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Abstract

This Licentiate dissertation deals with windows and solar shading de-
vices and how they could be designed and used to save energy for heating
and cooling in buildings.

Parametric studies using the dynamic energy simulation software
ParaSol v 2.0 were performed for different windows and solar shading
devices. One study showed that both the cooling load and the annual
cooling demand could decreased by a factor of two by using external
solar shadings. For internal solar shadings the cooling load and the cool-
ing demand decreased only by one third. The general conclusion of this
study is that external shadings are much more efficient than internal
shadings.

When low-e windows are used the daylight transmittance decreases
compared to clear glass windows. To avoid this effect a study of anti-
reflective coatings on low-e windows was made. Simulations of the an-
nual energy demand were performed in ParaSol and the daylight distri-
bution was studied in Rayfront. Rayfront is a user interface to the light
simulation software Radiance. It was shown that low-e windows with an
anti-reflecting coating increase the daylight transmittance so that it be-
comes even higher than a clear glass window. However, the anti-reflective
coating did not decrease the heating demand in any significant way. In-
stead it was the low-e coating which accounted for the largest energy
saving.

In a study of solar-control windows and internal solar shading devices
measurements were performed in the solar laboratory at Energy and Build-
ing Design. The measurements were compared with simulations in
ParaSol. The results showed that the efficiency of the solar shadings in-
creased with decreasing window absorption. Simulations of an ideally
reflecting solar shading proved that internal solar shadings can be effec-
tive if they are highly reflecting and used in combination with non-ab-
sorbing clear glazings. A recommendation is that the g-value, or solar
factor, should be given for the whole system (window plus shading de-
vice). If it is given only for the internal solar shading, the g-value of the
window that it is combined with must also be given.
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In a study of angle dependency of solar shadings a new model for
characterizing the g-values of asymmetric and symmetric shadings was
introduced. The new model was verified by outdoor measurements, in-
door measurements and ray-tracing. The model worked well for venetian
blinds, screen and diffuse film. For the awning the model had to be modi-
fied slightly to account for edge effects that occurred for incidence angles
larger than zero degrees.
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Introduction

The research described in this thesis deals with energy-efficient windows
and solar shadings. The overall aim of the work is to find solutions which
can lower the energy use in offices and dwellings. This is important since
the building sector accounts for about 40% of the total energy use in
Sweden (Swedish Energy Agency, 2004). The research was financed by
DESS (The Delegation for energy supply in south Sweden). DESS was
formed in 1997 in order to develop the system for electricity and heat
supply in South Sweden. DESS was part of the programme for a long
term ecologically and economically sustainable energy system which the
Swedish Parliament took a decision about in 1997. The work initiated by
DESS should be used as a basis for any measures which might be needed
in connection with the decision to close the nuclear reactor Barsebäck 2.
The delegation had 400 MKr for its purpose. Their main aims were to:

• Perform an investigation about the energy situation in the region
• Take decisions regarding economical support
• Take own initiatives within the energy area

This project was part of the second activity listed above. DESS spon-
sored basic research, industrial research and product development, inves-
tigations, projects and investments for lowered or more efficient use of
energy, and for increased production of electricity and heat. The delega-
tion formally ceased to exist on December 31, 2002 and the final report
was delivered to the government in 2003. (www.dess.nu).

Today both of the reactors of the nuclear station are closed. The en-
ergy use in Sweden still increases as well as the import of electricity from
other countries.

The research on energy efficiency must therefore continue in order to
secure the energy balance in Sweden. With a lowered energy use, the
import of energy and the investments in new production plants can be
avoided or postponed. One way of doing this is to perform research on
windows and solar shadings. This research contributes to lowering the
energy use and thus to a sustainable society.
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The research group at Energy and Building Design, Lund University
has been specialising in tools and methods to design energy-efficient build-
ings and how to utilise solar energy both by passive means i.e. through
windows, and actively through design of solar collectors and solar cells.
With the architectural trend to use large glazing areas, passive solar gains
become more of a nuisance, potentially resulting in high cooling loads
and visual and thermal discomfort than a means to lowering the heating
demand. The Solar Shading Project, initiated in 1997, had the aim of
investigating the performance of solar shading devices and to develop
tools and guidelines, which could be used by consultants, architects and
facility managers to make energy wise decisions at an early design stage
(Wall and Bülow-Hübe, 2001). The software tool ParaSol was thus de-
veloped. It is a computer program where the efficiency of various shad-
ing devices and their impact on the energy balance and thermal comfort
can be easily studied (Wall and Bülow-Hübe, 2003).
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Summary of articles

Article I
Article I investigated the performance of various internal and external
shading devices in offices compared to outdoor measurements by using
the simulation software ParaSol v 2.0.

ParaSol is a dynamic energy and solar transmittance simulation soft-
ware for comparison of various solar shading devices. ParaSol is a freeware
and it is directed to consultants, architects and researchers (http://
www.parasol.se/) (Bülow-Hübe et. al., 2003). ParaSol simulates an office
room with only one wall and window that abuts to the outside climate
while the other walls, ceiling and floor are adiabatic, i.e. abuts to other
office rooms with the same indoor temperatures. Two types of simulations
can be performed in ParaSol: Solar transmittance and Energy balance.

The solar transmittance simulates the direct and total transmittance
(T- and g-values) for a specific window and solar shading with a chosen
climate file. The transmittance values are found from the energy balance
of the whole room, with and without solar radiation. They are presented
as mean monthly values. The main difference of a simulation compared
to standardised calculation of T and g are that the energy balance of the
whole rooms is taken into account, actual incidence angles are used in-
stead of normal incidence, and that the outdoor temperatures varies ac-
cording to the climate file instead of being fixed.

The energy balance simulates the demand for heating and cooling and
the resulting indoor temperatures and insolation of a room with and
without solar shading according to the chosen climate. Ventilation rates
and internal loads are also required for the simulation.
In this article five internal and five external solar shadings were studied
for three different places in Sweden: Lund, Stockholm and Luleå.
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Table 1 External and internal solar shading devices in the study, show-
ing optical properties of absorptance, transmittance and ther-
mal emittance.

A T E
% % %

EEEEExternal solar shading devicesxternal solar shading devicesxternal solar shading devicesxternal solar shading devicesxternal solar shading devices
Awning – Beige 30 30 90
Italian awning – Beige 30 30 90
Venetian blind –  Grey 50 mm 10 0 80
Overhang - Horizontal slatted baffle – Aluminium 10 0 11
Screen – Satine sable 109 38 8 90

IIIIInternal solar shading devicesnternal solar shading devicesnternal solar shading devicesnternal solar shading devicesnternal solar shading devices
Venetian blind –White 33 0 90
Screen – Satine sable 109 36 0 90
Roller blind – Aluminium 14 3 24
Roller blind – White 5 0 90
Roller blind – Blue 81 0 90

The solar shadings were combined with a double glazing unit with a
low-e coating and argon gas between the panes. The studied parameters
were g-value, T-value, heating demand, cooling demand, peak loads and
temperatures.

The comparison of the g-values of the solar shadings proved that ex-
ternal shadings were considerably more efficient than internal shadings.
The external solar shading devices almost halved both cooling load and
the total cooling demand while the internal shading devices only de-
creased the cooling load and the total cooling demand by one third. The
transmittances of the internal solar shadings were usually lower than for
the external ones. This leads to a low daylight transmittance for internal
solar shadings and will increase the dependency of artificial light. The
ParaSol simulations were also compared to the outdoor measurements
performed in the Solar Shading Project, and showed a relatively good
agreement.

The conclusion of article I is that external shading devices are gener-
ally more efficient than internal solar shadings. External solar shading
devices can halve the annual cooling demand and peak load while inter-
nal shades only reduces it by one third. This can also affect the design of
the HVAC-system, leading to smaller installations. Using solar shading
devices instead of a cooling system save both the initial investment cost
and the ongoing operation cost of the cooling system. It should be possi-
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ble to avoid cooling systems in northern climates by using solar shadings
and a well designed ventilation system. Considering the daylight aspect
the external shading devices transmitted more daylight than the internal
shadings.

Article II
The building sector accounts for about 40% of the total energy use in
Sweden (Swedish Energy Agency, 2004). Energy efficiency improvements
of existing buildings are the most important issue to lowering the energy
use in the building sector. Windows have thus been identified as an im-
portant area for energy-efficiency improvements since the transmission
losses through a window may be 10 times higher than through the neigh-
bouring wall. One of the possibilities of achieving a better thermal per-
formance of existing windows is to replace one of the panes with a low-e
coated pane based on SnO2, especially for double glazed windows with
two coupled sashes and a ventilated space in between, see Figure 1. The
SnO2 coated pane reduces the glass U-value of the double pane window
from 2.8 (W/m2,K) to 1.85 (W/m2,K). The U-value of the frame was
assumed to be unaffected. By using low-e coatings the light transmit-
tance is slightly decreased which makes it slightly darker inside. Anti-
reflective (AR) coatings can improve the daylight transmittance if they
are used on low-e coated windows.

Shashes 1 and 2

Panes 1 and 2

Ventilated air space

Figure 1 Section drawing of a window with two coupled sashes and venti-
lated air space.
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This article investigated the influence on the daylight factor, total energy
transmittance, and the annual heating demand by applying an anti-re-
flective coating on the low-e pane. Five different windows, four DG (dou-
ble glazing) and one TG (triple glazing) with different number of layers
of AR-coatings were studied in this article. The complete window prop-
erties are shown in Table 2. The optical and visual input data for the
studied windows are shown in Table 3.

Table 2 Five different windows, four double panes and one triple pane
unit with various numbers of AR-coatings.

