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1. Introduction

MicroShade™ is a microstructure of small holes. Figure 1.1 shows an example of Mi-
croShade. MicroShade consists of many small super elliptic shaped holes manufactured in a
thin stainless steel sheet — se figure 1.1. The holes have a tilting angle and resemble the way
Venetian Blinds function. However, the appearance is different and so is the view out as seen
in figure 1.2. The screening off and view out through MicroShade are determined by the
shape and tilting angle of the holes in figure 1.1.
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Figure 1.1. Example of the holes in MicroShade. The width of the holes is less than 1 mm.

Figure 1.2. A photo through a window with MicroShades. MicroShades are manufactured in
a role to role production. The width of the foil is 140 mm. The vertical stripes in
figure is 3 mm opaque areas for mounting of the MicroShades.



Figure 1.2 shows MicroShade imbedded in a low-e window. The name of this product is Mi-
croShade™ IG (Insulated Glazing) but will in the following be referred to as MicroShade
windows.

The here described work is a continuation of the work from the project “PowerShades — De-
velopment and pilot demonstration of new transparent photo voltaic module” project no.
2006-1-6322 also financed by Energinet.dk. This work is reported in (Jensen, 2008a) and
(Jensen, 2008b). The main findings from (Jensen, 2008b) were in 2009 reported in a paper to
the IBPSA BS2009 conference. The paper is enclosed in Appendix A.

1.1. The work of the present project
The work of the project has consisted of several not necessarily interconnected subjects:

Chapter 2 describes the result from the continuation of validating the model of MicroShade
windows.

In chapter 3 is investigated if the simulation program esp-r used for the validation in chapter 2
interpret the matrix developed to describe MicroShade windows correctly. This is done by
comparing the results from simulation both with the detailed matrix description of a tradition-
al low-E window with the normal more simple description.

In chapter 4 it is investigated if the solar measurements behind the windows in the test rooms
are correct.

The simulation program esp-r is used in the present work. In chapter 5 is given a tutorial on
how to incorporate MicroShade windows in esp-r models of building.

Chapter 6 contains the results for a case study on a real building where MicroShade windows
has been installed.

In chapter 7 it is investigated how the comfort level is influenced when a person sitting next
to a window is hit by the sun.

Chapter 8 gives the results from daylight measurements on the MS-A type of MicroShade.

In chapter 9 esp-r models are applied to investigate the temperature level of windows with
MicroShades.

Finally some evaluation of the measurements in the two test rooms is given in chapter 10.



2. Comparison between measured and calculated solar radiation through a
window with MicroShade

In the following the incoming solar radiation through a window with MicroShades on the in-
side surface of the outer layer of glass in a low-E window (see figure 2.1) is investigated by
comparing the measured incoming radiation with the calculated radiation. The latter using the
simulation program esp-r [ESRU, 2001] applying the special module for bi-directional calcu-
lation of the optical properties in a window.

MicroShade

85%Ar

Float glass ‘ Low-E coated glass

Figure 2.1. The window with MicroShades.

The bi-directional module demands a matrix with the optical properties of the window. The
top of such a matrix is shown in figure 2.2. The 9 columns after the starting text contains the
total direct transmission, the absorption in each layer of the window and the enhancement of
incoming diffuse radiation due to the scattering of direct radiation in the MicroShades, The
values are listed for combinations of the horizontal and vertical incidence angle at steps of 5°.
At line 8 is located the transmittance of the diffuse radiation. For further information on the
bi-directional file see [Jensen, 2008b].

The nine columns of the matrix are calculated by a special purpose program. However, there
is as yet no theory for calculation of the transmittance of the diffuse radiation. This has to be
measured [Jensen, 2008b], and is the ratio between the incoming radiation though the window
and the radiation hitting the facade on cloudy days. For the investigated period — most part of
the first half year of 2010 - the transmittance for overcast days are shown in figure 2.3. The
mean value of the shown values is 0,185. This will be used as the transmittance of diffuse
radiation of the investigated window.

There is further not yet a theory for the scattering of the direct solar radiation in the Mi-
croShades so in the following the values of the ninth column are set to either 0, 1, 2 or 3%.



*BIDIRECTIONAL
*types,1
*item,121107

*layers,5,glassl,shading,glass2,air,glass3
*sets,1 # there is only this set of optical data

*start_set

*diffuse_abs,0.036,0.372,0.013,0.000,0.042

*diffuse_trn,0.12 <—
*direct_angs,37,37
*data

diffuse transmittance

#Incidence angle, Total Glass 1, Shading device, Glass 2, Air, Glass 3, Converted diffuse fraction
#HorizontVertical, Transmittance, Absorb, Absorb, Absorb, Absorb, Absorb, Direct-diffuse

#Degrees, Degrees

90900000000
90-850000000
90-800000000
90-750000000
90-700000000
90650000000
90600000000
90-550000000
90-500000000
90450000000
90-400000000
90-350000000
-90-300000000
90-250000000
90-200000000
90-150000000
-90-100000000
9050000000

9000000000

9050000000

90100000000
90150000000
90200000000
90250000000
90300000000
90350000000
90400000000
90450000000
90500000000
90550000000
90600000000
90650000000
90700000000
90750000000
90800000000
90850000000
90900000000
85900000000

-85-8500.02200000
-85-8000.0390.0030000

1" column:
2" column:
3t column:
4™ column:
5t column:
6" column:

7" column:
8" column:
9™ column:

azimuth

solar height

total direct transmittance

absorption in the outer layer of glass

absorption in the PowerShade foil

absorption in the in the glass behind the MicroShade foll
—not used in the investigated window

absorption in the air gab of the window

absorption in the inner layer of glass

enhancement of diffuse radiation due to scattering of
direct radiation in the PowerShade fail

MicroShade foil

N
low-E coationg
N
|
outer glass air gab inner glass

-85-7500.0390.0200 0 0.001
-85-70 0 0.039 0.03500 0 0.002
-85 -6500.0390.0500 0 0.003

Figure 2.2.

Example of a MicroShade matrix. The matrix covers azimuths and solar heights

from -90 to 90 ° with steps of 5°.

The MicroShades mounted in the window was of the type MS-A. The applied matrix is MS-
A-220610_clearprem+ms.

2.1. Periods chosen for the comparison

Three periods has been chosen for the comparison:

Winter:

27/1-21/2, 2010 — 26 days
Spring:  4/3-25/4, 2010 — 52 days
Summer: 2/6-17/6, 2010 — 16 days
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Figure 2.3. Diffuse radiation through the MicroShade window on overcast days.

2.2. Radiation on the facade

The radiation on the facade is calculated using the measured global and horizontal diffuse
radiation - for further details see [Jensen, 2008a-b]. There is as seen in figures 2.4-2.15 a ra-
ther good agreement between measured and calculated solar radiation on the fagade.

Another way to show the agreement between measurements and calculations is to plot the
values against each other as correlation plots. This is shown in figures 2.16-18 for the three
periods. The green line in these figures represents a perfect correlation between the values.

Figures 2.16-18 shows a very scattered picture for the winter period and spring period while
less scattered during the summer period. Figure 2.19 shows part of the reason for the scatter-
ing. The figure shows a close up of February 12, 2010. At the start of the day much more so-
lar radiation is calculated — see green circle in figure 2.19. This could be caused by the fact
that the calculations do not incorporate the shade from a building situated to the left [Jensen,
2008b]. However, introducing shading does not change the “over calculation” in the morning.
When looking at figures 2.4-2.15 this problem occurs, however, seldom and only during the
winter period. There are minor discrepancies in the morning and afternoon of the two other
periods, but this is related to the difficulties in calculating the solar radiation at large inci-
dence angles — and as the energy amount at these angles is low and that MicroShades cut off
radiation at large incidence angles, this will not be regarded as a problem. Day 47 and 50
(hgure 2.7) and day 70 and 71 (figure 2.10) shows that the model sometimes have difficulties
in predicting the solar radiation during drifting clouds while eg day 41 and 43 (figure 2.6)
show good agreement.
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Figure 2.4. Solar radiation on the facade during the winter period.
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Figure 2.5. Solar radiation on the fagade for 5 days in the winter (January 27-February 1,
2010).



MicroShades
solar radiation on facade

measured

calculated

900

800

700

600

500 a.

400

solar radiation [W/m?]

300

200 ]

100 | I li‘\\
. T N AT A

41 41.5 42 42.5 43 435 44 44.5 45 455 46
day no. [2010]

Figure 2.6. Solar radiation on the facade for 5 days in the winter (February 11-14, 2010).
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Figure 2.7. Solar radiation on the facade for 5 days in the winter (February 15-19, 2010).
Special focus on diffuse radiation — note the lower units on the y-axis.
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Spring period

MicroShades
solar radiation on facade

measured
1000

calculated | |

900

800

700

600

500

solar radiation [W/m?]

400

300

200

100 i | H

» WUAILAAA |

63 68 73 78 83 88 93 98 103 108
day no. [2010]

Figure 2.8. Solar radiation on the fagade during the spring period.
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Figure 2.9. Solar radiation on the facade for 5 days in the spring (March 4-8, 2010).
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Figure 2.10. Solar radiation on the facade for 4 days in the spring (March 9-12, 2010). Spe-
cial focus on diffuse radiation — note the lower units on the y-axis.
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Figure 2.11. Solar radiation on the facade for 5 days in the spring (April 12-16, 2010).
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Summer period
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Figure 2.12. Solar radiation on the facade during the summer period.
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Figure 2.13. Solar radiation on the facade for 5 days in the summer (June 2-6, 2010).
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Figure 2.14. Solar radiation on the facade for 6 days in the summer (June 7-12, 2010). Special
focus on diffuse radiation.
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Figure 2.15. Solar radiation on the facade for 5 days in the summer (June 13-17, 2010).
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Figure 2.16. The measured solar radiation on the facade plotted against the calculated solar
radiation for the winter period.
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Figure 2.17. The measured solar radiation on the facade plotted against the calculated solar
radiation for the spring period.
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Figure 2.18. The measured solar radiation on the facade plotted against the calculated solar
radiation for the summer period.
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Figure 2.19. Solar radiation on the facade for February 12, 2010).

16



Further, the purpose of the comparison is not to investigate the solar radiation on the fagade,
so if the same scattering is obtained when comparing the incoming solar radiation through the
window then we know that the scattering is obtained from the radiation on the facade and not
from the bi-directional module of esp-r. And it is instead possible to concentrate on the re-
gression lines also shown in figures 2.16-18. The green line is for the case of a regression co-
efficient of 1.

Figure 2.16 shows that the calculated radiation is in mean 7.5% ((1-1/1.0807)*100) lower
than the measured radiation — but at high values there is a very good agreement between
measurements and calculations. Figure 2.17 shows that the calculated radiation in the spring
period in mean is 7.4% ((1-1/0.9313)*100) higher than the measured radiation — this is also
indicated on figure 2.9. Figure 2.18 shows that the calculated radiation in the summer period
in mean is 3.5% ((1-1/0.9664)*100) higher than the measured radiation. A discrepancy of
+7.5% is very satisfactory when considering the uncertainty on measuring solar radiation plus
on the transformation of horizontal solar radiation to radiation on a vertical surface.

The above should be remembered when comparing measured and calculated incoming solar
radiation through the MicroShade window.

2.3.  Comparison between measured and calculated solar radiation through the Mi-
croShade window

Based on the findings in [Jensen, 2008b] — too high calculated incoming solar radiation
through the window — it was decided to develop a new and more refined program for genera-
tion of the matrix describing windows with MicroShades. It is matrixes generated with this
program which will be evaluated in the following.

The applied matrixes is referred to as MS-A-220610-x-diffl85 — where MS-A is the type of
the MicroShades, 220610 is the date of the generation of the matrix, -x- is either 0, 1, 2 or 3
and refer to the percentages of the direct solar radiation hitting the window which is scattered
and thus transformed into diffuse radiation, diffl85 refers to a transmittance of the outside
diffuse radiation of 0,185.

Comparisons between measured and calculated radiation through the MicroShade window
have been carried out for the same periods as shown in figures 2.4-2.15 with a scattering fac-
tor of 0, 1, 2 and 3%. In the following are only shown figures for a scattering factor of 3 %
(figures 2.20-2.31) as all four scattering factors lead to an overwhelming number of graphs.
Graphs with scattering factors of 0, 1 and 2 % are, however, shown in Appendix B.

Figures 2.20-2.31 show rather good agreement between measured and calculated values. The
dynamic is captured very well by the simulations and the overcast conditions are also well
imitated. During cleat sky conditions the agreement varies: there is eg:

- good agreement for the days 64 and 65 (figure 2.25), 104 (figure 2.27) and 157 (fig-
ure 2.29)

- under prediction for the days 102 and 105 (figure 2.27) and

- over prediction for the days 154 and 155 (figure 2.29) and 167 (figure 2.30)

The same picture is seen in Appendix B but with different levels of discrepancies between
measurements and calculations.

