

a parallel shift of the Qbal,i line to higher Qn values and, therefore, in a decrease of the 

En value. Also in this case, the gradient of the Qbal,i line remains unchanged. Because 

En is lower for overcast than clear skies, it follows, – assuming that the solar irradia-

tion value Qsol remains unchanged – that the solar-collector effect is greater for over-

cast than clear skies. Note: The radiation exchange between the outside surface of 

glazing and the ground with the temperature tE shifts also parallel the Qbali,i-line. 

However, its contribution is only marginal. Therefore, it is not discussed separately in 

the following, but it is taken into account in all calculations. 

4.3 Influence of the external convective heat transfer coefficient αce  

In Fig. 5, the change of the Qbal,i line is depicted as a function of the external  convec-

tive heat transfer coefficient αce –  being a measure for the heat transfer from and to 

the glazing unit at the exterior as influenced by wind speed – again keeping the other 

Fig. 3: Influence of te on the Qbal,i line, shown for the typical ‘iplus E’ 
low-e coated double-glazed unit as an example, with the other am-
bient climatic conditions unchanged.  

Fig. 4: Influence of tsky on the Qbal,i line depicted for ‘iplus E‘, with the 
other ambient climatic conditions unchanged 
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outdoor climatic conditions 

unchanged. The result is: 

An increase of the αce value 

by nea rly a factor 4, i.e. 

from moderate wind to 

storm conditions, alters the 

gradient of the Qbal,i line by 

only 1.6%, i.e. the change 

is only marginal in compari-

son to that caused by varia-

tion of te or tsky. From this, it 

follows that even a large 

change in αce has practical-

ly no influence on the En 

value and, therefore, on the solar-collector effect. Moreover, the investigations have 

shown that the change in the gradient decreases with increasing thermal insulation of 

the glazing unit, for instance, for triple or quadruple IGUs. Furthermore, it follows from 

the investigation that for all glazing units the gradient of the Qbal,i line is equal to the 

total solar energy transmittance g according to DIN EN 410 if the αce value is as-

sumed to be 19 W/(m2·K) [5].   

Therefore, from investigating the influence of outdoor climatic conditions on 

the Qbal,i line, it can be concluded that:  

1. Variation of te, tsky or αce has practically no influence on the gradient of the Qbal,i 

line. 2. The gradient of the Qbal,i line is determined by the total solar energy transmit-

tance or g value (= direct solar transmittance τe + secondary heat transfer Qi/Qsol) 

(see Fig. 1). 3. When an overcast sky and αce = 19 W/(m2·K) are assumed, the g val-

ue according to DIN EN 410 can be verified. Merely minor deviations are caused by 

different assumptions for αce values.  

Therefore, the following formula for the En value can be used as a building-science 

approximation:   

 

However, it should be noted that the g value of IGUs according to DIN EN 410 is de-

termined for normally incident solar radiation. For the calculations with the  MS Excel 

calculation program discussed above, the optical values τe and α1 or α2  determined 

according to DIN EN 410 and for normally incident solar irradiation were also used. 

However, the optical values depend crucially on the type of irradiation, for instance, 

predominantly diffuse radiation for an overcast sky or predominantly direct radiation 

for a clear sky [6, 7]. The resulting change in the g value does not alter the funda-

mental behaviour of the Qbal,i line as discussed above when te, tsky or αce are altered. 

However, for energy balance calculations of a glazing unit, i.e. for the summation of 

Fig. 5: Influence of αce on the Qbal,i line, illustrated for ‘iplus E‘ 
leaving the other ambient climatic conditions unchanged.  
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heat losses and solar gains over a period of time such as the heating period, this has 

to be taken into account [8].   