Table 3 Optical and visual input data for the glazing types studied. Ex-
planation of the parameters; Tsol – Solar transmittance, Tvis –
Visual transmittance, Rsol – Solar reflectance, Rvis – Visual re-
flectance, Tr – Transmissivity, U – Thermal transmittance and g
-  total solar transmittance.

Clear DG Low-e DG AR Low-e DG 2AR Low-e DG 3AR 2Low-e TG
    (a)     (b)     (c)     (d)     (e)

T
sol

0.74 0.59 0.63 0.69 0.57
T

vis
0.82 0.74 0.83 0.89 0.82

R
sol

0.12 0.16 0.12 0.07 0.10
R

vis
0.15 0.18 0.09 0.04 0.06

T
r

0.89 0.76 0.90 0.96 0.89
U * 2.80 1.85 1.85 1.85 1.30
g  ** 0.79 0.74 0.78 0.83 0.69

* U-value (W/m2,K)
** g-value according to standard ISO9050.

The comparisons of these five windows were made by simulations in
ParaSol and Rayfront. Rayfront is a user interface to the lighting simula-
tion software Radiance which is the industry standard ray tracing engine
for lighting simulations.

Clear DG Low-e DG AR Low-e DG 2AR Low-e DG 3AR 2Low-e TG
    (a)     (b)     (c)     (d)     (e)

First pane (outside) Clear 4mm Clear 4mm Clear 4mm AR+Clear 4mm AR+SnO
2
 4mm

Second pane (inside) Clear 4mm SnO
2
 4mm AR+SnO

2
 4mm AR+SnO

2
 4mm AR+Clear 4mm

Third pane (inside) - - - - AR+SnO
2
 4mm
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The solar transmittance, the annual heating demand and indoor tem-
peratures of a typical living room of 20 m2 in Scandinavia was simulated
in ParaSol. Three different climates were studied for each glazing: Co-
penhagen, Stockholm and Helsinki. The glass area was assumed to be
about 10% of the floor area i.e. 2.1 m2. The daylight illuminance and
the daylight factor were simulated in Rayfront. The daylight factor is the
ratio between the indoor illuminance and the outdoor illuminance from
an unobstructed overcast sky at the same instance.

The results from the ParaSol simulations showed that changing from
a clear DG to a DG with one low-e pane decreased the annual energy
demand by 12-14%. The AR-coating of the low-e window gave only a
modest further reduction of the annual energy demand. The indoor tem-
peratures were increased and the risk of overheating increased with the
low-e coating while the AR-coating itself had a very small impact on the
indoor temperatures. Both the daylight factor and the indoor illumi-
nance increased by 11% with the AR low-e coated window compared to
the normal low-e window. By using the AR low-e coated double pane
window the daylight factor in the room actually reached somewhat higher
level than for the clear DG window. By using AR coatings on the triple
glazing the daylight factor in the room reached the same level as for the
clear DG. The real benefit of using AR-coatings in combination with a
low-e coating is the improvement of the light transmittance. Replacing a
clear pane with a low-e AR-coated pane to maintain the light transmit-
tance might become an economically feasible alternative especially with
increasing energy costs.

Article III
This article investigated solar control glazing together with internal solar
shading devices. In Swedish office buildings, it is often attractive to in-
stall internal solar shading devices instead of using external shadings.
This is because it is easier to install internal solar shadings in retrofits,
and they require less maintenance since the solar shadings are protected
from the outdoor climate. On the other hand, they are usually less effi-
cient than external sunshades. Comparison of both measurements and
simulations for three windows and four solar shading devices were done
in this article. The three windows, delivered from Glaverbel, were all
double glazings with 8 mm pane thickness. The first was an ordinary
clear window with high visual and solar transmittance (Planibel Clear),
the second had an advanced solar control coating with a low-e function
and a rather high visual transmittance but a medium solar transmittance
(Stopray Safir). The third glazing had a solar control coating with a very
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low visual and solar transmittance (Stopray Deep Blue). Glass data was
found on Glaverbel´s homesite (www.glaverbel.com) and are summa-
rized in Table 4.

Table 4 Window data from the manufacturer. Explanation of the pa-
rameters; ST – Direct Solar Transmittance, VT – Visual Trans-
mittance, VR – Visual Reflectance and g-value – Total Solar
Energy Transmittance or Solar Factor.

Windows Planibel Stopray Stopray
Param. Clear Safir Deep Blue

Outer pane 8 mm Clear 8 mm Safir 8 mm Deep Blue
Space 15 mm AR 15 mm AR 15 mm AR
Inner pane 8 mm Clear 8 mm Clear 8 mm Clear
ST (%) 62 30 8
VT (%) 79 61 17
VR (%) 14 15 5
g-value* (%) 71 35 10
U-value** (W/m2,K) 2.6 1.1 1.1

* - according to standard EN410.
** - according to standard EN673.

AB Ludvig Svensson (www.ludvigsvensson.com) delivered four internal
sunshades for this study, Optic (white), Ombra (white and black) and
Mood (grey), see Table 5 for optical data.

Table 5 Solar shading device data from manufacturer. Explanation of
the parameters; ST – Direct Solar Transmittance, SR – Solar
Reflectance, SA – Solar Absorptance, VT – Visual Transmittance,
O-F – Openness factor.

Shadings Optic Ombra Ombra Mood
Param. white white black grey

ST (%) 3 38 32 12
SR (%) 75 48 42 62
SA (%) 22 14 25 26
VT (%) 3 38 27 10
O-F (%) 0 23 21 8
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Measurements of g-value were performed with the parallel beam solar
simulator at Energy and Building Design, Lund University. Every com-
bination of window and solar shading was measured with normal inci-
dence and the irradiation of the solar simulator was 1000 W/m2.

ParaSol simulations were also performed for every combination of
window and solar shading device. Simulations were performed for the
whole year, but values for December were selected for the comparison
with measurements. This is because December gives low incidence an-
gles and are thereby more comparable to the measurements.

The measurements and the simulation of the windows were compared
to the manufacturer’s values and showed a relatively good agreement ex-
cept for the value of the Stopray Deep Blue window that disagreed by 7
percentage points. This could be explained by the low external convec-
tive heat transfer coefficient in the measurement set up. The convective
heat transfer coefficient was only half of the value that was used in the
EN 410 standard calculations. Another explanation could be that the
spectral content of the solar simulator was different from the solar spec-
trum, which affected the solar transmittance of the selective coating in
the window.

The measured g-values of the fabrics also agreed very well to the
simulations. The effective g-value of the solar shading was highly de-
pendent on the g-value of the window. High reflectance shading was very
effective for high g-value windows with low absorption. The g-system
values of the Stopray Deep Blue together with different shadings were
almost the same for all four shadings. The conclusion of this is that it is
recommended to use the g-value of the whole system for characterizing
the window and solar shading instead of using the g-value of internal
solar shadings because of the high dependency of the window g-value.

The system g-value decreased with an increasing reflectance of the
shading. To show this we simulated an ideal solar shading with 99%
reflection and 1% absorption. The g-values of the three systems were
then all below 10%, Planibel Clear received the same system g-value as
Stopray Safir while the Stopray Deep Blue still was somewhat lower. This
proves that high reflectance shadings is very effective for high g-value
windows with low absorption.
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Article IV
This article investigated a new model of the incidence angle dependency
of the system g-value for asymmetric and symmetric solar shading de-
vices. The new model developed from the biaxial incidence angle modi-
fier for the optical efficiency introduced by McIntire (McIntire, 1980),
resulted in the following (Equation 1):

gsys(θi,θT,θL) = gw(θi)gsh(θT)h(θL)                                     (Eq. 1)

where gsys(θi,θT,θL) is the system g-value, gw(θi) is the influence of the
window as a function of incidence angle, gsh(θT) is the influence of the
solar shading device as a function of transversal angle, h(θL) is the influ-
ence of the edge effect of the solar shadings as function of longitudinal
angle. The edge effect was the un-shaded effect of the window that oc-
curs for asymmetric solar shadings for oblique incidence angles. The θT
denotes the projected incidence angle in the vertical plane, θL the pro-
jected incidence angle in the horizontal plane and θi the incidence angle.
The relationship between the angles is as follows (Equation 2):

tan2 θi = tan2 θL + tan2 θT                                     (Eq. 2)

Both outdoor and indoor measurements of g-values for different solar
shading devices were verified with the new model. Measurements were
performed for a venetian blind, awning, diffuse film and screen. Ray-
tracing was also performed for the venetian blind to verify the measure-
ments.

The outdoor measurements were done during spring equinox, when
θT is constant 34° for Lund, Sweden. The venetian blind was measured
in both horizontal and vertical position, performed in the double hot-
box arrangement at Energy and Building Design. By measuring the
venetian blind both in a vertical and a horizontal position, the depend-
encies in both the longitudinal and the transversal direction were possi-
ble to obtain.

The indoor measurements were performed at angles of equinox when
θT is constant 34°, for an awning, diffuse film and screen in the parallel
beam solar simulator in the solar laboratory Energy and Building De-
sign. The ray-tracing simulations of the venetian blind were performed
by Johan Nilsson, Energy and BuildingDesign in the commercial ray-
tracing program ZEMAX. 2500 rays were transmitted and detected
through the system of a venetian blind and window.
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The g-value of the venetian blind in its horizontal position was con-
stant for various longitudinal angles. For the venetian blind in a vertical
position, the measured g-values stayed rather constant for angles below
60° and the ray-tracing simulation confirmed this. The new model for
the venetian blind generally showed good agreement, but for the inci-
dence angle between 30 and 60° the model overestimated the g-value of
the system. Equation 3 shows the model for the venetian blind:

gsys(θi,θT) = gw(θi)gsh(θT) (Eq. 3)

The awning became more complex than the venetian blind since the
awning caused shading effects from the edges at non-zero angles in the
longitudinal direction. The g-system was also dependent on the trans-
verse angle of the solar shading. The model of the awning then became
(Equation 4):

gsys(θT,θL) = gsh(θT)h(θL) (Eq. 4)

where the influence of the window was very small compared to the edge
effect and therefore could be included in the h-function.