17



Winter period — scattering factor 3%
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Figure 2.20. Solar radiation through the MicroShade window during summer period. Scatter-
ing factor: 3%.
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Figure 2.21. Solar radiation through the MicroShade for 5 days in the winter (January 27-
February 1, 2010). Scattering factor: 3%.
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Figure 2.22. Solar radiation through the MicroShade for 5 days in the winter (February 11-14,
2010). Scattering factor: 3%.
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Figure 2.23. Solar radiation through the MicroShade for 5 days in the winter (February 15-19,
2010). Scattering factor: 3%.
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Spring period — scattering factor 3%
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Figure 2.24. Solar radiation through the MicroShade window during spring period. Scattering
factor: 3%.
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Figure 2.25. Solar radiation through the MicroShade for 4 days in the spring (March 4-8,
2010). Scattering factor: 3%.
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Figure 2.26. Solar radiation through the MicroShade for 5 days in the spring (March 12-16,
2010). Scattering factor: 3%.
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Figure 2.27. Solar radiation through the MicroShade for 5 days in the spring (Aprill2-16,
2010). Scattering factor: 3%.
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Summer period — scattering factor 3%
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Figure 2.28. Solar radiation through the MicroShade window during summer period. Scatter-
ing factor: 3%.
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Figure 2.29. Solar radiation through the MicroShade for 5 days in the summer (June 2-6,
2010). Scattering factor: 3%.
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Figure 2.30. Solar radiation through the MicroShade for 6 days in the summer (June 7-12,
2010). Scattering factor: 3%.
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Figure 2.31. Solar radiation through the MicroShade for 5 days in the summer (June 13-17,
2010). Scattering factor: 3%.
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As both good agreement and under prediction is seen for days next to each other (figure 2.27)
and good agreement and over prediction for days next to each other (figure 2.29) it tells that
there is something the model do not account for. However, for the time being it is judge that
this is the best we can do.

In the comparison in figures 2.20-2.31 is not accounted for the fact that the input to the model
— the solar radiation on the fagcade — is also subject to uncertainties as shown in the earlier
section. To include this in the comparison correlation plots as for the radiation on the facade
have been generated in figures 2.32-2.43.

Figures 2.32-2.43 shows less scattering than figures 2.16-2.18. This is because the calculation
of the incoming solar radiation through the windows cuts of solar radiation at large horizontal
solar angles (azimuths) where it further is difficult to calculate the radiation hitting the fagade.
However, the scattering in figures 2.32-2.43 occurs in the same areas as in figures 2.16-2.18.
Based on this it is concluded that it is possible to concentrate on the regression lines in figures
9-20 instead of on the scattering.

Table 2.1 shows the discrepancies between measurements and calculations — ie the difference
in the constant of the regression equations. The first row shows the difference between meas-
ured and calculated radiation on the facade while row 2-5 shows the difference between
measured and calculated solar radiation through the MicroShade window. The red circles
show where the difference for the solar radiation through the window is equal to the differ-
ence for the solar radiation on the facade. Based on table 2.1 it can be stated that a scattering
factor of 2 % in mean is the best value to use.

winter spring summer
% % %
on facade -7.5 7.4 3.5
scattering: 0% =81, -7.1 -6.1
scattering: 1% 6.2 -3.6 =08
scattering: 2% -3. -0.1 44
scattering: 3% -3.2 3.4 9.7
>

Table 2.1. Comparison of the difference in the constant of the regression equations. Positive
values means that the calculations give higher values than measured.

However, in figures 2.16-2.18 and 2.32-2.43 the regression line is forced to start at 0,0. So
another way of looking at it is to compare the measured and calculated amount of energy on
the facade and through the window. This is done in table 2.2. Table 2.2 shows the measured
and calculated solar radiation through the window integrated for the three periods.

The values in brackets in the first row of values is based on table 2.3 where the integrated
measured and calculated solar radiation on the facade is shown incl. the differences. The val-
ues in brackets in table 2.2 are obtained by increasing the measured solar radiation through
the window with the difference from table 2.3. The red circles in table 2.2 show at which scat-
tering factor the best agreement is obtained between the calculations and the enhanced meas-
ured radiation in brackets while blue circles show at which scattering factor the best agree-
ment is obtained between the calculations and the real measured radiation.
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Figure 2.32. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the winter period and with a scattering factor of
0%.
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Figure 2.33. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the winter period and with a scattering factor of
1%.
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Figure 2.34. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the winter period and with a scattering factor of
2%.
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Figure 2.35. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the winter period and with a scattering factor of
3%.
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Figure 2.36. The calculated solar radiation through the MicroShade window plotted against
the measured solar radiation for the spring period and with a scattering factor of

0%.
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Figure 2.37. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the spring period and with a scattering factor of
1%.
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Figure 2.38. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the spring period and with a scattering factor of
2%.
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Figure 2.39. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the spring period and with a scattering factor of
3%.
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Figure 2.40. The calculated solar radiation through the MicroShade window plotted against
the measured solar radiation for the summer period and with a scattering factor

of 0%.
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Figure 2.41. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the summer period and with a scattering factor
of 1%.
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Figure 2.42. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the summer period and with a scattering factor
of 2%.

MicroShades
solar radiation to room A

100

20 @ calculated MS-A-220610-3-diff185

80

70

€ y=1.0966x
R®=0.9759

60

50

40

30 -

calculated radiation [W/m?]

20 ~

10 +

0 10 20 30 40 50 60 70 80 90 100
measured radiation [W/m?]

Figure 2.43. The calculated solar radiation through the MicroShade window plotted against

the measured solar radiation for the summer period and with a scattering factor
of 3%.
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solar radiation winter spring summer
through the window kwWh/n? KWh/n? KWh/n?
measured 6,096 26,501 5,428
(#620) (28,955) (5,770)
scattering: 0% 6,458 23,648 2,383
scattering: 1% 6,592 24,441 5622
scattering: 2% 6,725 25,233 5,860
scattering: 3% 6,819 26,025 6,098
> (_

Table 2.2. Integrated measured and calculated solar radiation through the window for the
three periods.

solar radiation on the winter spring summer
facade kwWh/nm? KWh/n? KWh/n?
measured 23,805 142,919 42,578
calculated 29,810 156,271 45,258
difference 25 % 9,3% 6,3 %

Table 2.3. Integrated measured and calculated solar radiation on the facade for the three peri-
ods.

Table 2.2 shows that a scattering factor of 1.5 % gives a good agreement for the summer peri-
od when comparing with the value in brackets while a scattering factor of 0.5 % is best when
comparing with the real measurements. A scattering factor of above 3 % in both cases is nec-
essary for the spring period. For the winter period a scattering factor below 0 % is necessary
when comparing with the real measurements, while a scattering factor of above 3% is neces-
sary when comparing with the value in brackets. A scattering factor of 3 % gives a difference
between calculated solar radiation and the measured values and the enhanced measurements
(in brackets) in table 2.2 of:

period measured values | enhanced measured mean of the two
values former columns
winter 11.9% -10.5 % 0.7%
spring -1.8% -10.1 % -6.0 %
summer 12.3% 5.7% 9.0 %

Table 2.4. Difference between measured (both as measured and enhanced) and calculated
solar radiation through the window

As a large part of the excess calculated radiation on the facade occurs in the morning and in
the afternoon — see eg figures 2.9-2.11 and 2.19 where large part of the radiation is reflected
at the outer glass and screen off by the MicroShade it is believed that the right difference is
somewhere in between the values in the two first columns of table 2.4. The last column of
table 2.4 is therefore the mean value of the two former columns.

During the winter the solar radiation is low while during the summer large part of the solar
radiation is cut off by the MicroShade — see table 2.2. Main focus should, therefore, be put on
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fitting the scattering value for the spring period and secondly on the summer period especially
if mechanical cooling is necessary in a building.

Based on the above considerations it is concluded that when using a fixed scattering factor, 3
% is the best choice. A better agreement would probably be obtained if the scattering factor
was made angular dependent. Although the agreement in figure 2.4 is acceptable one may
consider for future work to investigate the angular dependency of the scattering factor.

2.4. Conclusions

Modelling of MicroShades is a shown here and in [Jensen, 2008a-b] a non trivial task. A pro-
gram for generation of a matrix representing the optical properties of windows with Mi-
croShades has been developed. Measurements at both the Technological University of Den-
mark and University of Basel, Switzerland shows good agreement with the model for direct
solar radiation. However, there is as yet no theory for determination of the transmittance of
diffuse radiation and scattering in the MicroShades of the direct radiation.

The transmittance of diffuse radiation has for overcast conditions been measured for the MS-
A MicroShades in a low-E window to 0,185 which shows good agreement for overcast condi-
tions when comparing with measurements. However, the transmittance of diffuse radiation
has also a rather large impact on the calculated radiation through a MicroShade window dur-
ing clear sky conditions. The transmittance of diffuse radiation should, therefore, be investi-
gated further in order to come up with a theory for calculation of this value for the matrix.

A fixed scattering factor of 3 % was chosen as the best value for the MS-A MicroShades in a
low-E window, however, this value may very well be angular dependent — both vertical and
horizontal. The scattering should, therefore, be investigated further in order to come up with a
theory for calculation of this value for the matrix.

Although much work can be done in order to fully understand the optical properties of Mi-
croShades is may be concluded that the investigated model of MicroShades very well repre-
sent the optical performance of MicroShades and may be used to investigate the thermal per-
formance of MicroShade windows in real buildings.
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3. Comparison between two ways of calculating solar radiation through a
tradiational low-E window

In [Jensen, 2008a-b] it was concluded that the simple representation of the optical properties
of a low-E window with solar control coating gave very good agreement between measure-
ments and calculations. The simple representation is the optical properties — total transmit-
tance and absorptance in each layer — at 5 incidence angles — se table 3.1.

However, in order to test how esp-r interprets the matrix from the former chapter a matrix for
a traditional low-E window was developed. The name of the matrix is 080610-fs3. The optical
properties for an azimuth of 0° (ie the horizontal incidence angle is 0°) is shown in figure 3.1.
The properties in figure 3.1 is used as the simple representation of the window — the values
are shown in table 3.1.

low-E window

0.6

" \
— total transmittance \
—— absorptance of outer glass

absorptance of inner glass

\

I
i

transmittance - absorptance
o
w

I
[N}

0.1

0 10 20 30 40 50 60 70 80
solar height [°]

Figure 3.1. Optical properties of a low-E window for an azimuth of 0° (ie the horizontal
incidence angle is 0°) for different solar heights (ie vertical incidence angles).

incidence angle °
0 40 55 70 80

Total transmittance 0.539 | 0.520 {0.472 | 0.326 | 0.131

Absorption in outer glass pane 0.090 | 0.099 |0.107 | 0.126 | 0.167

Absorption in inner glass pane 0.107 |{0.111 |0.117 | 0.133 | 0.165

Table 3.1. The simple representation of the low-E window. The values is obtained from the
matrix 080610-fs3 at an azimuth of 0°.
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The test rooms from chapter 2 was in an esp-r simulation equipped with the matrix for room
A and the simple representation for room B. A simulation was run for the spring period in
chapter 2: 4/3-24/3, 2010 — 52 days. Figure 3.2 shows a comparison for 10 days — March 1-
10, 2010.

Low-E window
comparison between simple and matrix representation

| ﬂ
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Figure 3.2. Comparison of the solar radiation through a traditional low-E window calculated
either using a detailed matrix or a simple representation of the optical properties
of the window.

Figure 3.2 shows nearly no difference between the two ways of representing the window.
When summarizing the incoming solar radiation for the whole period nearly no difference is
seen:

Simple representation: 898,863 kWh/m?
Matrix representation: 894,769 kWh/nm?

which is a difference of less than 0,5 %.
It can, therefore, be concluded that the interpretation of esp-r of the matrix is correct — at least

for a traditional window. However, based on the good results in chapter 2 it can also be con-
cluded that the interpretation of the matrix for MicroShade windows also seems to be correct.
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4. Test of the measurements of solar radiation through the windows

When calibrating models for calculation of solar radiation through a window it is of course
crucial that the uncertainty of pyranometer behind the window is low. The pyranometers in
the two test rooms were calibrated based on readings from at calibrated pyranometer — see
[Jensen, 2008a]. The calibration of the pyranometers was in [2008a] performed without a
window in front of the pyranometers located in the two test rooms.

The question accose: how does a window close in front of a pyranometer influence the meas-
urements?

Figure 4.1 shows the high precision Epply pyranometer located in room A. The pyranometer
IS as seen equipped with a white screen in order to avoid the pyranometer in heating up. But
does this screen influence the measurements?

® B
i

Figure 3.1. The Epply pyranometer applied for measuring the solar radiation through the
MicroShade window in test room A. The Eppply pyranometer is shown together
with the original pc-pyranometer which turned out to be less applicable for
measuring solar radiation through MicroShades due to a too low measuring band
width — it cannot measure solar radiation above 2000 nm.

Three questions have to be answered:

- will inter-reflections between the window and the glass dome of the pyranometer in-
crease the readings

- will inter-reflections between the window and the white screen of the pyranometer in-
crease the readings and

- will diffuse radiation from the room behind the pyranometer increase the readings.

A series of test were carried out in order to answer the above questions.
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4.1. Tests of solar radiation measurements

A high precision Kipp & Zonen pyranometer was applied — in the following referred to as
Kipp & Zonen while the original pyranometer is referred to as Epply.

In the first test Kipp & Zonen was installed next to Epply. Kipp & Zonen was as Epply
equipped with a white screen — see figure 4.1. The result of this experiment is shown in figure
4.1. The following figures consists of at the top a picture of the test arrangement followed by
a graph showing the correlation between the measurements of the two pyranometers and a
graph showing the test condition in the form of the solar radiation on the fagade.