5. Dependence of the heat loss Qn on the external climatic conditions 

According to the definition, Qn does not depend on Qsol. From Fig. 5, it follows that Qn 

also depends only marginally on αce. The question now is: Does Qn depend on te and 

tsky, and if so, how?  Fig. 6 

shows the influence of te 

on the heat loss Qn, formal-

ly Qn(te) for the limiting 

conditions of completely 

overcast and clear skies 

respectively, calculated 

with the MS Excel program 

for the typical low-e (low 

emissivity) coated, double-

glazed unit, ‘iplus E’ pro-

duced by the Interpane 

company. For comparison, 

the results of the corre-

sponding heat loss calcula-

tions according to DIN EN 

673, i.e. Ug*(ti – te), are 

also shown in the same 

figure. Fig. 7 shows the 

corresponding results for 

the typical low-e coated, 

quadruple-glazed unit, 

‘iplus 4E’ from Interpane.  

From these two figures, it 

can be concluded: 1. The 

calculations with the MS 

Excel program result in 

appreciable dependence of 

the heat loss Qn on both 

the external air tempera-

ture te and the sky cloud 

cover, i.e. on the equivalent sky temperature tsky, as had already been demonstrated 

by Figures 3 and 4. (Again, the radiation exchange with the ground was taken into 

account in the calculations.) By contrast, the calculations according to DIN EN 673 

only show dependence on te. 2. The Qn(te) calculations with the MS Excel program do 

not result in a straight line, but, as a rule, in a curve. 3. The best agreement with the 

heat-loss lines according to DIN EN 673 is found for the curves calculated with the 

Fig. 6: Qn(te) for completely overcast  and clear skies, as calculated 
with the MS Excel program and according to DIN EN 673 for com-
parison, illustrated for ’iplus E‘ and keeping the ambient climatic 
conditions constant.  

Fig. 7: Qn(te) for the same conditions as for Fig. 6, but for the  low-e 
coated, quadruple-glazed unit ’iplus 4E’.  
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MS program for an overcast sky, whereby it should be noted that all Excel curves for 

the low-e coated triple-glazed and quadruple-glazed units lie be- 

low the DIN EN lines, i.e. in these cases, the heat losses calculated with the Excel 

program are always higher than those calculated according to DIN EN 673. However, 

it should be noted that this is valid for the set of instantaneous climatic conditions in-

vestigated here. For energy balance calculations of glazing units in the heating peri-

od, e.g. for the Central European climate, however, the average heat losses ØQn 

have to be applied and these values approach the limiting case for an overcast sky 

more closely than that for a clear sky. 4. As can be seen in Tab. 1, the heat loss dif-

ferences ∆Qn calculated with the Excel program between an overcast (Qn,overcast sky) 

and a clear sky (Qn,clear sky) decrease with decreasing Ug value of the glazing unit, fi-

nally approaching  0 (see 3rd column). In this case, the heat losses calculated with 

the MS Excel program also approach the values calculated according to DIN EN 673 

(see 4th column). 

Tab. 1: Behaviour of heat losses in dependence on te for multiple-pane IGU with increa- 

                sing values of thermal insulation 

6. Dependence of the Qbal,i line on the glazing unit configuration  

A distinction must be made between the influence of the thermal insulating properties 

of the glazing unit on the one hand, which are determined by the gap width and 

choice of gas in the space between panes as well as the thermal emissivity ε of the 

applied low-e coatings, and on the other hand the optical losses caused by the reflec-

tance and absorbance of the panes in the glazing unit. 

6.1 Influence of thermal insulation 

From the investigations made, it follows that each of the parameters listed above that 

influence the thermal insulation of glazing units has the same effect on the results of 

the Qbal,i calculation. The following section presents results on the influence of the 

thermal emissivity ε of a low-e coating such as is typically applied in a double-glazed 

unit with a gap width of 16 mm and a gas fill of 90% argon/10% air. In recent years, 

glazing manufacturers have competed aggressively to lower the Ug value of their 

IGUs by continuously reducing the emissivity value ε of the low-e coating. In the au-

thor’s opinion, this is a development which should be questioned.    