The diffuse film and screen were both symmetric in both transversal
and longitudinal directions. The measurements of the g-values for the
diffuse film and the screen were constant and only influenced by the
window. The model of the diffuse film and screen was the same (Equa-
tion 5):

gsys(θi,θT) = gw(θi)gsh(θT) (Eq. 5)

where the function gsh(θT) was angular-independent and could be re-
placed with a constant.

Table 6 summarizes the different models for the venetian blind, awn-
ing, diffuse film and screen.

Table 6 Summary of the models for the solar shadings developed in this
article.

Parameters  g
w
(θ

i
) g

sh
(θ

T
) h(θ

L
)

Shades

1. Windows  g
w
(θ

i
) 1 1

2. Shades without scattering  g
w
(θ

i
) g

sh
(θ

T
) 1

3. Venetian blind  g
w
(θ

i
) g

sh
(θ

T
) 1

4. Awning  1 g
sh
(θ

T
) h(θ

L
)

5. Screen / Diffuse film  g
w
(θ

i
) g

sh
(θ

T
) = C 1
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The proposed model could be used for venetian blinds, awnings, screens
and diffuse films. In the case of the awning, the model had to be ex-
tended to account for the effect of the edges at non-zero longitudinal
angles. For the symmetric screen and diffuse film, the shading could be
modelled by a constant as the shading was independent of the angle of
incidence.

Another effect that was observed was the increased g-value of the win-
dow at high angles of incidence when the solar shading devices tend to
diffuse the irradiance. A window normally has a low g-value at large an-
gles of incidence, but since most of the shading devices diffuse the light
as it is transmitted, some of the transmitted light is incident on the win-
dow at angles where the g-value of the window is higher.
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Conclusion

There is a great potential to decrease the energy use for cooling in office
and other similar buildings by using solar shadings. With a well designed
ventilation system, it should be possible to avoid cooling systems using
solar shading devices in northern climates.

It has been shown that external solar shading is in general more effi-
cient than internal solar shading which is evident from the lower g-value.
However, if the internal solar shading is highly reflective and used in
combination with a low absorbing window the solar shading could also
be very effective. It should be kept in mind that the effectiveness of inter-
nal solar shading is highly dependent on the properties of the window
that it is combined with. The recommendation is that internal solar
shadings should always be defined together with the combining window
or else the solar factor of the internal shading could be misleading.

The proposed incidence angle dependent model of external solar shad-
ing works for venetian blinds, awnings, diffuse films and screens. The
model of the awning has to be extended to account for the edge effects
that occur for non-zero longitudinal angles. Both screens and diffuse
films were symmetric solar shading devices and independent of the inci-
dence angle and thereby could be modelled by a constant.

Anti-reflective coatings lead to higher solar and visual transmittance.
This could lead to higher passive gains and thus to a lower heating de-
mand in buildings. However, this study indicated that this effect was
small in residential apartments. The real benefit of using AR-coatings in
combination with a low-e coating is the improvement of the light trans-
mittance and the increasing daylight factor.

Further research
There is a need to develop and refine the model of incidence angle de-
pendence for external solar shadings through additional indoor measure-
ments and ray-tracing. To verify the incidence angle dependence model
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the transmittance of textile solar shadings should also be measured using
optical techniques, i.e. through incidence angle dependent measurements
in an integrating sphere.

The measurements which were performed on internal shadings used a
narrow calorimetric box where the internal fabric was mounted very close
to the calorimetric plate, and also creating a closed air pocket between
the fabric and the plate. This is probably an ideal situation. In a real
situation the fabric is usually mounted in a way that lets the air circulate
more freely around the fabric. The effect of this natural convection around
internal solar shadings would be interesting to study in the new full scale
calorimetric laboratory at Energy and Building Design. Such work is
also planned and under way.

More work is also needed regarding optimization of control strategies
depending on wind, solar radiation and temperature for various solar
shadings. Visual comfort and daylight utilisation should also be included
in such work because solar shading is also used to control glare and re-
direct daylight. To study smart switchable windows and their control
strategies would be attractive. Another interesting work would be to study
the influence of the outdoor climate on external solar shadings evaluat-
ing the long-term function, maintenance, and life-time expectancy.
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Sammanfattning

Denna licentiatavhandling analyserar hur fönster och solskydd kan
utformas och användas för att spara energi för uppvärmning och kyla i
byggnader.

En parameterstudie gjordes i det dynamiska energisimulerings-
programmet ParaSol v2.0 för olika fönster och solskydd i svenskt klimat.
Studien visade att kylbehovet och kyleffekten kan halveras då utvändiga
solskydd används. För invändiga solskydd reduceras minskningen till en
tredje del. Detta visar att utvändiga solskydd generellt sett är effektivare
än invändiga.

Då lågenergifönster med lågemissionsskikt används minskar dags-
ljusinsläppet genom dem i förhållande till vanliga klarglasfönster. För att
undvika detta problem gjordes en studie på antireflexbehandlade låg-
energifönster där uppvärmningsbehovet simulerades i ParaSol och
dagsljusfaktorn simulerades i Rayfront. Rayfront är ett användargränssnitt
till Radiance vilket är ett avancerat program för ljussimuleringar. Det
visade sig att lågenergifönster belagda med antireflexskikt ökade dags-
ljusinsläppet betydligt. Det kan till och med fås att överstiga dagsljus-
insläppet för vanliga klarglasfönster. Antireflexskiktet minskade dock inte
värmebehovet nämnvärt. Det är lågemissionsskiktet som sänker U-värdet
och ger den största energibesparingen.

I en studie med solskyddsglas tillsammans med invändiga solskydd
utfördes g-värdes mätningar i solsimulatorn i Energi och ByggnadsDesigns
sollaboratorium. Mätningarna jämfördes med simuleringar i ParaSol.
Studien visade att avskärmningseffekten på invändiga solskydd var störst
då de kombinerades med klara glas dvs. fönster med låg absorption.
Simuleringar utfördes även för ett idealt reflekterande solskydd som också
visade att invändiga högreflekterande solskydd är effektivast om de används
tillsammans med klarglasfönster. En rekommendation är att g-värdet bör
anges för hela systemet, dvs solskyddet i kombination med fönstret. Om
det anges enbart för det invändiga solskyddet skall också egenskaperna
för fönstret som det kombineras med anges.
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I en studie av vinkelberoendet för utvändiga symmetriska och
osymmetriska solskydd har en ny modell för att karakterisera g-värdet
introducerats. Modellen verifierades och kompletterades för fyra olika
solskydd genom utomhusmätningar, inomhusmätningar och
strålgångsberäkningar (ray-tracing). Modellen fungerade bra för
persienner, screen och diffus film. För markis kompletterades modellen
så att den tog hänsyn till kanteffekter som uppstod för infallsvinklar större
än noll grader.
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Abstract – The Solar Shading Project at Lund University has been investigating the performance of solar 

shading devices, both through measurements and by developing the software ParaSol intended as a tool 

for consulting engineers and architects. This paper will investigate the performance of various shading 

devices in offices using the software ParaSol v 2.0. Further, it will estimate the annual heating and 

cooling demand, and peak power savings in Swedish offices depending on different solar shading devices 

and orientations. The external shading devices yield the lowest g-values and cooling loads while the 

internal devices yield the highest g-values and cooling loads. The performance of the interpane devices 

are somewhere in between the performance of the external and internal devices. Simulations in ParaSol 

correspond fairly well to the outdoor measurements. Simulations are performed in ParaSol to estimate the 

g-value and energy balance for external and internal solar shading devices. The results are compared to 

outdoor measurements of the same solar shading devices. The effect of the following parameters is 

estimated: solar shading devices, orientation and climate. ParaSol is a user-friendly interface that rather 

accurately can predict the heating and cooling demands, and g-values for solar shading devices used in 

offices.  

 

 

1. INTRODUCTION 
 

Due to large internal loads and large glazed surfaces, 

modern office buildings often have a cooling demand 

during large parts of the year, even in such northerly 

climates as Sweden. Using solar shading devices may 

considerably reduce the use of air-conditioning. More 

efficient use of energy is an important key to improving 

the environment. Recently there has been a Solar Shading 

Project at Lund University evaluating the effects of solar 

shading devices. The project was initiated in 1997 due to 

the lack of relevant performance data on solar shading 

devices measured under similar conditions (Wall & 

Bülow-Hübe, 2001). The Solar Shading Project has 

included measurements, development of calculation 

models, daylight studies and parametric studies of energy 

use with solar shading devices. A simulation software 

ParaSol v 2.0 has also been developed within the project 

(Wall & Bülow-Hübe, 2003). The effect of using 

sunshades can now be estimated with greater accuracy, 

for example how much the cooling load diminishes for a 

specific solar shading device. The aim of the program is 

to make it very easy to calculate cooling loads, heating 

loads, and solar transmittance (direct and total) for an 

office module.  