Figure 4.1 shows that the readings from the two pyranometers are nearly identical with a
mean difference of less than 2 %, which is far within the uncertainty of the measurements.
The uncertainty of an extremely well calibrated pyranometer is +3 % while in normal use the
uncertainty is rather +5 %. When using two pyranometers the uncertainty on the difference is
the square root of the sum of the square of the two uncertainties — ie here 7.1 %.

Figure 4.2 shows the next test which was the same arrangement but without the white screen
on Kipp & Zonen. Figure 4.2 shows a difference of (1-0.9261)*100 = 7.4 %. With the differ-
ence from figure 4.1 this gives a difference of (1-0.9261/0.9818)*100 = 5.7 % with and with-
out a white screen.

However, diffuse radiation from the room may influence the reading. Figure 4.3 shows a third
experiment where a black screen was mounted on Kipp & Zonen. The black screen was as
shown in figure 4.3 equipped with a black ring between the screen and the window in order to
avoid diffuse radiation from the room in hitting the pyranometer. Due to the black screen the
pyranometer may heat up which might influence the reading. In order to avoid this a fan was
blowing air at the pyranometer — see figure 4.3.

On day 167 (16/6, 2010) surface temperatures was measured on the house of the pyranometer
behind the black screen and to the left and right on the black screen. The latter because the fan
blew air in from the left, while the right part of the black screen was shaded by the house of
the pyranometer:

time room temp.  temp. of pyranometer  temp. left screen temp right screen
12:23 24.4 25.3 26 27.6
13:05 25.3 26.6 27.3 28.4

The house of the pyranometer had in mean an 1.1 K higher temperature than the room, while
the black screen was in mean 1.8 K (left) and 3.2 K (right) warmer than the room. These tem-
perature differences will only have minor influence on the readings.

Figure 4.3 shows a difference of (1-0.9489)*100 = 5.1 % or with the difference from 4.1 (1-
0.9489/0.9818)*100 = 3.3 % which is lower than in experiment 4.2.

The reason for this may be that although mat black the black screen may still reflect some

radiation. However, this shows that the diffuse radiation from the room is not influencing the
readings as figure 4.2 else should have shown higher readings than figure 4.3.
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Being located next to each other may, however, have influenced the reading — so a new series
of test was carried out.
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Figure 4.1. The two pyranometers located next to each other — both with white screens.
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Figure 4.2. The two pyranometers located next to each other — Kipp & Zonen without

screen.
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Figure 4.3. The two pyranometers located next to each other — Kipp & Zonen with black
screen and ventilation.

The tests in figures 4.1-4.3 were repeated but with Kipp & Zonen located in the other window
of test room A as seen in figures 4.4-4.7. The order of the test was opposite than in figures
4.1-4.3.
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Figure 4.6 shows a difference of the readings from the two pyranometers of (1-0.872)*100 =
12.8 % which is more than 10 percent point from figure 4.1. This could be explained by dif-
ferences in the MicroShades. However, the manufacture PhotoSolar states that the max differ-
ence in transmittance is 5 %. This is dealt with in the following section 4.1.1.

The test from figure 4.2 is repeated in figure 4.5 for the new location. The difference in 4.5 is
corrected for the difference in figure 4.6 (1-0.8357/0.872)*100 = 4.2 % which is very similar
to the difference after correction of 5.6 % from figure 4.2. This shows that the location next to
each other in the first three test does not effect the measurements.

The test in figure 4.3 was repeated in figure 4.4. The corrected difference is her found to (1-
0.8764/0.872)*100 = -0.7 % which means that the measurements with the black screen here
gives identical measurements as Epply with white screen — which is odd as figure 4.3 showed
a difference of 5.1 %.

All the uncertainties are, however, within the uncertainty of the measurements which means
that the readings from Epply with white screen may be correct. But there is a trend that the
readings with Kipp & Zonen without screen and with black screen gives lower values than

Epply.

It is based on the above judged that Epply with white screen gives 4 % too high readings.
Based on this the measurements used in chapter 2 has been multiplied with 0,96 before used
in the comparison between measured and calculated solar radiation through the MicroShade
window in room A.

In order to test the result of figure 4.4 which were a bit odd this test was repeated but without
the fan flowing air at the pyranometer. The result is shown in figure 4.7. The regression con-
stant is here 0.8945 while this constant in figure 4.4 was 0.8764 — ie a difference of 2 %.

The surface temperatures were on day 183 and 184 (June 2-3) measured to:

time room temp.  temp. of pyranometer  black screen
12:31 28.5 30.8 35
12:28 28.8 314 34.9

ic a bit higher AT between housing/screen and room temperature than in figure 4.1. But the 2
% of difference in readings is negligible. The manufacture of Kip & Zonen also states that
this type of pyranometer is temperature compensated. The temperature dependence of sensi-
tivity (-20 to +50°C) is +1 %.

The test in figure 4.2 was also repeated but with ventilation on the pyranometer without
screen. While the regression coefficient in figure 4.2 is 0.9261 the regression coefficient with
a ventilated pyranometer was 0.9306 or less than 0.5 % higher than in figure 4.2. So the cool-
ing of the pyranometer has no influence on the pyranometer without screen.

Based on the above it may bee concluted that the inter-refletring between the window and the
white screen of the pyranometer and diffuse radiation from the room behind the pyranometer
has only a minor influence on the readings from the pyranometer — mostly within the uncer-
tainty of the experiments.
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The inter-reflection between the window and glass dome of the pyranometer cannot be inves-
tigated by experiments but via geometrical considerations it is judged that this has negligible
influence on the readings from the pyranometer.
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Figure 4.4. The two pyranometers located in different windows — Kipp & Zonen with black
screen and ventilation.
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Figure 4.5. The two pyranometers located in different windows — Kipp & Zonen without

screen and ventilation.
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Figure 4.6. The two pyranometers located in different windows — both with
and ventilation.

white screens
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Figure 4.7. The two pyranometers located in different windows — Kipp & Zonen with black
screen. No fan blowing air at Kipp & Zonen.

4.1.1. Test of the transmittance across the MicroShade window
A difference of above 10 % was observed between the two series of tests. The difference may
be due to differences in the transmittance of the single stripes of MicroShades in the window.

In order to test this the relative transmittance of the single stripes was measured by a fast re-
acting Lux meter which could be fast and easily held close to and parallel with the window.
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Due to changes in the light level the experiment utilized relative difference rather than abso-
lute values — ie the lux of a single stripe was always compared to a reference stripe. The latter
being the stripe where the Epply pyranometer is mounted. The single stripes were labelled as
shown in figure 4.8. The reference stripe is thus “right 6.

left —right

Figure 4.8. The labelling of the Lux measurements.

Figure 4.9 shows the results of the measurements during an overcast day. The Lux values for
“right 6” varied over the 5 minutes measuring period between: 3020 and 3220 or 6.5 %. This
is more or less the differences obtained in figure 4.9, so it was necessary to work with relative
differences rather than absolute values.

Except for level 1 and 2 the discrepancy is below 5.3 %. The lower values at level 1 and 2 are
caused by the external overhang above the window. These values should thus be disregarded.

Figure 4.10 shows the same as figure 4.9 but for clear sky conditions (lux at reference be-
tween 10300 and 10910 — ie a variation of 6 %). Figure 4.10 shows more clearly the influence
of the overhang on the transmitted light at level 1 and 2. Figure 4.10 does not show the same
pattern as figure 4.9 and the difference compared to the reference is nhow up to 9.2 %. This can
either mean that the measurements are rather uncertain or the diffuse and direct light are
transmitted differently through MicroShades. This could be subject for further investigations
but will not be dealt with more here.
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Both figures show a difference at “left 6” — where the Kipp & Zonen pyranometer was located
—of 5 %. This explains about half de difference observed in figures 4.1 and 4.6.

MicroShade window
relativ lux through the window

1.05

0.95

relativ lux

0.9
left window
right window
0.85
0.8 T T T T T T T
1 2 3 4 5 6 7 8 9

location from top of window

Figure 4.9. Relative Lux through the MicroShade window on an overcast day.

MicroShade window
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0.9 /
0.8

0.7

relativ lux

left window

right window

0.4

T T T T T T T
1 2 3 4 5 6 7 8 9
location from top of window

Figure 4.10. Relative Lux through the MicroShade window on a day with direct solar radia-
tion.
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4.1.2. Test of the pyranometer in room B

The pyranometer in room B is a calibrated pv pyranometer [Jensen, 2008a] — see figure 4.1.
However this pyranometer was calibrated for the original Velfac window with solar control
coating. First in May 2010 this window was replaced by a traditional low-E window in order
to allow more solar radiation into room B among others to enhance the measurements de-
scribed in chapter 7.

So a recalibration was carried out — the test arrangement is shown in figure 4.11. Figure 4.12
show a good agreement around 1 %. The calibration in figure 4.12 was, however, carried out
with the white screen on Kipp & Zonen. So the calibration was repeated with the black screen
on Kipp & Zonen. The result is shown in figure 4.13.

1

Figure 4.11. The arrangement for testing the measutements of incoming solar radiation
through the traditional low-E window.

Solar radiation to room B Solar radiation on the facade
800

350

700

1.0088x
7= 0.9987

<

300

Bl

600

250

500
200 I I

400

———

\d

150

Soldata/Epply

300

|
o |
f

Kipp & Zonen [W/m?]

200

50

0 50 100 150 200 250 300 350 148 149 150 151 152 153 154

pv pyranometer [W/m?] day no. [2010]

Figure 4.12. Calibration of the pv pyranometer in room B. Kipp & Zonen with white screen.
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Figure 4.13. Calibration of the pv pyranometer in room B. Kipp & Zonen with black screen.

Surprisingly figure 4.13 shows 6.4 % higher values measured with Kipp & Zonen with the
black screen than with the pv pyranometer. The opposite was expected. A new test now with-
out screen on the Kipp & Zonen pyranometer was conducted. The result from this test is
shown in figure 4.14. Figure 4.14 also shows higher values for the Kipp & Zonen than for the
pv pyranometer: 5.2 % higher values which is within 1% identical to the test with the black
screen.

The discrepancies are within the uncertainties of the measurements so one could state that the
readings of the two pyranometes with and without screens are the same within the uncertain-
ty. However, as a final check the test in figure 4.12 (with the white screen) was repeated. The
result is shown in figure 4.15. Figure 4.15 shows that in this test the Kipp & Zonen gives 8.6
% higher readings than the pv-pyranometer. So this is in line with the measurements in figure
4.13-14 and with the findings for the MicroShade window.

The difference between the results in figure 4.15 and 4.12 illustrates the uncertainty of the
measurements — ie. the same experiment performed with 1% months between the experiments
shows 7.5 % difference - is more or less within the uncertainty of the experiment as stated
earlier.

en (W/m?]

Kipp & Zon,

350

300

250

200

Solar radiation to room B

=1.052x

R[ =0.9997 ‘/

100 150 200 250

pv pyranometer [W/m?2]

Soldata/Epply

Solar radiation on the facade

700

600 l

500 -

400 |

300

200

4

A

189.4

191.4
day no. [2010]

190.4

192.4

Figure 4.14. Calibration of the pv pyranometer in room B. Kipp & Zonen without screen.
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Figure 4.15. Calibration of the pv pyranometer in room B. Kipp & Zonen with white screen.

Figures 4.13-4.15 gives the following differences between the readings of the two pyranome-
ters:

with white screen: 8.6 %
with black screen: 6.4 %
without screen: 52%

ie a max difference of 3 % which means that the measurements within the uncertainty is iden-
tical. The influence of inter-reflections and diffuse radiation from the room behind the pyra-
nometers is thus negligible for the pv-pyranometer. This further support the conclusion that
the inter-reflection between the window and the dome of the Epply pyranometer is negligible.

Based on the above it is concluded that the pv-pyranometer may underestimate the incoming
solar radiation with up to about 5 %.

4.2. Conclusions

The tests show that the influence of inter-reflections between the pyranometer/white screen of
the Epply pyranometer may lead to a over estimation of the incoming solar radiation of 4 %
while it seems to have no influence on the readings from the pv-pyranometer. The diffuse
radiation from the room behind also seems to have negligible influence — ie this radiation is
mostly transmitted through the windows to the ambient.

Based on the above it is assumed that the readings of the Epply pyranometer should be multi-
plied with 0.96 while the readings from the pv-pyranometer should be multiplied with 1.05.
However, the observed difference is within the uncertainty of the experiments so one could
just as well claim that readings from the two pyranometers are correct and should thus not be
reduced/enhanced.

Simple measurements of the light coming through the MicroShade window show difference

of up to 9.2 % between the different stripes of MicroShades. However, more precise meas-
urements is necessary in order to come up with firm conclusions.
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5. Tutorial for including MicroShades in esp-r (version 11.8) simulations

In the following it is described how the detailed matrix describing MlcroShade windows may
be introduced in esp-r models of buildings — in esp-r refered to as bi-directional attributes.

First: create a normal model of the room or building where transparent surfaces which include
MicroShades are defined as TMCs (transparent multilayered constructions). The optical TMC
properties for the surfaces including MicroShades can be chosen randomly as these are over-
ridden by the values in the bi-directional matrix.