For constant optical losses, the dependence of the Qbal,i line for a typical, commer-

cially available IGU with the configuration specified above is shown in Fig. 8 for the 

Glazing 
product 

Ug      

acc. to DIN EN 673 

 
(W/(m2·K))    

∆∆∆∆Qn  
(Qn,overc. sky - Qn,clear sky  

for te = 5°C)  
(W/m2) 

Ø(Qn,overc. sky - Qn,DIN) 

for te = - 5 to 20 °C 
 

(W/m2) 

iplus E 1.12 3.1 0.47 

iplus 3E 0.58 1.6 0.35 

iplus 4E 0.40 0.8 0.25 
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thermal emissivity of the 

low-e coating on position 

3 of the glazing unit in 

the range from ε = 0.015 

to 0.17, corresponding 

to the IGUs marketed 

today with Ug values 

according to DIN EN 

673 ranging from 1.0 to 

1.5 W/(m2·K).  

From Fig. 8, it can be 

concluded: 1. The in-

crease in thermal insula-

tion, here achieved by 

decreasing the ε value 

of the low-e coating, also results in a parallel shift of the Qbal,i line to higher Qn values, 

i.e. the well-known increase in thermal insulation of IGUs, and, therefore, in lower En 

values. To be more precise, however, it should be noted that the gradient of the Qbal,i 

line decreases marginally, but this can be neglected in a building-science context. 2. 

The essential reduction in the heat loss Qn takes place for a decrease of the thermal 

emissivity from ε = 0.17 to 0.037. 3. Because the Qbal,i lines for ε = 0.015 and 0.037 

are nearly indistinguishable, in the author’s opinion it is doubtful whether the recent 

competition to reduce the ε value to achieve an IGU with a Ug value of 1.0 W/(m2·K) 

has made sense. Nearly all manufacturers now market a low-e coated, double-glazed 

IGU with a Ug value of 1.0 W/(m2·K) on the basis of a low-e coating having an ε of  

0.015, a Ug value which can only be calculated by particularly sophisticated tech-

niques [9].   

6.2 Influence of optical losses 

The optical losses of a glazing unit are determined by the solar reflectance and ab-

sorbance of the individu-

al panes of the unit. For 

a given type of solar ir-

radiation (see above), 

both parameters influ-

ence the calculations of 

the Qbal,i line in the same 

way. In Fig. 9, the influ-

ence on the Qbal,i line by 

reducing the optical loss 

is shown for a typical 

IGU with the configura-

tion specified in section 

6.1. Only the type of 

Fig. 8: Influence of the thermal emissivity ε of a low-e coating as part 
of the thermal insulation effect on the Qbal,i line, illustrated for a typical 
low-e coated, double-glazed unit. 

Fig. 9: Influence of the solar absorption as one component of solar 
losses on the Qbal,i line,  taking a typical low-e coated, double-glazed 
unit as an example.  
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glass pane was altered, i.e. conventional float glass with relatively high solar absorb-

ance (α = 8%) was compared to low-iron float glass with relatively low solar absorb-

ance (α = 2%), while the thermal insulation of the glazing was kept constant.  

From Fig. 9, it can be concluded: The reduction of optical losses, here achie- ved by 

the reduction of solar absorption, results in a rotation of the Qbal,i line anticlockwise 

around the Qn point to higher g values and, thus, also in a decreased En value. In  

addition, Fig. 9 also shows the Qbal,i line for the case that the window glazing acts as 

a perfect solar collector, namely if Qn equals 0 and the g value equals 100%, i.e. the 

heat losses of the window glazing are zero and all of the incident solar irradiation en-

ters the room behind the window. In this case, Qbal,i equals Qsol, i.e. the gradient of 

the Qbal.i line equals 1. The gradient of 1, corresponding to g = 100%, is a limiting 

value for the Qbal,i line, which can never be exceeded by reducing the optical losses. 

7. Relative significance of Qn and g values 

The result of the preceding section is that the En value of a glazing unit is reduced by 

reduction of both its heat losses Qn and its optical losses, i.e. by increasing its g val-

ue. In both cases, the solar-collector effect increases. The question is: What is the 

significance of the influence of the Qn values compared to the g value? In Fig. 10, the 

influence on the En value 

of the Qn reduction in 

comparison to the g value 

increase is shown for a 

triple-glazed IGU as an 

example. In this case, the 

Qn reduction was 

achieved by deposition of 

a commercial low-e coat-

ing, an ‘iplus E’ coating 

from Interpane, on posi-

tions 2 and 5 of the glaz-

ing unit and the g value 

was increased by replac-

ing the three conventional 

float-glass panes with low-iron float glass while all the other design elements of the 

glazing unit and the ambient climatic conditions remained constant.  