The purpose of developing ParaSol is the interest to 

compare different types of solar shading devices in 

different orientations and locations. The energy 

performance of an office module can also be estimated 

easily. In ParaSol it is possible to add and change solar 

shading devices and to combine external devices with 

interpane or internal ones. It is also possible to choose 

between 25 different windows or to create a window with 

a specific performance. 

This paper investigates the effect of external and 

internal solar shading devices at different locations and 

orientations in Sweden, by simulations in ParaSol v2.  

Section 2 describes the method and presents the studied 

parameters. Section 3 presents the results of the 

simulations in ParaSol. Discussion and conclusions in 

section 4 will end this paper. 

 

 

2. METHOD AND PARAMETERS 
 

2.1 Aim of the study 

This paper investigates the performance of various 

shading devices in offices using the software ParaSol v 

2.0. Further, it estimates the annual heating and cooling 

demand, and peak power savings in Swedish offices 

depending on different solar shading devices and 

orientations.  

 

2.2 Parameters of the simulations 

ParaSol simulates an office module with only one wall 

and one window that abuts to the outside climate. The 

other three walls, floor and ceiling abuts to other office 

modules with the same indoor temperature i.e. adiabatic 

walls. The solar shading devices can be applied either 

externally, between panes (interpane) or internally. The 

office module area was set to 12.2 m2 and the height 2.7 

m. The exterior wall was set to heavy construction while 

the inner walls were set to light construction. The 

window in the module was a double glazed unit with a 

low-e coating and argon gas between the panes. 
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Localities of the office module were Lund (lat 56  N), 

Stockholm (lat 59  N) and Luleå (lat 65  N). The window 

in the office module was orientated to south for all three 

sites but also to east and west for Stockholm. The 

thermostat set points were 20  for heating and 24 C for 

cooling. A constant ventilation rate was applied during 

daytime (8-17 Mon.-Fri.) of 10 l/s and 4.3 l/s for the rest 

of the time just to manage the hygienic demand. The 

temperature of the inlet air was set to 17 C (00-24). The 

internal load included a computer, lighting and one 

person, see Table 1. 

 
Table 1  Input data used in the simulations of the office module. 

Exterior wall U-value 0.15 W/m2K 

Office module measurement W*H*L 2.9*2.7*4.2 m 

Internal heat load  370 W 

Window U-value excl. frame 1.2 W/m2K 

Window measurement excl. frame 2.15*1.0 m 

Window g-value 0.6 

Window T-value 49 % 

 

  There are two different types of simulations in ParaSol, 

Solar transmittance and Energy balance. Both 

simulations are performed for a whole year. The solar 

transmittance simulation calculates monthly averages for 

g- and T-values for the specific sunshade, window and 

climate. The g-value is the total solar energy 

transmittance and the T-value is the direct or primary 

solar transmittance. The T-value is comparable to light 

transmittance but for the whole solar spectrum (Bülow-

Hübe H., 2001), and the calculation of T considers both 

direct rays from the sun and diffuse light from the sky 

and ground. The difference between g and T is the 

absorbed energy in the window panes and in the solar 

shading device that is transported towards the room. The 

definition of the sunshade g-value is: 

 

window

system

sunshade
g

g
g                               (Eq. 1) 

 

The gsunshade-value depends slightly on the type of 

window used. If the window is double glazed, gsunshade is 

the same as the shading coefficient. In Sweden, a double 

pane window is normally used as a reference for the 

shading coefficient (Bülow-Hübe et. al., 2003).  

  The energy balance simulation calculates energy for 

cooling and heating, temperatures and insolation, it is 

possible to obtain annual sums and various diagrams or 

saved as a text file on an hourly basis. By saving the 

results into text files it is possible to further analyse the 

results or to calculate other parameters for example f1, f2 

and total saved energy. 

The varied parameters for the simulations were as 

mentioned before locality and orientation but most 

important of all: 10 different types of solar shading 

devices. The solar shading devices were divided into two 

groups depending on if the solar shading device was 

internal or external, see Table 2.  

 
Table 2  External and internal solar shading devices in the study, 

showing optical properties of  absorptance, transmittance and emittance. 

 A T E 

 % % % 

External solar shading devices    

Awning – Beige  30 30 90 

Italian awning – Beige 30 30 90 

Venetian blind –  Grey 50 mm 10 0 80 

Overhang - Horizontal slatted 

baffle – Aluminium 10 0 11 

Screen – Satine sable 109 38 8 90 

Internal solar shading devices    

Venetian blind –White  33 0 90 

Screen – Satine sable 109 36 0 90 

Screen – Aluminium  14 3 24 

Roller blind – White 5 0 90 

Roller blind – Blue  81 0 90 

 

 

3. RESULTS 
 

A comparison of the total solar energy transmittance g 

of five external sunshades for Lund, Stockholm and Luleå 

for the month of May is shown in Figure 1. Except for the 

overhang, it seems that shading devices perform better for 

more northerly locations. The mean outdoor temperature 

for May was: Lund 11.1 C, Stockholm 10.7 C and Luleå 

6.7 C.  

It is also evident that the overhang performs much 

worse towards east and west than towards south, due to 

the lower solar angles towards the facade.  
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Figure 1  Shading coefficient for external solar shading devices, average 

g-value (-) for May. 

 

In Figure 2 the g-values for the internal solar shading 

devices are shown. The internal solar shading devices 

generally yield much higher g-values than the external 

devices.  
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Figure 2  Shading coefficient  for internal solar shading devices, average 

g-value (-) for May. 

 

The direct solar transmittances for the external solar 

shading devices are shown in Figure 3. 
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Figure 3  The direct solar transmittance (%) for external solar shading 

devices for May.  

 

 There are no large differences between the g-values and 

the T-values because the absorbed part of the short-wave 

radiation is often rather small. For example a single clear 

float glazing has a g-value of 86% and a T-value of 83%. 

The direct transmittance of the internal solar shading 

devices are usually lower than for the external solar 

shading devices, as seen in Figure 4. 

0

5

10

15

20

25

Lund-

south

Sthlm-

south

Sthlm-

east

Sthlm-

west

Luleå-

south

Location

T-value (%)

Screen hex

Roll-bl white

Screen al

Roll-bl blue

Ven blind

 
Figure 4  The direct solar transmittance (%) for internal solar shading 

devices for May.  

 

The cooling demands for external solar shading devices 

are shown in Figure 5 together with the demand for the 

office module without solar shading device. It is possible 

to save almost 50 % or 390 kWh per year of the cooling 

demand by using the solar shading device with the best 

performance. The efficiency of the solar shading devices 

are similar to each other except for the overhang. This 

depends on that most of the time the overhang does not 

shade the sun because the sun altitude is lower than the 

overhang’s extension, especially for the orientations 

towards east and west.  
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Figure 5  The cooling demand (kWh/year) for external solar shading 

devices.  

  

The cooling demands for internal solar shading devices 

are not as low as for the external solar shading devices. 

For internal devices it is only possible to save 30 % or 

238 kWh per year of the cooling demand, as seen in 

Figure 6. However, the best internal solar shading device 

is more efficient than the worst external shading device.  
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Figure 6  The cooling demand (kWh/year) for internal solar shading 

devices. 

 

The effect on the peak cooling demand was also 

investigated. For external solar shading devices it is 

possible to save 48 % of the peak load, see Figure 7. 
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Figure 7  Reduction in peak load of cooling demand (%) for external 

solar shading devices compared to no sunshade.  
 

The best internal solar shading will reduce the peak 

cooling demand with around 40 % for all locations and 

orientations studied, Figure 8. The worst product, a dark 

blue curtain, has a reducing effect between 0 and 10 %.  
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Figure 8  Reduction in peak load of cooling demand (%) for internal 

solar shading devices. 

 

A comparison was made between simulations in 

ParaSol and outdoor measurements from the Solar 

Shading Project (Wall & Bülow-Hübe, 2003). For the 

outdoor measurements a clear double-pane window has 

been used, while the results shown in this article are 

based on a low-e coated double-pane window with argon. 

Since the g-value of sunshades can be expected to be 

rather dependent of the window with which they are 

combined, two ParaSol-simulations were done, one with 

the double-pane window of the measurements, and the 

other with the low-e coated window. Table 3 shows the 

comparison results.  

 
Table 3  Outdoor measurements compared to ParaSol simulations.  

 Outdoor ParaSol ParaSol 

 measurem. 2-clear pane low-e +arg 

External g-value g-value g-value 

Awning 0.45 0.51 0.52 

It awn 0.30 0.46 0.46 

Ven blind 0.15 0.24 0.23 

Screen 0.13 0.15 0.16 

Internal    

Ven blind 0.50 0.38 0.53 

Screen hex 0.53 0.51 0.68 

Roll-bl white 0.31 0.30 0.49 

Roll-bl blue 0.81 0.71 0.84 

 

For external solar shading devices the ParaSol 

simulations tend to give somewhat higher g-values than 

measured. The results for a shading device with a clear 

two-pane window or a double glazed unit with low-e 

coating and gas filling is however very similar.  

For internal solar shading devices the differences 

between the two ParaSol simulations are rather large 

approximately 0.05-0.20. There is also a difference 

between the outdoor measurement and the ParaSol-

simulation for clear glass, which seems to be larger for 

air-permeable structures and dark curtains, see (Bülow-

Hübe et. al., 2003) for further comparisons and discussion 

of measurements and simulations. Having this in mind 

the comparison to measurements of internal solar shading 

devices agrees very well.  

 

 

4. DISCUSSION AND CONCLUSIONS  
 

ParaSol is a user-friendly interface that rather accurately 

can predict the heating and cooling demands, and g-

values for solar shading devices used in offices.  