When the above model is created go to “m browse/edit/simulate” on the first menu of esp-r —
see below:

Model Management

a introduction to ESP-r

b databaze maintenance

c validation testing
veaes Model zelection ...veees

d open existing

e create new
vass Current model ...eeiiias
cfg & Hallingskole,cfg
path  cfgs

g root ¢ Mallingszkole

h title: Malling skole

J variants

d@_browszes edit/ simulate

L Import & export . ..eeee.

n import CAD file
o export current model
p archive current model

vaeas Model location ........
t folders & files
vess Hizcellaneouz ,,.venes
zave model

zave model as

feedback >» summary
preferences

help

exit Project Manager

=2 % £ @ 73

After this go to ”c composition” on the following menu — see below:
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Browses Edit/ Simulate

cfg filet Mallingskole,cfg
a model domains »» building only
b model context

ves TOMES,,..,012 defined)

conposition
ves WEEWOMEE,,....0 O defined)

d plant & systems
& network flow
f electrical
g contaminant
ves Lontrols,, ... 0 O defined)
Jj zohes
k plant & systems
1 metwork £low
m optics
n global system
o complex fenestration

p define uncertainties

ves Actions,....
vizualization
zimylation

results analysis
resultz & OA reporting

Lo I T u

I zave model
help
exit thiz menu

=

Then choose o advanced optics” on the following menu — see below:

fonez Composition

vess ZoOnEE L,,.0 12 defined)
a geometry & attribution
b conztruction materials
o operational details

vess Topology .0 8B connects)
d surface connectionz & boundary
e anchors (groups of surfaces)

vsss Options ...,
f shading & inzolation
g convection coefficients
h wiew factors & radiant sensors
i casual gain control
J computational fluid dynamics
k adaptiwve gridding & moisture

v+es Special components ...
m integrated renewables
n active materials

0_advanced optics

* global tasks
T help
- exit thisz menu
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The menu for defining which transparent surfaces include MicroShades is then reached — see
below.

Under “a Bi-directional file” is inserted the name of the file which contains the matrix with
the optical properties of the chosen window with MicreShades. If the file is located in the cfg
library of the model it is only necessary to give the name of the bi-directional file as seen in
the below figure where the name of the bidirectional files is: MS-A-101109diff17. The matrix
for windows including MicroShades may be obtained from PhotoSolar (www.PhotoSolar.dk).
The “bi-data type” should be 1.

After this the surfaces including MicroShades is chosen by clicking at the appropriate surfac-
es — in the below figure “p 15 window in zl6mf >!< External” - where an “1” will appear to
the right of the menu when chosen for bi-directional simulation. “z16mf” is in the figure be-
low one zone of the building which contains the surfaces from h to p.

Bi-directional attributes

ati=data file: MS-A-101105diFF
bi-data types: 1

connl  cohnection | connection Ibi-
no, | inside face | other zide data Itype
a 1 Wall-1 in z1Bbf >1< External I -
b 2 Wall-2 in z1Bbf >|< Identical |
o 3 Wall-3 in z16bf >1< Wall-1 in zlEbb |
d 4 Wall-4 in z1Bbf >|< Identical |
= 5 Top-% in zlBbf >1< Baze-B in zlBmf |
f E Baze-6 in zlBbf >|< Identical |
g 7 Wall-7 in z1Bbf 1< External |
h 8 Wall-1 in z1Bmf >|< External I -
i 9 Wall-2 in zl1Bmf >|< Identical |
i 10 Wall-3 in z1Bmf >1< Wall-1 in zlEmb |
k11 Wall-4 in zlBmf >|< Identical |
1 12 Top-b in zlBmf *1< Base-B in zlBtf |
m 13 Baze-6 in zl6mf *1< Top-5 in zlBbf |
h |

14 window_f i terhnal -
window in z16mf 1< External
=7 _in zlbmf >|<{ Extern =

P

q 17 Wall-1 in z16tf »1< External |

r 18 Wall-2 in z1B6tf »|< Identical |

z 19 Wall-3 in z1Btf >1< Wall-1 in zl6tb | -
t |

u |

il

20 Wall-4 in z16tf >1< Identical
21 Top-5 in zlBtf »1< External

0 page ————- Part: 1 of & -——-
| lizt types and azsociated surfaces
> zave
? help

- exit thiz menu

Remember to save before leaving the above menu.

After specifying which surfaces include Microshades a simulation may run the normal way.
When introducing MicroShades in the model there will be no control function associated with
this, as it cannot change optical properties as e.g. venetian blinds. Therefore, a warning mes-
sage will be shown during the simulation, but this can be ignored.
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6. Case study: Malling school

In [Jensen, 2008b] a case study of applying MicroShades in an office building was investigat-
ed — see Appendix A. Here it is chosen to investigate the influence of MicroShades installed
in a school.

The school chosen for the case study is Malling school in the town Malling in the eastern Jut-
land, Denmark. MicroShades have already been tried out in the school with success as seen in
Appendix C (main part of Appendix C is unfortunately in Danish).

The case study considers two South facing class rooms: room 16 and 17 as seen in figure D.1
in Appendix D. Room 16 has MicroShade in the South facing windows while room 17 has
solar control coating in the windows. All windows are low-E double glazed windows.

The dimensions of the class rooms are — see Appendix D:

width:  8.1m
depth:  6.m
height: 3.1 m

There are as seen in figure 6.1 three windows in the rooms. Each window has four transparent
areas of 0.782*0.906 n? - ie in total a transparent area of 8.5 m? or a window to floor ration of
0.175.

Figure 6.1. The windows of one of the class rooms.
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The constructions of the rooms are — see Appendix D:

Back wall: 260 mm concrete

Side walls: 150 mm concrete

Facade: 360 mm hollow brick wall

Floor slap: 150 concrete with 15 mm asphalt finish on top
Ceiling: Rockfon, wood, 200 mm mineral wool

Based on the above information a model of the two class rooms has been created in esp-r —
see figure 6.2.

Project: Malling skole

Figure 6.2. Wire model of the model of the two class rooms at Malling school.

The labelling of the 6 zones in a class room is shown more clearly in figure 6.3.

tb tf .
= = > vindow

bb bt

Figure 6.3. Labeling of the zones in the simulation model of a class room.
first letter: t: top, m: middle and b: bottom
second letter: b: back and f. front.

The models used for the two window types is:
MircoShade window:  MS-A-220810-3-diff185 from chapter 2
Solar control window: The Velfac sun 1l/clear — the first window in test room B — see
[Jensen, 2008a]. Solar transmittance at 0°: 0.34.
Appendix C shows temperature measurements from September 1 — see also figure 6.4. Figure

6.4 shows a max temperature difference between the two rooms of up to 2 K. It is informed
that there where some clouds on the day of figure 6.4.
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McroShade™ MS-A — Solkontroigies

Figure 6.4. Air temperatures in the two rooms during September 1.

Figures 6.6-6.8 shows the results of simulations with the esp-r model of the two class rooms
for the period August 25-September 5. The air change of the rooms is assumed to be only
infiltration as no mechanical ventilation is present in the rooms — excess ventilation of the
rooms are done by opening of windows. There are no persons in the room. The applied
weather conditions are the weather for Copenhagen in esp-r. Figure 6.5 shows the weather
conditions for the chosen period. There is no heating or cooling in the rooms.

Figures 6.6-6.8 show that the air temperature increased during the day due to the solar radia-
tion and decreases during the night due to a lower ambient temperature. However, the figures
also show that there is a general difference about 1 K between the rooms during the night
which is caused by the thermal mass and the fact that more solar radiation is entering room
17. The heat loss is too low to reach the same temperature level as in room 16.

The values in figure 6.4 are part of a measuring series of 5 days. The measured values, how-
ever, only exist as plots as shown in figure 6.9. The measured values are shielded air tempera-
ture in the two rooms and a non shielded temperature where the sun was allowed to hit the
temperature sensor. These values are by hand draws into figures 6.10-11. The sensors were
located approx 300 mm above a table.

Figures 6.10-11 shows general problems in the interpretation of figure 6.4. The temperature of
the room with the solar control window (room 17) is for the first two days lower or equal to
the temperature in the room with the MicroShade window (room 16) during the day but up to
3 K lower during the night. This can be due to both higher ventilation rate or fewer pupils in
room 17 compared to room 16. This is not known.
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However, at September 1 the two class rooms starts at the same room temperature. The simu-
lations in figures 6.6-6.8 has therefore been forced to start at the same temperature at day 241
— August 29. A day with clear sky conditions.

Weather conditions
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Figure 6.5. The weather conditions applied in the simulations.
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Figure 6.6. The mean temperature of the two class rooms.
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Figure 6.7. The temperature of the front top zones — tf in figure 6.3.
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Figure 6.8. The temperature of the middle front zones — mf in figure 6.3.
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Figure 6.9. Plot of temperature and relative humidity measurements —room 17.

Figures 6.12-6.14 show a max temperature difference between the two class rooms of approx
0.5 K which is a lower than found in figure 6.4 — but when considering that the temperature
sensors were located above a table which give somewhat higher readings due to the heating
up of the table (see section 6.3) — higher than the mean temperature (and simulated by esp-r)
in that particular vertical zoned as the tables covers only a smaller part of the floor area — the
comparison is more acceptable.

Figures 6.15-6.16 shows the simulated temperature stratification in the two rooms when it is
assumed that the solar radiation hits a table covering the entire top of zone bf (figure 6.3).
Room 16 shows a vertical temperature stratification of up to 1.5 K, while the temperature
stratification in room 17 is up to 2.5 K. There is also a small horizontal temperature stratifica-

tion.
A vertical temperature stratification of up to around 2 K is quite normal.

6.1. Parametric studies

However, it is difficult to conclude on the simulations as the conditions in the two rooms dur-
ing the measurements in figure 6.4 and 6.10 are not known. But, when looking at figure 6.15

58



showing the relative humidity during the measurements in figure 6.10 one can state a bit on
the ventilation.
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Figure 6.10. Measured shielded air temperatures in the two rooms.

— Solav coulrel wr'edowy
— MiroShete wo «Jouw

271

23.0 4

N—

1.3 4

3.9 -

16.2 4

I}.S- T T T T
29> -200¢ 3o/~ 2006 2/ - 2009 Y -200q

Figure 6.11. Measured temperatures where the sun was allow to hit the temperature sensor.
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Figure 6.16. The temperature stratification in room 17.

The relative humidity increases with increasing air temperature and decreases with increased
ventilation. Based on a comparison of figure 6.10 and 6.15 it is assumed that ventilation did
occur during the periods at the blue circles in both rooms while at the red circle only in room
17. However, the air change rate is not known. And so is the numbers of pupils in the rooms.

So a couple of parametric runs with the simulation program have been carried out:

a. a constant ventilation flow rate (day and night) of 225 md/h — half the required flow

rate in the Danish Building code with 21 persons in the room. This lower flow rate is
used as the windows are manually operated so a lower flow rates than required is ex-
pected

20 pupil and one teacher in the room of 80 W each = 1.68 kW from 8:00 to 16:00

the solar control window is replaced with at traditional low-E window with a transmit-
tance of 0.54 at an incidence angle of 0°. Identical to the window installed in test room
B in May 2010 — see chapter 2 and 3.

Figures 6.18-20 shows the results of the parametric study. For each cases are shown the mean
air temperature.

a.

the extra ventilation decreases only a little the temperature level and the max tempera-
ture difference between the two rooms. The max temperature difference is decreased
from approx 0.5 to 0.4 K. The influence of the ventilation air is low for this particular
day as the ambient temperature as seen in figure 6.5 went above 20°C which decreases
the cooling effect.
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Figure 6.17. The relative humidity in the rooms during the measurements in figure 6.10.
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Figure 6.18. The mean temperature of the two class rooms for August 28 with at ventilation
flow rate of 225 m?/h.
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Figure 6.19. The mean temperature of the two class rooms for August 28 with pupils in the
roors.
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Figure 6.20. The mean temperature of the two class rooms for August 28 with a traditional
low-E window without solar control.
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b. the internal heat load from pupils leads to a small increase in the air temperature while
the max temperature difference is kept. This was expected.

c. the more incoming solar radiation to room 17 leads in figure 6.20 to an increase of the
max difference in mean air temperatures from 0.5 to 1.25 K. However, due to the
higher incoming solar radiation an air temperature by the start of the day could not be
kept. If this 0.5 K difference in the morning is subtracted the increase of the max tem-
perature difference is from 0.5 to 0.75 K — ie an increase of 66 % which is similar to
the increase in solar transmittance between the two windows (without and with solar
control): (1-0.54/0.34)*100 = 59 %. So this is as expected.

6.2. Exposure to the sun

Appendix C reports a temperature difference of up to 4-5 K. From figures 6.10-6.11 this large
temperature difference is when exposed to direct solar radiation. Figures 6.10 and 6.11 show
large differences between the readings from the shielded and the non shielded temperature
sensor. The large difference is of course due to the fact that the non shielded temperature sen-
sor was heated up by the sun. This again means that the comfort level of a person sitting next
to a window will be influenced if the person is hit by the sun. This is dealt with in the next
chapter.