From Fig. 10, it can be concluded: 1. By depositing low-e coatings on positions 2 and 

5 of the triple-glazed IGU, the heat loss Qn is significantly reduced, transforming un-

coated, triple-glazed units (i.e. Ug = 1.65 W/(m2·K) - such as were marketed for a time 

in the 1970’s in competition to low-e coated double-glazed units - into triple-glazed 

units offering very high thermal insulation(i.e. Ug = 0.58 W/(m2·K). 2. Although the 

same increase in g value was made for both triple glazing units, it has a weaker ef-

fect on the En value for the highly insulating triple glazing unit than for the uncoated 

one. 3. If the g value remains constant and the heat loss Qn is reduced, then the En 

Fig.10: Comparison of the influence of thermal insulation (Qn ) and 
optical  losses (g value)  on the En value, i.e. on the solar-collector 
effect, illustrated with a low-e coated, triple-glazed configuration, 
leaving the ambient climatic conditions constant. 
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value approaches 0. If, however, Qn remains constant and the g value is increased to 

a maximum of 100%, then the En value approaches a non-zero limit. 

This leads to the following important rule for designing highly insulating multi-

ple glazing units: To achieve an optimal energy balance, first of all the heat loss Qn 

has to be reduced as much as possible. An increase of the g value, i.e. a decrease of 

optical losses, also improves the energy balance, but the effect decreases as the 

thermal insulation of the glazing unit increases. However, reduction of optical losses 

may be appropriate to increase the light transmission of a glazing unit. 

8. Conclusions  

The thermal performance of window glazing can be calculated with the MS Excel 

program on the basis of the ‘thermal balance model’ developed by the author. From 

the analyses made with this program, it follows that for each glazing unit design and 

each set of external and internal climatic conditions, the internal energy balance Qbal,i 

as a function of the solar irradiation is always a straight line. This line, which is called 

the Qbal,i line, is characterized by the Qn point for Qsol = 0, i.e. the heat loss in the 

night, and the En point, i.e. the intersection point for the Qbal,i line with the Qsol axis, 

which marks the transition from heat losses to solar gains. The En point is a measure 

for the solar-collector effect of window glazing for the assumed ambient climatic con-

ditions and is very well suited to characterize their influence.  

Furthermore, it follows that the gradient of the Qbal,i line is equal to the total solar en-

ergy transmittance value, i.e. the g value of the window glazing. This value depends 

on both the type of solar irradiation – diffuse or direct or a mixture of both - and the 

optical losses, i.e. the solar reflectance and absorbance of the window glazing.     

The heat loss Qn through the window glazing essentially depends on the external air 

temperature te and the sky cloud cover, i.e. the equivalent sky temperature tsky. Due 

to different sky temperatures tsky, the limits on the heat losses Qn differ for the limiting 

cases of completely overcast and clear skies, being higher for a clear sky. However, 

the difference between the two limiting cases diminishes with increasing thermal in-

sulation of the window glazing, i.e. decreasing Qn value. Then the heat loss Qn ap-

proaches the calculated value corresponding to DIN EN 673.  

For the design of insulating glazing units offering the best thermal insulation (corre-

sponding to Ug ≤ 0.4 W/(m2·K) according to DIN EN 673) and providing an optimal 

energy balance during the heating season, it should be noted that the reduction of 

optical losses, i.e. the increase of the g value, becomes less efficient as the thermal 

insulation of the window glazing increases.      

The thermal performance of window glazing can be described comprehensively with 

the developed MS Excel calculation program. In particular, this program is suitable to 

simulate the pane temperatures tglass,i (see Fig. 1) as a function of the solar irradiation 

Qsol and therefore, to simulate the occurrence of frost on the outer surface of window 

glazing. Last but not least, it is useful for the simulation of the average energy bal-

ance of window glazing during a period of observation, e.g. the heating season [8].  
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