Internal, interpane and external solar shading devices 

with different performances are easy to use in ParaSol. It 

is also  easy to add or change the properties of the solar 

shading devices. In ParaSol it is possible to choose 

between 25 different windows and it is also possible to 

create new windows. Among other parameters that can be 

varied are location, ventilation, temperature in the office 
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module, and the internal load. This makes ParaSol a 

powerful dynamic simulation software.  

The g-values are mostly lower for external solar shading 

devices compared to internal solar shading devices. The 

g-value of a solar shading device is not independent of 

the window with which it is combined. Especially 

internal solar shading devices seem to be very sensitive to 

this. The explanation is that external solar shading 

devices absorb a large part of the short-wave solar energy 

and this energy is then re-radiated and convected to the 

surrounding area i.e. mostly to the outside air. The 

internal devices must rely on a high reflectance in order 

to be effective, since the absorbed energy is mostly 

transported to the indoor air. Further, a glazing with a 

higher absorptance (like a low-e coated glass compared to 

clear glass) will also absorb more of the reflected rays on 

their way out. Further, the low-e coating of the window 

does not loose the energy from indoor to outdoor as much 

as a window without the low-e coating. 

 For an office module of 12.2 m2 with a glazed area of 

28 percent, the cooling demand can be reduced by up to 

50 % for external solar shading devices. For internal solar 

shading devices, the reduction can be up to 30 % of the 

cooling demand. The best internal solar shading device 

reduces the cooling demand more than the worst external 

solar shading devices. The conclusion of this is that 

external solar shading devices are not always better than 

internal solar shading devices.  

The internal roller blinds and venetian blind have the 

same g-value independent of orientation and site, but the 

cooling demands differ. This depends on the climate and 

the timing between internal load and façade sunlight. The 

g-values do not say how the shading devices affect the 

cooling demands in a dynamic case with various 

ventilation and internal loads.  

The peak cooling demand was decreased by 48 % for 

the most efficient external device while the best internal 

solar shading device reduced the peak cooling demand by 

43 %. Using solar shading devices may result in a need 

for a less powerful cooling system, and this may also 

affect how HVAC systems are designed. 

The conclusion of this study is that solar shading 

devices have the potential to substantially decrease the 

cooling demand in offices (both peak load and annual 

demand) which means that both the initial investment 

cost and the ongoing operating costs of the cooling 

system are significantly reduced. With a well thought out 

design, it should be possible to avoid cooling systems 

using solar shading devices in northern climates.  
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Björn Karlssona, Arne Roosb

aDivision of Energy and Building Design, Department of Construction and Architecture Lund University,

PO Box 118, SE-221 00 Lund, Sweden
bDepartment of Engineering Sciences, Uppsala University, Box 534, SE-751 21 Uppsala, Sweden

Received 2 October 2004; accepted 30 December 2004

Abstract

Glass with low-e coatings based on SnO2 (usually referred to as hard coatings) provides a

cost-effective replacement of one of the panes in ordinary double-pane windows. It

considerably improves the energy efficiency of the window and at the same time preserves

the appearance of old hand-crafted windows. Adding a low refractive index anti-reflective

(AR) coating on both sides of the low-e coated pane in such a double-glazed window makes it

possible to achieve high light and solar transmittance, while the U-value remains unaffected.

In this study the influence on the daylight factor, solar factor and annual heating demand

when AR-coated low-e glass is used instead of normal low-e glass and ordinary clear glass has

been investigated for a typical multi-family dwelling in Scandinavia using energy and daylight

simulation.

For a double-glazed window with one low-e hard coating, light transmittance was found to

increase by as much as 15 percentage points, from 74 to 89% transmittance, if both panes were

AR-treated, while the emissivity of the low-e coated pane was virtually unaffected. Compared

to clear double glazing, the visual transmittance was increased by 7 percentage points. The

simulations show that the monthly average solar factor (g-value) increased by 7 percentage

points compared to the low-e double-glazed window without AR-coatings. The annual heating
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demand decreased by 4% due to the higher solar transmittance of the window. The AR-

coating increased the daylight factor by 21% according to the simulation. The study has

shown that the main benefit of using AR coatings in a low-e window is the improvement of

visual transmittance and the resulting increase in the daylight factor.

r 2005 Elsevier B.V. All rights reserved.

Keywords: Anti-reflective coatings; Low-e coatings; Energy simulations; Daylighting; Energy-efficient

windows

1. Introduction

The building sector accounts for about 40% of the total energy use in Sweden [1]
and the situation is similar in many other industrialised countries. In order to reduce
this share, it is important to find measures which address the existing building stock,
since new production accounts for only a small fraction of all buildings. Windows
have thus been identified as an important area for energy-efficiency improvements
since the transmission losses through a window may be ten times higher than
through the neighbouring wall, per unit surface area. Furthermore, it is easier to
renovate or replace windows than most other parts of the building envelope.
Generally, it is considered that windows from 1950 and earlier used wood of a high
quality, and contain architectural details worth preserving [2]. In such cases, it is
desirable to use measures for increased energy efficiency which do not destroy the
visual impression of the window and the facade. For multi-family houses in Sweden
built during the period 1960–1980, there is a great need for renovation or
replacement since the window quality declined during this period. This is an
excellent opportunity to address the energy-conservation issue.

One of the possibilities of achieving better thermal performance of existing
windows is by replacing one of the panes with a low-e coated pane. In traditional
double-glazed windows with two frames and a ventilated space, a hard low-e coated
pane based on SnO2 can be used. Previous research shows that the potential to
achieve a lower window U-value while preserving the aesthetics of the traditional
window is high [3]. It was shown that the total U-value for a typical double-glazed
window from 1880 was reduced from 2.44 to 1.60W/m2K, and in a double-window
construction typical from 1930, the U-value was reduced from 2.56 to 1.77W/m2K.
If the low-e coated pane is installed while the whole window is being renovated, it is a
highly cost-effective measure [4,5]. One of the problems with low-e coated windows
is, however, a slight decrease in the light transmittance that makes it somewhat
darker inside the building and gives a higher reflectance when viewed from the
outside. If several low-e panes are used, the room might be perceived as darker and
more enclosed [6]. Applying an anti-reflective coating (AR-coating) on the low-e
pane could be a way of reducing this effect. Previous studies show that the light
transmittance (Tvis) and the direct solar transmittance (Tsol) increase by up to 10 and
6 percentage points (see Table 3, below), respectively, by applying AR-coatings on a
single low-e pane [7]. The performance of a window including an anti-reflection-

ARTICLE IN PRESS

T. Rosencrantz et al. / Solar Energy Materials & Solar Cells ] (]]]]) ]]]–]]]2



Article II

41

treated pane as well as low-iron glass has been presented in a previous paper [8]. The
influence of the AR-coatings on the energy and daylighting performance for a typical
Scandinavian dwelling has been investigated in this paper. The software tools
ParaSol [9] and Radiance [10,11] were used to simulate the performance. More
general information about building simulation can be found in the literature [12–14].

2. Method

Five different types of glazing with various U-values and transmittance were
studied in this investigation: one standard clear double-glazed window (Clear DG),
one double-glazed window with one low-e pane (low-e DG), one double-glazed
window with one AR-treated low-e pane (AR low-e DG), one double-glazed window
with one low-e pane and both panes AR-treated (2AR low-e DG) and, finally, a
triple-glazed window with two low-e panes and all panes AR-treated (3AR 2low-e
TG), see Table 1. The SnO2-coated low-e pane was anti-reflection coated by dipping
the glass in a solution of silica sol diluted in ethanol, and the refractive index of the
silica layer was found to be around 1.4 [7]. The largest increase in the transmittance
arises from the SnO2-coated side, because the silicon dioxide is better index matched
to tin oxide than to glass. Similar types of coatings have been extensively studied but
to our knowledge so far not used in ordinary windows [15–17].

The energy simulation tool ParaSol v2 was used to estimate the monthly average
direct and total solar energy transmittance (Tsol and g-value) as well as the annual
energy demand. ParaSol defines a monthly average value of Tsol, taking into
consideration the actual climate and solar angles as well as the interaction (i.e.
absorption and reflection) with the internal surfaces of the room. The g-value is also
given as a monthly average in the ParaSol simulations. The definition of the average
g-value is given by Ref. [18]

gwindow ¼ Csun
window �Hsun

window � Cno sun
window þHno sun

window

I facade
, (1)

where I is the total solar irradiation, H is the heating requirement and C represents
the cooling requirement. This g-value differs from the g-value defined in standards
such as ISO9050 and EN410, as it takes different climate conditions into account
and also includes angular dependence. Accurate prediction of the angular
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Table 1

Glazing types in the studied double-glazed and triple-glazed windows

(a) Clear

DG (mm)

(b) Low-e

DG (mm)

(c) AR low-e

DG (mm)

(d) 2AR low-e

DG (mm)

(e) 3AR 2low-e

TG (mm)

First pane (outside) Clear 4 Clear 4 Clear 4 AR+Clear 4 AR+SnO2 4

Second pane (inside) Clear 4 SnO2 4 AR+SnO2 4 AR+SnO2 4 AR+Clear 4

Third pane (inside) — — — — AR+SnO2 4
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dependence is important for an accurate result since the incidence angle of the solar
irradiation is generally high for vertical surfaces [19–21].

Potential overheating problems were accounted for by looking at the number of
overheating hours. ParaSol simulates a room module with only one wall and one
window that faces the outside climate. The other three walls, floor and ceiling are
connected to other rooms with the same indoor temperature, i.e. adiabatic walls [22].
ParaSol is a public software tool developed by The Division of Energy and Building
Design, Lund University [9].