6.3. CFD simulations

The simulations in the preceding section were carried out with esp-r which is a large program
for simulation of the thermal performance of buildings including the constructions and instal-
lations. However, the model of the class rooms is rather rough — ie. 6 zones in each class
room connected by a flow net work. The model gives thus only a rough impression of the
temperature distribution in the rooms.

In order to investigate more in details the temperature distribution in the rooms when the sun
hits the tables in the class rooms CFD (computational fluid dynamics) was been applied out.
The program utilized for the purpose was ANSYS version 11 and the class rooms were divid-
ed in more than 140,000 nodes and over 775,000 tetrahedral elements. The simulation time
step was 0.4 s.

Figure 6.21 shows the model of the class room. The infiltration is as earlier 23 m?/m. It is as-
sumed that all solar radiation hits the tables. The external radiation level is as on day 241 in-
vestigated in the above simulations — ie a very sunny day. The tables are assumed to have a
reflectance of 0.2. For the two investigated cased:

194.4 W/m?2 was absorbed on the tables in the room with the solar control window
92 W/m2 was absorbed on the tables in the room with the MicroShade window

In figure 6.21 is also shown stars in a line from a window to the back wall. The stars are lo-
cated right over tables as shown in figure 6.22. During the simulation the temperature is
monitored in these eight points. The result of this monitoring is shown in figures 6.23-6.24.

The CFD simulation was rather unstable and convergence was not reached before the simula-

tion had to be stopped. However, the temperature level seems to may reach the level of figure
6.4 and the max temperature difference is also in agreement with figure 6.4. However, figures
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6.4 and 6.23-6.24 show the temperatures over the tables — ie the mean value of the room will
as mentioned earlier be lower and thus more in agreement with the esp-r simulations.

0 1.500 3.000 (m)
I e

0.75¢0 2,250

Figure 6.21. The CFD model of the room

Window

and facade — “— back wall

0 1.000 2.000 (m)
I .

0.500 1.500

Figure 6.22. The points where the temperature has been monitored through the simulation.

High peak values are seen in figures 6.23-6.24 over the sun exposed table and the air tempera-
ture fluctuates much here. Highest for the room with the solar control window due to a higher
radiation level on the tables. Figures 6.23-6.24 shows, however, only the temperature at this

particular line across the table.
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Figure 6.23. The temperature evolution for the case of the class room with the solar
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Figure 6.24. The temperature evolution for the case of the class room with the MicroShade

window.
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The temperature distribution over the tables is shown figure 6.25 which shows a snap shot
after 5 minutes (real time). Figure 6.25 shows the border line where the temperature is above
26°C. Figure 6.25 shows that the tables in the room with the solar control windows heat more

up than in the room with the MicroShade window.

The higher temperature in the class room with the solar control window may cause discomfort
for all in the room. But further discomfort will be created for the pupils sitting at the warm
tables along the facade and because they are being hit by more solar radiation.

Case 1- 194,4 W/m’ Case 2-92 W/m?
Tid = 299.998 [ s ] Tid = 299.998 [ 5 ]

0 1.000 2.000  (m)

0.500 1.200

Tid = 299.998 [ s | Tid = 299.998 [ s |

N

_ L
=

|

0 1.500 3.000  (m)
1 0 1.500 3.000  {m)

0.750 2.250
0.750 2.250

Figure 6.25. The border line of an air temperature of 26°C. Solar control window to the left
and MicroShade window to the right.

Figure 6.26 shows the air circulation created by the solar radiation at two cross sections in the
two class rooms. Discomfort is normally said to be a problem at air speeds above 0.20 m/s.
This air speed is obtained under the ceiling and at an area between the tables in the class room
with the Solar control window — the latter being a less occupied zone However, higher air
speeds may actually increase comfort if the air temperature is high.
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Figure 6.26. The temperature distribution across the room at two locations. Solar control
window to the left and MicroShade window to the right.

The CDF simulations is in agreement with the measurements at Malling school — but also in
agreement with the esp-r simulations when considering that the mean air temperature is lower
than shown in figure 6.23-6.24.

The CFD simulations show that discomfort may arise in the room with the solar control win-
dows due to high temperatures of the tables and just above the tables. The generated air
streams seem not to cause problems.

The CFD simulations further show that it is a very complex problem to simulate the influence
of solar radiation on the temperature distribution in a room.

6.4. Conclusions
The simulations show what is experienced by the users of the class rooms: that the tempera-

ture is lower in the room with MicroShades than in the room with the solar control windows.
The simulations also show that the very high temperature differences reported in Appendix C
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has more to do with people being hit by a higher radiation level and warmer tables in the
room with the solar control windows than due to an elevated mean air temperature.

The investigation contains the first comparison between measurements and simulations for a
real life situation. The comparison shows a reasonable agreement but no firm conclusions can
be made as the measurements were of a too low quality — both with regard to the number of
the measuring points and to the available information on the measurements. It is therefore
recommended to perform carefully planed and more detailed measurements in buildings with
MicroShade windows in order to gain valuable experience on the behaviour of MicroShade
windows. The measurements should both include sensor measurements and questionnaires —
the latter to make possible an evaluation of the subjective sensed thermal indoor climate.
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7. The effect of solar radiation through windows on thermal comfort

Solar radiation is known to may cause considerable discomfort to people in buildings. This
discomfort may be divided in three groups:

e discomfort due to elevation of the mean room temperature in the building

o discomfort due to temperature asymmetry — i.e. because one surface gets warmer that
the other surfaces in the room e.g. a warm floor where the solar radiation hits or a warm
window due to absorption of solar radiation in the window

o discomfort when people are directly hit by solar radiation

The discomfort of the first group may be reduced using cooling and solar shading devices,
while the other two may be reduced using solar shading devices which however may create
visual discomfort.

Much research has been carried out on the two first groups while less research has been per-
formed on the relationship between comfort and solar radiation hitting people in buildings.
Some studies have however been carried out concerning comfort and solar radiation in cars as
the view here is mandatory and people therefore are hit by solar radiation.

The aim of this chapter is to transfer the results from one study concerning cars (Hodder and
Parsons, 2006) to buildings. Especially buildings with MicroShades.

(Hodder and Parsons, 2006) investigates the effect of solar radiation hitting a person in the
form of different radiation levels, different spectral distributions of the solar radiation at the
same radiation level and different glazing exposed to a identical exterior radiation level.

The tests were carried out in two test rooms as shown in figure 7.1. The test persons were
exposed to solar radiation on the torso, arms and thighs. But not at the head as cars have
measures to protect the head against solar radiation.

Several values were measured and calculated and the test persons filled in gquestionnaires each
five minutes. For a detailed description of the tests see (Hodder and Parsons, 2006). Here will
mainly be dealt with PMV (predicted mean votes), AMV (actual mean vote), PPD (predicted
percentage of dissatisfied) and APD (actual percentage of dissatisfied). PMV and PPD are
calculated using the comfort equation (Fanger, 1982) while AMV and APD are based on the
questionnaires filled in by the test persons.

The main result is that:

e Wwhen exposed to a solar radiation of 400 W/ the spectral distribution has no effect on
the comfort level. This is in the present paper further extended to conclude that it
doesn’t matter if the solar radiation is direct or diffuse if the radiation level is identical

e an increase of on scale unit (AMV) per increase of 200 W/n? solar radiation hitting the
person

o the type of glass influence the comfort due to the level of transmitted solar radiation
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Figure 7.1. The test rooms in (Hodder and Parsons, 2006).

The below table shows the result of the study with different levels of radiation hitting the test
persons.

Simulated solar 600 400 200 0
radiation Wm 2 Wm 2 Wm Wm
t, shielded (°C) 24.0 234 234 22.8
t; (°C) derived from tg 44.0 41.8 y 24.2
Air velocity (m/s) 011 0.1 0.1 0.1
Relative humidity (%) 49.6 51.0 51.4 48.3
PMV? 0.2 0.1 0.1 —-0.1
PPD? 6.8 8.8 M| 6.2
PMV® 2.8 2.5 1.9 0.2
pPD® 96.5 79.8 70.6 12.8
AMV 3.1 1.9 1.1 0.2
APD 100 75 62.5 125

f, air temperature, f, globe temperature, 7. mean radiant temperature
derived from globe temperature (Parsons 2003 p 97), PMV predicted
mean vote, PPD predicted percentage of dissatisfied, AMV actual
mean vote, APD actual percentage dissatisfied

“PMV calculated with t,=t,

PMV? calculated with t,=measured t,

Table 7.1. The result from study 1 of (Hodder and Parsons, 2006) with different levels of
solar radiation hitting the test persons.

Table 7.1 shows two PMVs and PPDs. The values with “a” are calculated with a mean radiant
temperature equal to the ar temperature: ie. without solar radiation. The values with “b” are
calculated with the measured mean radiant temperature: i.e. with solar radiation. From table
7.1 it is seen that the persons would have been in thermal comfort if no solar radiation was
hitting them — PMV*? is between -0.5 and 0.5.

Figure 7.2 shows a graphical representation of PMV® and AMV dependent on the solar radia-
tion level hitting the test persons.
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Figure 7.2. PMV® and AMV dependent on the level of solar radiation.

PMV® over predicts the discomfort at 200 and 400 W/m?. This is in (Hodder and Parsons,
2006) explained with the fact that some people enjoy being hit by the sun up to a certain level
after which these persons also start to feel uncomfortable.

Figure 7.3 shows and graphical representation of PPD® and APD. Although PMV® and AMV
are quite different at 200 and 400 W/nr? this is not the case for PPDP and APD.

The solar transmittance for a normal low-E window is around 0.65 which means that a person
behind such a window may be hit by 500-700 W/m? dependent on the time of the year — high-
est during wintertime. So figure 7.2 and 7.3 are within the range of what may be experienced
in buildings.

Figure 7.2 shows that the conclusion in (Hodder and Parsons, 2006) “an increase of on scale
unit (AMV) per increase of 200 W/m? solar radiation hitting the person” is based on AMV
and not PMV.

7.1. MicroShades

A prototype of MicroShades was investigated in [Jensen, 2008b]. MicroShades decrease the
transmittance of direct solar radiation at large solar altitudes (solar heights) as seen in figure
7.4. Figure 7.4 shows the ratio between incoming solar radiation through a PowerShade (Mi-
croShade) window and a solar control (Velfac) window (g-value of 0.37). At low solar
heights during the winter (11°) the two windows let in the same amount of solar radiation,
while the Velfac window lets twice as much solar radiation in during the summer (solar
height: 57°)
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Figure 7.3. PPD® and APD dependent on the level of solar radiation.
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Figure 7.4 Ratio of solar radiation between solar radiation through a MicroShade window
and a traditional solar control window at an azimuth of 0°.
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The measured transmitted solar radiation at noon was:

solar control window  MicroShade window

W/mg W/mg
Winter 280 280
Summer 170 85

The increase in AMV (PMV) — the numbers above divided with 200 — is then:

solar control window  MicroShade window
Winter 1.4 1.4
Summer 0.85 0.43

Figure 7.5 shows the relationship between PMV and PPD. The equation for the curve in fig-
ure 7.5 is:

PPD = 100 — 95*exp(-(0.03353*PMV*+0.2179*PMV2))
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Figure 7.5. The relationship between PPD and PMV.

If prefect comfort in the room — i.e. PMV is 0 - the solar radiation will give 45% unsatisfied if
hit by the solar radiation during the winter for both window types. During the summer a room
with MicroShades will be inside the comfort range of +0.5, while 20% will be dissatisfied in a
room with the solar control window if hit by the sun.

7.2. Experiments in the two test rooms
Based on the above it was decided to design an experiment to verify the above findings.
The two test rooms were equipped with globe temperature sensors as shown in figure 7.6. The

globe temperature sensors had a mat black globe with a standard diameter of 150 mm. The
globes were made of thin plastic in order to increase the thermal response to variation in the

solar radiation level.
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Figure 7.6. Globe temperature sensors in test room B.

Based on the globe temperature and the room temperature is it possible to determine the mean
radiation temperature which is necessary to know in order to calculate the comfort. The mean
radiation temperature may be calculated using the below equation if the air speed along the
globe is low which is assumed as the rooms are sealed:

t = ((tg + 273)* + 0.4*10%*|ty — t,2°*(ty — t,))>* — 273°C [Olesen, 1996] [1]

where: tyis the globe temperature [°C]
ta is the room temperature [°C]

Two globe temperature sensors were located in each room — both in the middle compared to
the not open able window (see figure 7.6). One 380 mm from the fagade in a height so that
solar radiation did hit the globe at an azimuth of 0° of the sun. The other globe was located 2
m from the facade in order to prevent it from being hit by the sun.

The measurements demanded clear sky conditions but this turned out to be difficult to obtain.
Only 8 days of measurements are included in the investigations: 6 days in the period March
25-April 15 (in the following called spring) and June 3™ and 6™ (in the following called sum-
mer). During spring the original Velfac sun 1/clear with solar control film [Jensen, 2008a]
was still mounted in test room B. This window was in the beginning of May replaced with a
traditional low-E window without solar control film in order to allow more solar radiation into
the room. However, unfortunately clear sky conditions were first obtained a month later re-
sulting in a less difference in incoming solar radiation between the two periods than hoped.
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The test rooms do not have air conditions so it is not possible to control the air temperature
and further the air temperature continued to incline after the solar radiation had peaked. So the
measuring conditions were not stable. This is illustrated in table 7.2 containing the measure-
ments from spring where for each day are shown two sets of measurements: one when the
room temperature (troom) peaked and one when the incoming solar radiation (radiation)
peaked. The mean radiation temperature (Tr) was calculated using equation [1]. The solar
radiation has in table 7,2 not been corrected according to the findings in chapter 4.

Room A Room B
Troom |Tr radiation | AT Troom |Tr radiation | AT

day 84 26.3 33.27 170 6.97 | day 84 27.84 38.61 244 10.77
24.42 31.56 187 7.14 25.36 37.01 223 11.65
day 93 24.88 31.76 158 6.88| day 93 26.76 39.83 230 13.07
23.79 31.17 184 7.38 26.13 39.28 254 13.15
day 97 24.86 31.77 156 6.91| day 97 26.08 38.65 232 12.57
24.18 30.75 169 6.57 25.49 37.91 239 12.42
day 100 24.76 31.83 129 7.07||day 100 26.53 40.16 206 13.63
23.55 30.34 163 6.79 26.27 39.68 243 13.41
day 104 28.61 35.51 148 6.9 day 104 30 43.34 227 13.34
27.1 33.37 160 6.27 28.48 41.94 236 13.46
day 105 28.49 35.27 145 6.78| day 105 30.3 43.3 218 13
27.42 34.02 162 6.6 28.94 42.12 241 13.18

Table 7.2. Measurements from spring.

If the values in table 7.2 are used in Fangers equation where the clo (level of clothing) and
met (metabolism — ie level of activity) were adjusted in order to obtain thermal comfort at the
measured room temperature and Tr equal to the room temperature a very scattered result is
obtained as shown in figure 7.7.

However, the difference between the mean radiation temperature and the room temperature is
very stable not depending on the air temperature as seen in figure 7.8. This has been utilized
in order to compare with the findings in [Hodder, 2006]:

- room temperature 23.4°C from table 7.1

- met was kept at 1.2 while clo adjusted to create thermal comfort at 23.4°C —clo = 0.69

- mean radiant temperature: 23.4°C + the difference between the mean radiatnt tempera-
ture and the room temperature from the measurements

Figure 7.9 shows the result from these calculations. The 6 days in spring was averaged into
one mean day which also was the case for the three days in summer. There are two values for
each season/room: one for max incoming solar radiation and one for max room temperature as
discussed earlier. The values in figure 7.9 have been corrected with respect to the solar radia-
tion according to the findings in chapter 4. However, it has not been considered if the globe in
room A received lees solar radiation through the MicroShade window as measured — see sec-
tion 4.1.1. But an uncertainty of up to £10 % will not effect the following conclusions.
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All values except the summer values from room B fall within the measurements/calculations
by [Hodder, 2006]. However, while the values in [Hodder, 2006] shows a more or less linear-
ly dependency the values from the present investigation shows more a second order depend-
ency on the incoming solar radiation — meaning that the discomfort at large radiation level is
higher in the present study than in [Hodder, 2006]. This goes also for the PPD as seen in fig-
ure 7.10.
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Figure 7.7. PMV when the values in table 7.2 are put in directly in Fangers equation.
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Figure 7.8. Tr minus Troom for the values in table 7.2.

The measurements from the globe temperature sensors at the back of the rooms showed that if
a person is in thermal comfort the solar radiation through the window will not create discom-

fort while if a person is not in comfort (too hot) the radiation through the window will only
increase the discomfort slightly.

78



This means that the radiation not surprisingly only/mainly influences the comfort level if the
person is hit by the radiation.
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Figure 7.9. The PMV’s dependency on the incoming solar radiation.
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Figure 7.10. The PPD’s dependency on the incoming solar radiation.
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7.3. Conclusions

The result of the experiment in the two test rooms is in agreement with [Hodder, 2006] at in-
coming radiation levels below 230 W/me: an increase of on scale unit (PMV) per increase of
200 W/n? solar radiation hitting the person. Above 230 W/m? the experiment indicates a larg-
er influence on the PMV than shown in [Hodder, 2006], however, further experiments is nec-
essary to verify this — especially experiments at larger levels of incoming radiation than ob-
tained in the here reported experiment.

The experiments should also include test persons as [Hodder, 2006] concludes that many peo-
ple likes moderate levels of incoming radiation — ie the calculated PMV is here higher than
the voted AMV.

Until research has shown otherwise one may use the following equation:

PMV(AMV) = 1/200 2]

where: | ist the incoming radiation through the window hitting a person [W/ng]
the person would have been in comfort without being hit by the radiation

The comfort level of persons not being hit by the radiation is not influenced by the radiation.
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8. Daylight measurements
Three windows has been investigated in the two test rooms:

Room A: MicroShade window with MicroShade type MS-A
Room B: Until May 2010: the original Velfac sun 1/clear with solar control coating
From May 2010: a low-E window without solar control coating.

Light transmittance: Velfac: 0.67
Low_E window: 0.8

Figure 8.1 shows measured daylight factors for the three windows. Figure 8.1 shows a more
uniform daylight distribution through the room at a lower level than the two other windows.
This is in agreement with the findings in [Jensen, 2008b] — see Appendix E.
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Figure 8.1. Daylight factors for the three windows investigated in the present project.

Figure 8.1 shows daylight factors measured at as close a possible to uniform overcast condi-
tions. However, the figure does not tell about the daylight conditions at other weather condi-
tions. In order to investigate this figure 8.2 has been generated based on measurements from

November 10, 2009-July 7, 2010.
As no external Lux measurements was available figure 8.2 shows the ratio between the Lux

measured in the two rooms: Lux room A divided with Lux room B. The Lux meters were lo-
cated at a height of 0.7 min the middle of the rooms.
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Only values at a solar azimuth of 0° are included in figure 8.2 is order to avoid any influence
of the fact that the test rooms are parallel reversed — see [Jensen, 2008a].
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Figure 8.2. The ration between the Lux in room A and room B. Blue rhombs are with the
Velfac window mounted in room B, while red crosses is with the low-E window
mounted in room B.

Figure 8.2. shows a decreasing ration when going from winter toward summer and a increas-
ing ration when going from summer towards winter — ie decreasing radio with increasing so-
lar heights. This was expected for sunny conditions as the MicroShades cut off more direct
solar radiation at high solar angles than at low solar angles. But figure 8.2 includes both sunny
and overcast conditions — this is investigated in figure 8.3. Figure 8.3 shows the ratio - for the
situation with the low-E window in room B - dependent on the solar radiation hitting the fa-
cade. Figure 8.3 shows that the ratio decreases with increasing solar radiation on the facade —
which based on theory also should be the case. At low solar radiation the ratio is around 0,375
which is identical to the ration found in figure 8.1 at 1.5 m which was the location of the Lux
meters. The scattering in figure 8.2 is thus caused by different levels of solar radiation.

Figure 8.4 shows regression lines for the first half year of 2010 for the two cased of windows
in room B. The slope of the regression lines is identical for the two cases: -0.0009 (will be
+0.009 for the second half of the year — see figure 8.1), while the starting point is different
due to the different light transmittance of the two windows in room B.

Figure 8.5 shows the slope of the solar ratio from [Jensen, 2008a] where room B was
equipped with the Velfac window and room A with a MicroShade window with MicroShades
of the type prototype 1 (with a 12 % higher openings area than MS-A but a glass more with a
transmittance of 0.89 — see section 10.2) with similar daylight factors as seen when comparing
figure 8.1 with figure 3.1 in Appendix E.
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Figure 8.3. The Lux ration with the low-E window in room B dependent on the solar radia-
tion on the facade.
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Figure 8.4. Regression lines for the Lux ratio for the two different windows in room B.
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Figure 8.5. Solar ratio for MicroShade type prototype 1 in room A and the Velfac window in
room B.

The trend in figure 8.5 is 0.0039 — ie about 4 times larger than for the Lux ratio. This means
that the MicroShades influence 4 times more the solar radiation than the daylight in the mid-
dle of the room not hit by direct sunlight. This is positive as this may reduce the number of
hours where electric lightning is necessary while still reducing the overheating considerably.

The daylight will not be investigated more in the present context but MicroShades are part of
an ongoing investigation at the Danish Building Research Institute were the effect of solar
cells in windows on visual comfort is investigated. MicroShades are one of the solutions be-
ing investigated both utilizing measurements and subject judgement from test persons. This
investigation is part of the project: Thi-Fi-Tech, project no. 2008-1-0033 also financed Ener-
ginet.dk. A report of the investigations by the Building Research Institute is expected late
2010/early 2011.
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9. Temperatures in windows with MicroShades

The temperature of the glass next to MicroShades has in this chapter been investigated for
several different constructions.

9.1. MicroShade low-E window

This construction is a MicroShade low-E window with the MicroShades located behind the
outer glass of the window - see figure 9.1.

MicroShade
Low-E coating

.

T T3

PU = Planilux + Ultratherm

Figure 9.1. MicroShade low-E window with the MicroShade located behind the outer glass.
The MicroShade 101110-PU optical matrix has been used for the calculations — see figure 9.2.
The resistance of the air gap is 0.743 m2K/W.

Figure 9.3 shows the temperature of the outer glass in the construction of figure 9.1 over the
year for Danish weather conditions. Figures 9.4 shows the same temperature set but as fre-

quency Ccurves.

The two figures show that the max temperature of the glass with the MicroShades reaches a
max temperature just above 60°C.
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Figure 9.2. Optical properties of the MicroShade low-E window for an azimuth of 0° (ie. the

horizontal incidence angle is 0°) for different solar heights (ie. vertical incidence
angles).
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Figure 9.3. Temperatures over the year in the outer glass of the construction in figure 9.1.
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MicroShade low-E window
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Figure 9.4. Temperatures in the outer glass of the construction in figure 9.1 as frequency
curve.

9.2. MicroShade low-E window with asingle layer of glass in front

In this construction the MicroShade low-E window is located behind a single glass as seen in
figure 9.5.

) MicroShade low-E win-
Single glass gow

air

T1 T2

PPU = Planilux + Planilux + Ultratherm

Figure 9.5. MicroShade low-E window located behind a single glass.
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The spacing between the glazing is: single glass — MicroShade low-E window: 30 mm
between glasses in the MicroShade window: 16 mm

The thickness is 4 mm for all glasses.

Two different constructions have been investigated — with different thermal resistance in the
air gap between the glasses:

1: the thermal resistance:  single glass — MicroShade low-E window: 0.198 m2K/W
between glasses in the MicroShade window: 0.719 mPK/W

2: the thermal resistance:  single glass — MicroShade low-E window: 0.268 meK/W
between glasses in the MicroShade window: 0.808 m2K/W

The MicroShade 080610-PPU optical matrix has been used for the calculations — see figure
9.6.

MicroShade low-E window behind a single glass
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) \
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—— absorptance of outer glass
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0.1
0 ; ; ; ; ; ; :
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Figure 9.6. The optical properties of the MicroShade low-E window behind a single glass
for an azimuth of 0° (ie. the horizontal incidence angle is 0°) for different solar
heights (ie. vertical incidence angles).

Figures 9.7 and 9.8 show the temperature of the middle glass in the construction of figure 9.5
over the year for Danish weather conditions. Figures 9.9-10 show the same temperature sets
but as frequency curves.
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MicroShade low-E window behind a single glass
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Figure 9.7. Temperatures over the year in the middle glass of the construction in figure 9.5
for construction 1.
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Figure 9.8. Temperatures over the year in the middle glass of the construction in figure 9.5
for construction 2.
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Figure 9.9. Temperatures in the middle glass of the construction in figure 9.5 for construc-

tion 1 as a frequency curve.
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Figure 9.10. Temperatures in the middle glass of the construction in figure 9.5 for construc-
tion 2 as a frequency curve.

Figures 9.7 and 9.9 shows a max temperature of approx. 103°C, which occurs in spring
(March-April) and late summer (September) for construction 1. The max temperature in con-
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struction 2 is higher due to the lower heat transfer from the middle glass to both ambient and
the room. The max temperature for construction 2 is approx. 117 (figures 9.8 and 9.10) and
occurs at the same dates as for construction 1.
9.3. 3 pane low-E MicroShade window

In this construction the MicroShade is located behind the outer glass of a triple glazed low-E
window as seen in figure 9.11.

MicroShade low-E coat-

T1 T3

PUU = Planilux + Ultratherm + Ultratherm

Figure 9.11. Triple glazed low-E window with MicroShade behind the outer glass.

The spacing between the glazing is for both spaces 18 mm and the glasses are all 4 mm thick.

The thermal resistance is: outer space: 0.892 mPK/W
inner space: 0.969 M2K/W

The MicroShade 110610-PUU optical matrix has been used for the calculations — see figure
9.12.

Figure 9.13 shows the temperature of outer glass in the construction of figure 9.11 over the
year for Danish weather conditions. Figures 14 shows the same temperature set but as fre-
quency curves. The two curves show a max temperature of approx. 64°C. The higher max
temperature compared to the MicroShade low-E window is due to the lower heat transfer to
the room behind the window.

Figures 9.15-16 shows the temperatures in the middle glass, where the highest temperature
occurs.
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Figure 9.12. Optical properties for 3 pane low-E MicroShade window for an azimuth of 0°
(ie. the horizontal incidence angle is 0°) for different solar heights (ie. vertical

incidence angles).
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Figure 9.13. Temperatures over the year in the outer glass of the construction in figure 9.11.