Each glazing type was studied in three different Nordic climates: Copenhagen
latitude 551N (DK), Stockholm latitude 591N (SWE) and Helsinki latitude 601N
(FIN). The Parasol simulations were also carried out for three major orientations
(N, S, W).

The investigated room was 20m2 (L�W�H ¼ 5.0m� 4.0m� 2.7m) and can be
regarded as a typical living room. The temperature set point was 20 1C for heating.
No consideration of the cooling demand was included in this investigation, since air
conditioning is not used in residential buildings in Scandinavia, although
temperatures higher than 27 1C were assumed to be avoided through cross-
ventilation. The ventilation rate was set to a constant value of 0.6 ach. The internal
heat load was 5W/m2 both day and night. The glass area was assumed to be 70% of
the window area, or approximately 2.1m2. The data are summarized in Table 2.

To simulate the daylight availability we used Rayfront v1.04. Rayfront is a user
interface to the lighting simulation software Radiance which is the industry standard
raytracing engine for lighting simulations [10,11].

The Rayfront simulations were performed to obtain the daylight factor, which is
defined as the ratio between the interior illuminance and the exterior illuminance
from an unobstructed overcast sky. The daylight factor was calculated 0.8m above
the floor level in the middle of the room. The window sill was also 0.8m above floor
level. The simulations were carried out for a standard CIE overcast sky with a
reference illuminance value of 13,827 lux (default value in Rayfront) for June 21st.
Since the daylight factor is independent of orientation and latitude for this overcast
sky condition, it was only studied for one location (Stockholm) and one orientation
(south).
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Table 2

Input data used in the energy simulations

Exterior wall U-value 0.4W/m2K

Room size L�W�H 5� 4� 2.7m

Window measurement incl. frame 2.31� 1.3m

(a) Clear DG U-value excl. frame 2.81W/m2K

(b) Low-e DG U-value excl. frame 1.85W/m2K

(c) AR low-e DG U-value excl. frame 1.85W/m2K

(d) 2AR low-e DG U-value excl. frame 1.85W/m2K

(e) 3AR 2low-e TG U-value excl. frame 1.30W/m2K

Ventilation (00-24) 0.6 ach

Internal heating load (00-24) 5W/m2
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The daylight factor is defined by

DF ¼ E i

Eo
, (2)

where Ei is the daylight illuminance on an indoor work surface and Eo is the
simultaneous outdoor daylight illuminance on a horizontal plane from an obstructed
hemisphere of overcast sky.

In Rayfront/Radiance the transmittance of the window is given by the
transmissivity parameter. The transmissivity is calculated from the light transmit-
tance of the window given by

Tvis ¼
Tvis1 Tvis2

1� Rvis1Rvis2
, (3)

where index 1 and 2 refer to the two panes and R and T represent reflectance and
transmittance, respectively.

The transmissivity parameter, Tr, was then calculated from the light transmittance
in Eq. (3) according to the Radiance Manual. Tr characterizes the optical losses in
the glazing apart from reflection losses.

T r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� RvisÞ4 þ 4ðRvisTvisÞ2

q
� ð1� RvisÞ2

2R2
visTvis

. (4)

The relevant solar optical properties of the different panes with and without coatings
are shown in Table 3.

The calculated solar and light transmittance and the transmissivity Tr for the five
glazing combinations are displayed in Table 4. It can be seen, for instance, that
applying a low refractive index AR-coating on both sides of the low-e coated pane in
a double-glazed window increases the light transmittance by 9 percentage points;
from 74 to 83%.

3. Results

The monthly average values of the direct solar transmittance, Tsol, and the solar
factor, g, for south and west orientations for the month of May for each window and
climate were calculated. The month of May was used to illustrate the differences
since it represents a month with rather high irradiation, with high solar altitudes and
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Table 3

Optical data for the individual glass types studied

Clear 4mm Clear+AR SnO2 4mm SnO2+AR 4mm

Tsol 0.86 0.91 0.69 0.76

Tvis 0.90 0.97 0.82 0.92

Rsol 0.07 0.03 0.12 0.05

Rvis 0.08 0.02 0.11 0.02
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high angles of incidence. As shown in Figs. 1 and 2, Tsol and g are higher for the west
orientation than for a south orientation, which can be explained by the lower angles
of incidence of the afternoon sun. It can be seen that the AR coating improves the g-
value by around 3–4 percentage points per treated pane compared to untreated ones.

The yearly variations in the monthly g-values are shown in Fig. 3. The diagram
shows that the g-value depends on the solar altitude because of the variations in the
average angle of incidence. The values are generally lower during the summer period
when the solar altitude is higher.

The difference between the average monthly g-values of the investigated windows
is slightly smaller than what can be expected from the Tsol values. This is explained
by the impact of the low emittance of the outer surface of the inner glass, which
means that a higher fraction of the absorbed radiation is emitted towards the room.
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Fig. 1. The average monthly g-values and Tsol-values for each type of window in a south orientation in

Stockholm.

Table 4

Optic and visual input data for the glazing types studied

(a) Clear DG (b) low-e

DG

(c) AR low-e

DG

(d) 2AR low-e

DG

(e) 3AR 2low-e

TG

Tsol 0.74 0.59 0.63 0.69 0.57

Tvis 0.82 0.74 0.83 0.89 0.82

Rsol 0.12 0.16 0.12 0.07 0.10

Rvis 0.15 0.18 0.09 0.04 0.06

Tr 0.89 0.76 0.90 0.96 0.89

U 2.80 1.85 1.85 1.85 1.30

ga 0.79 0.74 0.78 0.83 0.69

Values calculated from Eqs. 1–3.
ag-value according to standard ISO9050.

T. Rosencrantz et al. / Solar Energy Materials & Solar Cells ] (]]]]) ]]]–]]]6



Article II

45

The results of the ParaSol simulations of the heating demand are shown in
Figs. 4–6. Fig 4 shows the annual heating demand for the room with the window in a
south orientation and for each glazing type and climate. For the Stockholm climate
the annual energy demand per unit floor area decreases from 65 to 56 kWh/m2 when
one pane in the double-glazed window is replaced by a low-e pane and to 55 kWh/m2

when we introduce the AR-coating. The low-e AR DG decreases the energy demand
by almost 2% compared to the low-e DG, corresponding to around 14 kWh/m2 of
glazed area. Fig. 5 shows the annual heating demand for the room with the window
in a north orientation for each glazing type and climate. In this case the AR low-e
DG decreases the energy demand by 1% compared to the low-e DG, corresponding
to around 6 kWh/m2 of glazed area. For a north facing window the solar irradiation
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Fig. 2. The average monthly g-values and Tsol-values for each type of window in a west orientation in
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0

20

40

60

80

100

J M M J S NF A J A O D

Months

g
-v

a
lu

e
 (

%
)

(d)

(a)

(c)

(b)

(e)

Fig. 3. The g-values for a window in a south orientation given as the average monthly values for

Stockholm.

T. Rosencrantz et al. / Solar Energy Materials & Solar Cells ] (]]]]) ]]]–]]] 7



Performance of Energy Efficient Windows and Solar Shading Devices

46

is low and the influence of the improved g-value becomes less significant. For all
climates, replacing one of the panes in a double-glazed window from a clear to a low-
e coated pane reduces the heating demand by 12–14%. Applying an AR-coated low-
e pane reduces the heating demand somewhat further, by approximately 1–2%. The
total energy saving for this room is about 180–260 kWh/yr, corresponding to
85–125 kWh/m2 of glazed area, when replacing the clear DG with AR low-e DG
window.

The monthly heating demand is shown in Fig. 6 for the two extreme windows in
Table 4. There is a clear difference between the clear DG unit and the 3AR 2low-e
TG unit. It should be pointed out that both these windows have the same visual
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transmittance. The g-value is lower for the triple-glazed unit than for the double-
glazed one, but the lower U value more than makes up for this. With no AR
treatment the difference would have been less pronounced in Fig. 6.

The indoor temperature during the summertime should not be too high in order to
maintain a comfortable indoor environment. The most common way of reducing
overheating in multi-family houses in Nordic climates is to use cross ventilation by
opening windows. Cross-ventilation can increase the ventilation rate to several air
changes per hour. However, in this study the room was simulated with a constant
ventilation rate of 0.6 ach and the hours with a temperature over 27 1C were assumed
to be removed by cross-ventilation. Fig. 7 illustrates this as a duration diagram for
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Stockholm for a south orientation. The Copenhagen and Helsinki climates have very
similar results and are not shown here.

The calculated daylight factor and illuminance for the mid-point of the room for
Stockholm are shown in Table 5. The results for Copenhagen and Helsinki are
similar and therefore not presented. By applying an AR-coating on a low-e coating,
the mid-point daylight factor in the room increases from 2.07 to 2.29 or by
approximately 11%. The difference in Tvis between low-e DG (b) and AR low-e DG
(c) is 9 percentage points (see Table 4) and almost the same as the difference in
daylight factor. A comparison between U-value and daylight factor is illustrated in
Fig. 8. An ‘‘ideal’’ window would be represented by a point in the bottom right-hand
corner.

4. Discussion and conclusions

When existing windows need to be renovated there is large potential for improving
the energy efficiency of the whole building by replacing one of the clear panes with a
low-e pane. ParaSol simulations show that the annual heating demand can be
reduced by 12–14% for normal-sized windows in existing multi-family dwellings,
where the glazed area is around 10% of the floor area. AR-treatment of the low-e
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Table 5

The midpoint daylight factors and illuminance 0.8m above floor level for Stockholm in a south orientation

(a) Clear

DG

(b) Low-e

DG

(c) AR low-e

DG

(d) 2AR low-e

DG

(e) 3AR 2low-e

TG

Illuminance (lux) 320 286 317 346 320

Daylight factor (%) 2.31 2.07 2.29 2.50 2.31
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Fig. 8. Plot of U-value versus illuminance for the tested windows.
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coating gives a modest further reduction of the heating demand. The low-e coating
increases the indoor temperature and therefore also the risk of overheating.
The impact of the AR-coating on the indoor temperature was however very small.
The real benefit of using AR-coatings in combination with a low-e coating is the
improvement of the light transmittance and the daylight factor. The Rayfront
simulations showed that both the daylight factor and the illuminance increased by
11% compared to the low-e DG. The daylight factor with the AR low-e coated
window actually reached a slightly higher level than the standard clear DG window.

A conclusion of this investigation is that the AR-coating on a low-e pane in a
double–glazed window is justified because of the improvement of the daylight
quality, rather than from the somewhat lower energy demand that it brings. The
situation may be different in other climates with more solar radiation in winter and
higher solar altitudes. The g-value then has a larger impact on reducing the total
annual energy demand. Anti-reflection treatment of the uncoated outer glass will
also increase Tvis, Tsol and the g-values by a factor of at least 1.05, but this also
means that both panes have to be replaced during renovation.

The anti-reflection coating in our investigation consists of a porous silicon oxide
layer. Similar types of coatings are used on the cover glass on solar collectors and
have been shown to be very durable, but they will never be as hard as an uncoated
glass surface. For such reasons it may not be feasible to use AR-coatings on the
outside surface. For the triple-glazed window, the four protected surfaces in the IG
unit could be AR treated without concern for scratch resistance. This investigation
has only considered what is optically possible, without looking at the economy. The
retrofit market is extremely large and when existing windows are upgraded, it is
usually not feasible to increase the size of the windows. In order to maintain the
indoor daylight level when clear uncoated glass panes are replaced with low-e panes,
AR-treatment could be an economically feasible alternative, especially in a scenario
with increasing energy costs.
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G-VALUES OF SOLAR CONTROL WINDOWS WITH INTERNAL SOLAR SHADING DEVICES 
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Abstract – Buildings with large glazed façades usually have a solar control glazing. Internal solar 

shadings are often required in order to reduce glare. The effective g of the solar shading device, defined 

as the ratio between g of the window-shading system and g of the window, is highly dependent on which 

types of panes it is combined with. This dependence of the performance of the internal solar shading 

device will be analyzed in this article. Measurements of windows with absorbing and non-absorbing 

panes in combination with non-ventilated internal solar shading devices are evaluated and compared with 

computer simulations. The measurements were performed with a solar simulator, which has rather 

parallel light beams and measures the total solar transmittance of the window and the solar shading with a 

calorimetric box. Simulations were made with the software ParaSol v2.0, developed at the department of 

Energy and Building Design. 

The g-value of internal solar shading varies with up to a factor of two depending on the window 

properties. Therefore the g-value of internal solar shading should always be defined together with the 

combining window. Simulations, static calculations and measurements show relatively good agreement. 

The uncertainness of the measurements increases with the fraction of secondary transmitted heat. 

Therefore the largest relative error occurs for windows with very low g-values. Internal sunshades are 

effective if they are highly reflecting and used in combination with non absorbing glazings. Internal 

sunshades should not be combined with an absorbing window with very low g-value.  

 

 

1. INTRODUCTION 
 

In office and public buildings in Sweden windows and 

glazed façades with solar control glazing are commonly 

used. In this article we have studied the effect of having 

internal solar shading devices in combination with solar 

control glazing. Internal sunshades are attractive for 

installation in large area glazing. To evaluate a system of 

solar control window with internal solar shading device, 

measurements and simulations of different combinations 

were performed. The measurements were performed 

indoors in the Solar Simulator at Lund University. The 

measurements were compared with computer 

simulations. Comparison of simulations and outdoor 

measurements for internal and external solar shadings has 

earlier been reported with good agreement by 

(Rosencrantz, 2003) and (Bülow-Hübe et. al. 2003). The 

aim of this paper is to analyze the interaction between the 

g-value of the shading device and the solar absorptance of 

the window for both measurements and simulations.  

 

2. METHOD 
2.1 Material and optical data 
Three different double-glazed window units (DGU) and 

four internal solar shading devices were studied, see 

Table 1 and 2. The window manufacturer was Glaverbel 

(http://www.glaverbel.com). The delivered products were 

Planibel Clear, Stopray Safir and Stopray Deep Blue. 

Planibel Clear, which is a clear DGU also worked as the 

reference glazing. Stopray Safir and Deep Blue are both 

solar control glazing with a metallic coating on the inner 

side of the outer pane. All three windows were equipped 

with 8 mm panes and the volume between the panes was 

filled with Argon. The rather thick panes is a requirement 

in large glass façades in order to fulfil mechanical 

demands.  

 
Table 1  Window data from the manufacturer. Explanation of the 

parameters; ST – Direct Solar Transmission, VT – Visual Transmission, 

VR – Visual Reflection and g-value – Total Solar Transmission or Solar 

Factor.  
 

Windows

Param. 

Planibel 

Clear 

Stopray 

Safir 

Stopray  

Deep Blue 

Outer pane 8mm Clear 8mm Safir 8mm Deep Blue 

Space 15mm AR 15mm AR 15mm AR 

Inner pane 8mm Clear 8mm Clear 8mm Clear 

ST (%) 62 30 8 

VT (%) 79 61 17 

VR (%) 14 15 5 

g-value* (%) 71 35 10 

U-value** (W/m2) 2.6 1.1 1.1 

* - according to standard EN410.  

** - according to standard EN673. 

 

AB Ludvig Svensson (http://www.ludvigsvensson.com/), 

the manufacturer of the solar shading devices, delivered 

four shades for this study, Optic (white), Ombra (white 

and black) and Mood (grey), see table 2 for optical data. 



Performance of Energy Efficient Windows and Solar Shading Devices

54

 2

 
Figure 1  Picture of the solar shading devices Optic, Mood, Ombra 

black and Ombra white showed from the upper left corner to the lower 

right hand corner. 

 
Table 2  Solar shading device data from manufacturer. Explanation 

of the parameters; ST – Direct Solar Transmission, SR – Solar 

Reflection, SA – Solar Absorption, VT – Visual Transmission, O-F – 

Openness factor  
 

Shadings 

Param. 

Optic 

white 

Ombra 

white 

Ombra 

black 

Mood 

grey 

ST (%) 3 38 32 12 

SR (%) 75 48 42 62 

SA (%) 22 14 25 26 

VT (%) 3 38 27 10 

O-F (%) 0 23 21 8 

 

Optic is a very dense fabric, since the openness factor is 

0 and the solar transmittance is 3%. The other devices 

have higher transmittance and lower reflectance, see 

Figure 1. This means that these four solar shading devices 

affect the heat losses, the solar transmittance and the 

glare in different ways.  

 

2.2 Solar laboratory 

The measurements were performed with the large area 

parallel beam solar simulator in the research group for 

Energy and Building Design, Lund University (Bülow-

Hübe and Wall, 2003). The solar simulator is constructed 

for characterization of sunshades, windows and solar 

collectors in a standardized way (Håkansson, 2003). The 

stability of the lamps has since been improved by 

omitting the thyristor control and instead reduces the 

ballast. The centre lamp, which provides most of the 

irradiation for this set up, is actively kept constant with 

on/off control for a small fraction of the ballast. The light 

distribution has been made more uniform by adjustment 

of the parabolic reflectors. Figure 2 presents the light 

distribution of the simulator. 
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Figure 2  Light distribution of the calorimetric window in the solar 

simulator. 

 

As seen in figure 2 the irradiance varies between 

800 W/m² and 1200 W/m². The mean intensity over the 

whole 1.3 × 1.3 m2 area of the calorimetric window is 

950 W. For this study the window area was limited to 1 × 

1 m2, which improves the uniformity. The light intensity 

was 1025 W/m2 and the standard deviation was 100 W 

during the measurements. To increase the convective heat 

transfer losses a row of fans were installed in front of the 

window (Bülow-Hübe and Wall, 2003).  

Every combination of window and solar shading was 

irradiated with perpendicular light in the solar simulator 

during 3 hours before a measurement period was made. 

Three hours is required to get steady-state conditions. The 

high solar absorption and the thickness of the panes 

resulted in a large thermal inertia of the tested windows. 

The windows were fixed to the calorimetric box by an 

aluminium frame. The aluminium frame is normally used 

for attaching windows and glazings in typical glass 

façades. The solar shading devices were applied with an 

approximately 8 mm distance from the calorimetric plate. 

The distance between the window and solar shading 

device was 140 mm and the volume was non ventilated, 

see figure 3. 
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Figure 3  Section of the calorimetric box and the dimensions 

mentioned between the ventilated solar shading and window.  

 

2.3 ParaSol simulation input 

ParaSol v 2.0 is a simulation software developed at the 

division of Energy and Building Design at Lund 

University (Wall and Bülow-Hübe, 2003). ParaSol is 

freeware and possible to download from a website on the 

internet (www.parasol.se). ParaSol is based on a dynamic 

energy simulation engine named DEROB-LTH. ParaSol 

simulates an office module with only one wall and one 

window that abuts to the outside climate while the other 

walls are adiabatic walls. ParaSol contains a library with 

climate files for various international cities. A climate file 

is always required for a simulation. The database of solar 

shadings contains internal, interpane and external 

shadings and it is easy to expand the database with new 

products. The aim of ParaSol is to facilitate a comparison 

of windows and solar shading devices.  