92



temperature in the glass with MicroShade [°C]

90

80

70

60

50

40

30

20

10

-10

3 pane low-E MicroShade window

e

2000 3000 4000 5000 6000 7000 8000

7/ 1000

hours

Figure 9.14. Temperatures in the outer glass of the construction in figure 9.11 as frequency
curve.
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Figure 9.15. Temperatures over the year in the middle glass of the construction in figure 9.11.
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3 pane low-E MicroShadewindow
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Figure 9.16. Temperatures in the middle glass of the construction in figure 9.11 as frequency
curve.

Figure 9.15-16 show a max temperature of approx. 83°C although the absorptance in the mid-
dle glass is low - see figure 9.12. The reason for the high temperature is that the heat loss to
the ambient and to the room is very low. If the MicroShade is removed from the construction
in figure 9.11 the max temperature in the middle glass will raise to approx. 104°C as more
solar radiation is hitting this glass as the shading from the MicroShade is removed.

9.4. MicroShade low-E roofwindow

This construction is a MicroShade low-E window with the MicroShades located behind the
outer glass of the window - see in figure 9.17.

For safety reasons the glasses are thicker than in a normal low-E window. The outer glass is
12 mm thick while the inner glass is 16 mm thick. The resistance in the gap is due to the near-
ly horizontal location 0.452 m2K/W.

The MicroShade 150610-P12U16 optical matrix has been used for the calculations — see fig-
ure 9.18.

Figure 9.19 shows the temperature of outer glass in the construction of figure 9.17 over the
year for Danish weather conditions. Figures 9.20 shows the same temperature set but as fre-
guency curves.
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P12U16 = Planilux 12mm + Ultratherm 16mm

Figure 9.17. MicroShade low-E roof window.
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Figure 9.18. Optical properties of the roof mounted MicroShade low-E window for an azi-

muth of 0° (ie. the horizontal incidence angle is 0°) for different solar heights (ie.

vertical incidence angles).
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Roof mounted MicroShade low-E window
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Figure 9.19. Ttemperatures over the year in the outer glass of the construction in figure 9.17.
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Figure 9.20. Temperatures in the outer glass of the construction in figure 9.17 as frequency
curve.
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Figures 9.19 and 9.20 show that the max temperature of the glass with the MicroShades
reaches a max temperature approx. 54°C. The max temperature occurs due to the nearly hori-
zontal location during the summer when the solar height is at maximum.

Although the higher absorptance due to a thicker outer glass the max temperature is lower
than for the vertical mounted MicroShade low-E window — please compare figure 9.19 with 3.
This is due to a higher heat loss from an almost vertical mounted window compared to a ver-
tical mounted window.

9.5. Conclusions

The simulations show that when MicroShades is mounted on the inside of the outer glass in a
low-E (double or triple glazed and vertical or horizontal) window the temperature of the Mi-
croShades/outer glass will stay below 65°C under Danish weather conditions.

If the MicroShades are mounted in a low-E double glass window — again behind the outer
glass — but with a single glazing in front, the temperature of the MicroShades/glass will in
shorter periods reach a temperatures as high as nearly 120°C depending on the U-value of the
low-E window.
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10. Evaluation of measurements from the test rooms

The measurements with the MS-A type MicroShade window lasted from November 10, 2009
until July 15, 2010. Before this the Prototype 1 was installed in test room A. Measurements
with the latter window are evaluated in [Jensen, 2008b] and will not be dealt with here.

10.1. Temperatures in the test rooms

The test rooms are almost identical but reversed regarding the windows. In [Jensen, 2008b] it
was concluded that an extra layer of gypsum on the wall in room B facing another laboratory
influenced the temperature difference between the two test rooms of up to 0.5 K. So in this
project a gypsum plate was installed on the reverse wall in room A.

However, the empty laboratory next to the laboratory containing the two test rooms was again
occupied which meant that the temperature of this laboratory could not any longer be con-
trolled as in [Jensen, 2008b]. Figures 10.1-10.2 shows the temperatures of the zones surround-
ing the test rooms for the first half year of 2010. Except for the temperature of the laboratory
next to room B (the curve labelled “left of B”) the surrounding temperatures are very similar.
“left of B” is between 2-6 K higher than the other surrounding temperatures. The influence of
this on the air temperature in room B is shown in figures 10.3-4. The figures show that during
the night and overcast conditions the mean air temperature of room B is between 0.5 and 1 K
higher than the mean air temperature in room A. This has to be considered when comparing
air temperatures during solar radiation — ie using a simple assumption that this difference of
0.5-1 K should be subtracted the difference between the rooms at solar radiation.
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Figure 10.1. Temperatures surrounding the test rooms — January 1-April 9.
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Figure 10.2. Temperatures surrounding the test rooms — April 10-July 11.
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Figure 10.3. Mean air temperatures in the rooms during a period with large difference be-

tween “left of B” and “left of A”.
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Figure 10.4. Mean air temperatures in the rooms during a period with smaller difference be-
tween “left of B” and “left of A”.

Figures 10.5-10.12 show the mean air temperature in the two test rooms during main part of
the first half year of 2010. Figures 10.5-10.9 show the situation with the Velfac sun 1/clear
window in test room B while figures 10.10-10.12 show the situation with the low-E window
without solar control in room B.

The solar height varied between 11 and 49° in figures 10.5-10.9 and between 50.5 and 56.7°
in figures 10.10.10.12.

10.1.1. Comparison with the Velfac window

Day 8 in figure 10.5 show that room A got 1 K warmer than room B + the 1 K difference dur-
ing the night. This give a 2 K temperature difference with room A being the warmest. The
temperature of the two test rooms should be identical as the same amount of radiation get into
the two test rooms. This may be due to not known uncertainties within the test rooms.

Day 42 in figure 10.6 the above difference is decreased to 1.5 K and on day 65 in figures 10.7
the difference is further decreased to 1 K. On day 84 in figure 10.7 room B get warmer than
room A with a difference of 0.5 K. This difference increase to 1 K on day 93 in figure 10.8
and holds in figure 10.9.

In the case study on Malling school in chapter a temperature difference of 0.7 K on the mean
air temperatures was found. The solar height on August 28 is equal to the solar height on
April 15 = day 115. In figure the temperature difference is found to 1 K — ie very similar to
the case study.
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Figure 10.5. The mean air temperature in test rooms with the Velfac sunl/clear window in
room B for the period January 5-24.
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Figure 10.6. The mean air temperature in test rooms with the Velfac sunl/clear window in
room B for the period January 25-February 13.
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Figure 10.7. The mean air temperature in test rooms with the Velfac sunl/clear window in
room B for the period March 6-25.
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Figure 10.8. The mean air temperature in test rooms with the Velfac sunl/clear window in
room B for the period March 26-April 14.
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Figure 10.9. The mean air temperature in test rooms with the Velfac sunl/clear window in
room B for the period April 15-May 4.
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Figure 10.10. The mean air temperature in test rooms with the low-E window in room B for
the period May 10-29.
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Figure 10.11. The mean air temperature in test rooms with the low-E window in room B for
the period May 30-June 18.
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Figure 10.12. The mean air temperature in test rooms with the low-E window in room B for
the period June 19-July 8.
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10.1.2. Comparison with the low-E window

Figures 10.10-10.12 shows a very similar temperature difference between 4 and 5 K. This is
because the solar height only varies slightly — ie between 50.5 and 56.7°.

Due to the larger solar height the temperature difference in figures 10.10-10.12 cannot direct-
ly be compared with the simulations in chapter 6. The found temperature difference of 1.1 K
found in chapter 6 seems to be too small compared with the findings in figures 10.10-10.12
but matches as explained in chapter 6 very well the difference in transmittance between the
Velfac window and the low-E window.

The reason for the very much larger temperature difference in the test rooms compared to the
case study in chapter 6 is partly explained when comparing figure 10.17 (same solar height as
in chapter 6) with figures 10.18-10.21 — although these figures cannot be compared directly
due to different windows in room B. The cut off of solar radiation is much more drastic in
figures 10.18-10.21 than in figure 10.17.

10.2. Solar radiation to the test rooms

Figures 10.13-10.21 show the incoming solar radiation through the MicroShade window di-
vided with the incoming solar radiation to room B. Figures 10.13-10.17 show the situation
with the Velfac window in room B while figures 10.18-10.21 shows the situation with the
low-E window in room B. The figures also show the solar radiation on the fagade.

Figures 10.13-10.21 show the behaviour of the MicroShade:

- during the morning and afternoon at large horizontal incidence angles the MicroShade
cuts due to the hole structure off more solar radiation than the two other windows.

- around noon the reduction compared to the other windows describes a soft curve at
lower solar heights — in figures 10.13-10.15 up to 32°

- in the morning and in the afternoon there is a cut in the curve. Between figures 10.15
and 10.16 — solar heights between 32 and 35.8° - this gets more noticeable and at solar
heights around and above 55.3° (figure 10.18-10.21) the level of reduction increases
drastically and the reduction occurs very sudden in the morning and stops very sudden
in the afternoon.

The reduction at a horizontal incidence angle of 0° (azimuth = 0°) has been plotted into figure
10.22. Red squares for the Velfac window and black squares for the low-E window.

The red squares lay as seen on a straight line. The red line is actually the line found in [Jen-
sen, 2008b] for the Prototype 1 MS and the Velfac window — also shown in figure 7.4. This
not a surprice: MS-A has a hole area of 0.6 while Prototype 1 had a hole area of 0.675. But
Prototype 1 had one more glass with an direct transitivity of 0.89. Multiplying 0.675 with
0.89 gives 0.6.

The values for the low-E window are gathered close around only one point which is rather
close to the difference in direct solar transmittance of the Valfac and low-E window: values of
Velfac*0.54/0.34. However, as the dependency on the incidence angle of the two windows is
similar it can be concluded, that the slope of the black line should be similar to the slope of
the red line. This has been drawn into figure 10.22.
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Figure 10.13. Ratio between the solar radiations to the two rooms with the Velfac sun 1/clear
in room B. February 11.
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Figure 10.14. Ratio between the solar radiations to the two rooms with the Velfac sun 1/clear
in room B. March 6.
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Figure 10.15. Ratio between the solar radiations to the two rooms with the Velfac sun 1/clear
in room B. March 16.
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Figure 10.16. Ratio between the solar radiations to the two rooms with the Velfac sun 1/clear
in room B. March 25.
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Figure 10.17. Ratio between the solar radiations to the two rooms with the Velfac sun 1/clear
in room B. April 24.
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Figure 10.18. Ratio between the solar radiations to the two rooms with the low-E window in
room B. June 4.
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Figure 10.19. Ratio between the solar radiations to the two rooms with the low-E window in
room B. June 16.

MicroShades

day no. [2010]

ratio solar radiation to the rooms
1M radiation on facade 1000
0.9 900
0.8 800
=
'cg' 0.7 / 700 g
£ =
2 06 600 —
= JMJMJ / \ c
o o
< 0.5 500 =
3 jrﬂ \ \%‘v\\A .
© ©
= ®©
5 0.4 r/ / \ 400 ®©
S f —
©
? 03 300 5
/ o ’
0.2 / \ \ 200
0.1 100
0 T T T O
179 179.25 179.5 179.75 180

Figure 10.20. Ratio between the solar radiations to the two rooms with the low-E window in
room B. June 28.
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Figure 10.21. Ratio between the solar radiations to the two rooms with the low-E window in
room B. July 10.
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Figure 10.22. The reduction by the MicroShade window at an azimuth of 0° compared with
the two windows in room B dependent on the solar height.

110



In figure 10.22 (and figures 10.13-10.21) the solar radiation measurements have not been cor-
rected with the factors found in chapter 4 which would lead to a 9.3 % higher reduction than
shown in figure 10.22. However, if it is assumed that the correction factors for the solar radia-
tion measurements also goes for the measurements in [Jensen, 2008b] — which is a logical
assumption as the physical nature of the windows in [Jensen, 2008b] (MS Prototype 1 and the
Velfac window) are similar to the windows investigated in chapter 4 — figure 10.22 can be
transformed to figure 10.23.
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Figure 10.23. The reduction by the MicroShade window at an azimuth of 0° compared with
the two windows in room B dependent on the solar height. Solar radiation
measurements have been corrected according to chapter 4.

10.3 Conclusions

The measurements show moderate temperature differences between test room A with the Mi-
croShade window and test room B with the Velfac window. Surprisingly test room A was up
to 2 K warmer during solar radiation than test room B although they received the same
amount of solar radiation. During late spring test room B got up to 1 K warmer than test room
B which is in agreement with the calculations for the case study from Malling school in chap-
ter 6. This however, changed drastically when the Velfac window was replaced by a low-E
window without solar control. The temperature difference increased to 4-5 K with room B
with the low-E window being the warmest.

The investigation of the solar radiation measurements showed a quite sudden reduction of the

incoming solar radiation in the morning during the summer and again a sudden return to less
reduction in the afternoon. This effect should be investigated in more detail.
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The reduction when comparing the MS-A window with the Velfac window at an azimuth of
0° dependent on the solar height is in agreement with the earlier findings in [Jensen, 2008b].
Based on theory the reduction when comparing MS-A with at traditional low-E window with-
out solar control dependent on the solar height has been developed.
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11. Conclusions

Modelling of MicroShades is a a non trivial task due to the rather complex structure of the
MicroShades. A program for generation of a matrix representing the optical properties of
windows with MicroShades has been developed. Measurements at both the Technological
University of Denmark and University of Basel, Switzerland shows good agreement with the
model for direct solar radiation. However, there is as yet no theory for determination of the
transmittance of diffuse radiation and of the scattering in the MicroShades of the direct radia-
tion.

The transmittance of diffuse radiation has for overcast conditions been measured for the MS-
A MicroShades in a low-E window to 0,185 which shows good agreement for overcast condi-
tions when comparing with measurements. However, a calculation method should be devel-
oped.

The scattering of direct solar radiation (transformation from direct to diffuse radiation) has a
rather large impact on the calculated radiation through a MicroShade window during clear sky
conditions. A fixed scattering factor of 3 % was chosen as the best value for the MS-A Mi-
croShades in a low-E window, however, this value may very well be angular dependent —
both vertical and horizontal. The scattering should, therefore, be investigated further in order
to come up with a theory for calculation of this value for the matrix.

Although much work can be done in order to fully understand the optical properties of Mi-
croShades is may — based on comparisons between measurements and simulations - be con-
cluded that the investigated model of MicroShades very well represent the optical perfor-
mance of MicroShades and may be used to investigate the thermal performance of Mi-
croShade windows in real buildings. A tutorial on how to implement MicroShades in simula-
tions with the program esp-r has been written.

The above conclusion relies on the correctness of the measurements of the solar radiation
through the windows in the test rooms. So tests were carried out in order to validate the read-
ings from the pyranometers in the test rooms. The tests show that the influence of inter-
reflections between the pyranometer/white screen of the Epply pyranometer measuring the
solar radiation through the MicroShade window may lead to an over estimation of the incom-
ing solar radiation of 4 % while it seems to have no influence on the readings from the pv-
pyranometer measuring the solar radiation through the traditional windows. The diffuse radia-
tion from the room behind the pyranometers seems to have negligible influence. The solar
radiation measurements have been corrected based on the above tests.

In order to test the validity of the model of MicroShade windows in real life simulations has
been compared with measurements from a school which has both MicroShade and solar con-
trol windows. The simulations show what is experienced by the users of the class rooms: that
the temperature is lower in the room with MicroShades than in the room with the solar control
windows. The simulations also show that the very high temperature differences reported has
more to do with people being hit by a higher radiation level and warmer tables in the room
with the solar control windows than due to an elevated mean air temperature. The investiga-
tion contains the first comparison between measurements and simulations for a real life situa-
tion. The comparison shows a reasonable agreement but no firm conclusions can be made as
the measurements were of a too low quality — both with regard to the number of the measur-
ing points and to the available information on the measurements. It is therefore recommended
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to perform carefully planed and more detailed measurements in buildings with MicroShade
windows in order to gain valuable experience on the behaviour of MicroShade windows. The
measurements should both include sensor measurements and questionnaires — the latter to
make possible an evaluation of the subjective sensed thermal indoor climate.

The measurement and simulations for the school show that radiation hitting a person consid-
erably influences the comfort senses by a person. Experiments in the test rooms has been car-
ried out in order develop a theory for this influence on the comfort. The results have been
compared to similar experiments for cars. The result of the experiment in the two test rooms
is that the Predicted Mean Vote (PMV) increases with 200 divided with the incoming radia-
tion in W/mé - ie with 1 for each step of 200 W/m? solar radiation hitting a person. At least up
to 230 W/me. The experiments in the car conclude that this relation holds up to 600 W/n®,
while the experiment in the test rooms suggest a much stronger incease in discomfort above
230 W/me. However, further experiments are necessary to verify this — especially experiments
at larger levels of incoming radiation than obtained in the experiments in the test rooms. The
experiments should also include test persons as many people likes moderate levels of incom-
ing radiation — ie the subjective senses discomfort may be lower than the calculated PMV.
The comfort level of persons not being hit by the radiation is not influenced by the radiation.

The model of MicroShade windows has been use to study the temperature in windows with
MicroShades. The simulations show that when MicroShades is mounted on the inside of the
outer glass in a low-E (double or triple glazed and vertical or horizontal) window the tempera-
ture of the MicroShades/outer glass will stay below 65°C under Danish weather conditions. If,
however, the MicroShades are mounted in a low-E double glass window — again behind the
outer glass — but with a single glazing in front, the temperature of the MicroShades/glass will
in shorter periods reach a temperatures as high as nearly 120°C depending on the U-value of
the low-E window. This latter give problems with the durability of the window.

The measurements in the test rooms show moderate temperature differences between test
room A with the MicroShade window and test room B with the Velfac window with solar
control coating. During late spring test room B got up to 1 K warmer that test room B. This
however, changed drastically when the Velfac window was replaced by a low-E window
without solar control. The temperature difference increased to 4-5 K with room B with the
low-E window being the warmest.

The measurements reveals a quite sudden reduction of the incoming solar radiation through
the MicroShade window - when compared to the traditional windows - in the morning during
the summer and again a sudden return to less reduction in the afternoon. This effect should be
investigated in more detail.

The reduction in incoming solar radiation - when comparing the MS-A window with the tra-
ditional windows at an azimuth of 0° - forms straight lines dependent on the solar height. The
reduction is of course largest when compared to the traditional window without solar control
coating.
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ABSTRACT

This paper deals with the calibration of models capa-
ble of simulating the performance of MicroShade™.
The function of MicroShade is similar to Venetian
blinds, however, MicroShade is a microstructure em-
bedded in a metal foil with a thickness of less than
one mm. MicroShade has been modelled using a
novel module in ESP-r for modelling bidirectional
transmission through transparent multilayered con-
structions. Windows with and without MicroShade
have been tested in two dedicated test rooms. The
measurements from the test rooms have been used to
calibrate the model of MicroShade. Finally simula-
tions are used to show how MicroShade will perform
in a real building.

INTRODUCTION

MicroShade™ is a microstructure of small holes.
Figure 1 shows an example of MicroShade. Mi-
croShade consists of many small super -elliptic
shaped holes manufactured in a thin stainless steel
sheet — se figure 1. The holes have a tilting angle and
resemble the way Venetian Blinds function. How-
ever, the appearance is different and so is the view
out as seen in figure 3. Newer versions of Mi-
croShade have twice the distance between the opaque
stripes shown in figure 3 The screening off and view
out through MicroShade are determined by the shape
and tilting angle of the holes in figure 1.

Back hole

Front hole
Figure 1 Example of the holes in MicroShade. The
width of the holes are less than 1 mm.

Figure 24 shows MicroShade imbedded in a low-e
window. The name of this product is MicroShade™
IG (Insulated Glazing) but will in the following be
referred to as MicroShade windows.

The model of MicroShade is a matrix where the total
direct transmission, the absorption in each layer of
the window and the enhancement of incoming diffuse
radiation due to the scattering of direct radiation in
the MicroShade are listed for combinations of the
horizontal and vertical incidence angle at steps of 5°.
The values of the matrix are generated by a special
purpose program where the main parameter is the
projected hole area seen by the sun at different inci-
dence angles and optical properties of MicroShade
and glass. An example of the matrix is included at the
end of the paper.

Figure 2 The view out of a traditional low-e window
with solar control coating in test room B. g-value of
the window: 0.37.

Figure 3 The view out of test room A with a low-e
window with MicroShade.
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Figure 4 shows the function of MicroShade. Figure 4
shows the transmittance of direct solar radiation
through the two windows in figures 2 and 3 at an
azimuth of 0°. During winter at low solar hights
when solar heat is valuable the two windows let in
almost the same amount of solar heat. But during
summer at high solar heights and risk of overheating
the MicroShade lets in considerably less solar heat
than the traditional window with solar control
coating.
PowerShade model
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Figure 4 The transmittance of direct solar radiation
through the two windows in figures 2 and 3 at an
azimuth of 0°.

A special type of MicroShade is PowerShade. These
are similar to MicroShade but are coated with solar
cells on the surface facing the outside. PowerShades
are currently under development. More information
on PowerShade/MicroShade can be found on
www.photosolar.dk.

TEST ROOMS

MicroShade and traditional windows were tested
side-by-side in two well-defined and heavily moni-
tored test rooms at Danish Technological Institute,
Taastrup, Denmark. The floor area and volume of the
test rooms were 6.84 m? and 16.73 m® respectively.
The window of each test room consisted of two
transparent areas of totalling 1.98 m2.

The test rooms, the thermo-physical properties of the
materials of the test rooms and the monitoring system
are described in detail in (Jensen, 2008a).

CALIBRATION OF THE MODELS
A model of the two test rooms was developed in the
simulation program ESP-r (ESRU, 2001).

A step by step approach was applied in the calibra-
tion of the ESP-r and MicroShade models:

Step 1. Calibration of the solar radiation on the fa-
cade

Calibration of the model of the traditional
window

Calibration of the diffuse radiation through
the MicroShade window

Calibration of the MicroShade model

Step 2.
Step 3.

Step 4.

Step 5. Calibration of the thermal model of the test
rooms. However, this step will not be dealt
with in this paper

The above calibration steps are documented in details

in (Jensen, 2008b).

For the calibration exercises measurements from
three periods in 2008 were chosen:

Table 1
The three measuring periods applied in the calibra-
tion exercise.

Season Period Solar height °
Winter 21/1-17/2 2008 | 14.4-22.7
Spring (autumn) | 25/3-26/4 2008 | 36.1-47.8
Summer 1-28/6 2008 56.5-57.8

Calibration of the solar radiation on the facade

The input to the simulation program was the global
solar radiation and the horizontal diffuse radiation on
the roof just above the test rooms using calibrated
precision pyranometers. The solar measuring station
is shown in figure 5. The solar radiation on the fa-
cade was also measured with a calibrated precision
pyranometer.

Figure 5 The solar measuring station.

Figure 6 shows an example of the comparison be-
tween measured and calculated solar radiation on the
fagade. The other periods show similar agreement
(Jensen, 2008b). In order to obtain this very good
agreement is was necessary to use an albedo of only
0.05. This is a low value but may be justified when
considering that the fagade faces a courtyard where
the surfaces of the surrounding buildings are in the
shade most of the time.

The standard solar algorithms in ESP-r for calcula-
tion of solar radiation were applied in the calibration
Calibration of the model of the traditional window

Calibrated precision pyranometers were applied for
measuring the solar radiation entering the rooms.
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Figure 6 Comparison between measured and calcu-
lated solar radiation on the facade

Although the project concerned MicroShade the
model of the traditional window was also calibrated.
The reason for this was that both windows are low-e
windows with at low-e coating. This coating changes
the spectral distribution of solar radiation which
might influence the accuracy of the pyranometers.
However, the transmittance through a traditional
window is very well-defined. So if good agreement is
obtained between measured and calculated solar ra-
diation for the traditional window it is implied that
the pyranometers are capable of measuring the solar
radiation coming through the MicroShade window.
In fact such a calibration exercise is also a validation
exercise on the pyranometers behind the windows.

Figure 7 shows a comparison between measured and
calculated incoming solar radiation through the tradi-
tional window. The other periods show similar

agreement (Jensen, 2008b).
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Figure 7 Comparison between measured and calcu-
lated solar radiation through the traditional window.
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Based on the above it was concluded that the model
of the traditional window was precise enough and
that the measured solar radiation through the Mi-
croShade window was applicable for calibration of
the model of the MicroShade window.

Calibration of the diffuse radiation through the
MicroShade

The matrix shown at the end of the paper is auto-
matically generated by a special purpose program
where the input is the geometry of the holes shown in
figure 1. The program calculates for combinations of
all vertical and horizontal incidence angles of the sun
the total transmittance of direct radiation, the absorp-
tion in each layer of the window and the enhance-
ment of the transmitted diffuse radiation due to scat-
tering of direct radiation in the MicroShade. How-
ever, so far no model or experience exists on how to
calculate the transmittance of diffuse radiation
through MicroShades. Therefore, the transmittance of
diffuse radiation is here found empirically by using
the measured data from the test rooms. Days with
only diffuse radiation have been chosen. During
those days the ratio between the solar radiation on the
facade and through the MicroShade window was
calculated as shown in figure 8. That ratio is the
transmittance of diffuse radiation.

Diffuse transmittance
through Prototype 1
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Figure 8 The solar radiation on the fagade and to
room A together with the ratio (= transmittance of
diffuse radiation) for three days in January 2008
with overcast conditions.

Unfortunately, there were only few days with over-
cast conditions during the first half of 2008 — and that
is not normal for Danish weather conditions. Figure 9
shows the calculated transmittance for those few
days. The values in figure 9 should be similar or even
higher during the winter due to the lower solar height
but an opposite tendency is seen — increasing trans-
mittance with increasing solar height. The increasing
tendency is assumed to be caused by two facts:

1. solar radiation during January (two first points in
figure 9) was very low and therefore the uncer-
tainty is very high.

2. there might have been some direct radiation at
high solar heights (two-three last points in figure
9).

Figure 9 shows that there is a need for the develop-

ment of a rigid calculation method for the diffuse

radiati