The dynamic solar transmittance simulation is used in 

ParaSol where the direct transmittance (T-value) and the 

total transmittance (g-value) of the window and solar 

shading device are simulated. The solar transmittance 

simulation takes the climate, irradiation and angle 

dependence into account (Wall and Bülow-Hübe, 2003). 

During the solar transmittance simulation the actual g-

value for the window is calculated. The g-values are 

given as monthly averages. During one solar 

transmittance simulation, ParaSol first simulates the 

window together with the sunshade and then only the 

window. Both cases are also simulated with and without 

solar radiation. The definition of the average sunshade g-

value is given by equation 1 (Wall and Bülow-Hübe, 

2001). 

  

window

system

sunshade
g

g
g                                                   (1)   

                   

The simulations in this article are performed for 

December values with low angle dependence of the 

window while normal incidence was performed for solar 

shadings thereby comparable to the measurements.  

Based on the optical input data of the windows, ParaSol 

also makes a steady state calculation of the transmittance, 

g-value and U-value according to the international 

standard ISO 15099. These values are calculated for 

normal incidence angle. The ParaSol steady state 

calculations resulted in the following parameters for the 

windows, Table 3.  

 
Table 3  Window properties from ParaSol calculated using a steady-

state procedure.  
 

           Window 

Parameter    

Planibe 

Clear 

Stopray 

Safir 

Stopray Deep 

blue 

ST (%) 61 25 5 

g-value (%) 72 34 14 

U-value (W/m2) 2.6 1.2 1.2 

 

The difference between the values in Table 1 and Table 

3 depends on different calculation standards. EN 410 

calculates the g-value from spectral data while ISO 15099 

calculates the net heat flow through the system with 

incident solar radiation.  

 

3. RESULTS AND DISCUSSION 
3.1 Results of measurements 

In this section the measured and simulated results will 

be described and discussed. The results of fifteen 

measurements are shown in table 4.  

 
Table 4  The measured g-values of windows and internal solar 

shading devices in different combinations and the manufacturer’s data 

for the bare window.  
 

            Param. 

 

Window 

Solar shading 

 

g-system 

(%) 

g-

sunshade 

(%) 

g-value 

Glaverbel 

(%) 

Planibel Clear  x 71.0 - 71 

Stopray Safir x 35.4 - 34 

Stopray Deep B x 17.4 - 10 

Planibel Clear Optic white 30.3 42.6  

Planibel Clear Ombra white 43.8 61.7  

Planibel Clear Ombra black 48.2 67.9  

Planibel Clear Mood 33.1 46.7  

Stopray Safir Optic white 17.3 48.8  

Stopray Safir Ombra white 24.3 68.6  

Stopray Safir Ombra black 25.2 71.1  

Stopray Deep B Mood 20.7 58.3  

Stopray Deep B Optic white 12.1 68.6  

Stopray Deep B Ombra white 13.4 76.1  

Stopray Deep B Ombra black 13.2 75.0  

Stopray Deep B Mood 12.3 69.5  

 

The agreement between measured data and data given 

by the manufacturer is satisfying for the Planibel Clear 

and the Stopray Safir. The high absorbing Stopray Deep 
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blue window shows a large difference between measured 

and given values, where the difference is 7 percentage 

points. This is probably explained by the low external 

convective heat transfer coefficient in the measurement 

set up. It is only half of the value that is used in the EN 

410 standard calculations. Another explanation could be 

that the spectral content of the solar simulator is different 

from the solar spectrum, which affects the solar 

transmittance of the selective coating in the window.  

 

3.2 Results of ParaSol simulations 

The ParaSol simulations are presented in table 5 and in 

the figures 4-8 and 10-12. For all three bare windows the 

simulated g-values were somewhat lower compared to the 

steady state calculation and measurements The 

simulations and measurements show good agreement for 

Mood and Ombra white, figure 5-6, while differences are 

visible for Optic white and Ombra black. 

 
Table 5  The simulated g-values from ParaSol for windows and solar 

shadings. 
             Param. 

 

Window 

Solar shading 

 

g-system 

(%) 

g- 

window 

(%) 

g-

shading 

(%) 

Planibel Clear Optic white 24.7 68.1 36.4 

Planibel Clear Ombra white 42.9 68.1 63 

Planibel Clear Ombra black 43.6 68.1 64.1 

Planibel Clear Mood 32.7 68.1 48 

Stopray Safir Optic white 15.7 31.9 49.2 

Stopray Safir Ombra white 22.7 31.9 71.1 

Stopray Safir Ombra black 23.1 31.9 72.6 

Stopray Safir Mood 18.9 31.9 59.2 

Stopray Deep B Optic white 6.8 10.9 61.8 

Stopray Deep B Ombra white 8.5 10.9 77.8 

Stopray Deep B Ombra black 8.6 10.9 78.8 

Stopray Deep B Mood 7.6 10.9 69.1 

 

For every solar transmittance simulation in ParaSol the 

monthly average g-value of the window and solar shading 

device as well as the g-value for the system is obtained.  

 

3.3 Comparison of measurements and simulations 

The comparison of measured, ParaSol simulated, 

ParaSol steady-state calculated and manufacturer window 

g-values are shown in figure 4. 
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Figure 4  Comparison of the g-values of the windows for 

measurements, ParaSol simulations, ParaSol steady-state calculations 

and manufacturer values.  

 

The g-values agree very well except for the measured 

value for the Stopray Deep Blue window. The ParaSol 

simulations show some differences compared to the 

manufacturer values. The difference between 

measurements and manufacturer value could possibly be 

explained by the differences in the external heat transfer 

coefficient. The external heat transfer coefficient for the 

measurement was 10 W/m2K while for the manufacturer 

value it was 23 W/m2K according to the the EN 410 

standard. This could also be explained by the fact that the 

g-values of the ParaSol simulations are determined for 

small angle of incidence during the simulated period. In 

the standard EN 410, normal incidence is assumed.  

Comparison of measured and simulated g-values of the 

shading devices are shown in figure 5 – 8. Figure 5 shows 

the Optic shading combined with all three windows for 

both measurements and simulations. The g-value and the 

efficiency of the shading device are dependent on the g-

value of the window. A low window g-value results in a 

relatively high g-value of the shading. The difference 

between the measured g-value and the simulated g-value 

could be explained by the differences in the g-value of 

the windows, figure 4.  

The Optic solar shading is very dense with zero 

openness factor. This leads to a high dependence of the 

window on the g-value of the sunshade, see figure 5.  
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Figure 5 Measured and simulated g-value of the Solar shading Optic 

white in combination with three windows.  

 

The measurements and simulations of Mood are shown 

in figure 6 and show good agreement. 

0

10

20

30

40

50

60

70

80

90

100

Mood Mood Mood

Planibel Clear Stopray Safir Stopray Deep Blue

g
-s

u
n
s
h
a
d
e
 (

%
)

Measurements

ParaSol simulations

 
Figure 6 Measured and simulated g-value of the Solar shading Mood in 

combination with all three windows.  

 

For Ombra White the simulations give somewhat higher 

values than the measurements. The difference is in the 

order of 1-2 percentage points, figure 7.  
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Figure 7 Measured and simulated g-value of the solar shading Ombra 

white in combination with all three windows.  

 

For Ombra Black the difference between the 

measurements and simulations tend to depend on the 

absorption of the solar shading and the difference in 

window g-value.  
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Figure 8  Measured and simulated g-value of the Solar shading Ombra 

black in combination with all three windows.  

 

The effective g-values of the solar shading devices 

according to eq 1 are highly dependent of the g-value of 

the window. As seen in figure 5, the g-value of Optic 

varies with a factor of 1.6 between using Planibel Clear 

and Stopray Deep Blue. The solar shading g-value also 

depends on the optical data for transmittance, reflectance 

and absorptance. The agreement between simulations and 

measurements seems to be very high. The difference 

between measurements and ParaSol simulations, for all 

four solar shading devices, could be derived from 

possible errors in measurements and simulation methods. 

The differences of window g-value evaluated from 

measurements and simulations values make the disparity 

of the solar shadings g-values. The largest difference 

occurs when Optic is measured and it could be attributed 

to the denseness and high reflectance of the solar shading 

that makes the g-value dependence of the window 

absorptance relatively high. This is because a reflecting 

sunshade interacts with solar radiation and heat in 

different ways.  On the other hand Ombra Black has the 

lowest reflection and the highest absorption that makes 

the g-value dependence of the combining window 

relatively small, a factor of 1.1.  

 

3.4 The system g-value 

Instead of using the g-value of the internal solar shading 

device itself it is better to use the g-value of the system, 

which characterizes the window and solar shading 

together. The g-value for the measured systems are 

shown in figure 9.  
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Figure 9  Measured g-values for the three glazing systems alone and in 

combination with the four shading devices.  

 

The system g-values decrease with increasing window 

absorption. As seen in figure 9 the g-values of Stopray 

Deep Blue together with different shadings were almost 

the same for all four systems. The system g-values from 

ParaSol simulations are shown in figure 9. The same 

tendency as in figure 9 is evident, although all values are 

lower for the ParaSol simulated windows.  
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Figure 10  Simulated g-values for the three glazing systems alone and in 

combination with the four shading devices. 

 

Defining internal solar shading together with the 

combining window gives a more reasonable value of the 

g-value. As seen in Figure 9 and 10 a higher reflectance 

of the solar shading device affects the system g-value and 

the influence of the window g-value decreases 

considerably. To illustrate this effect we simulated an 

ideal solar shading (with extreme reflection) with 99 % 

reflectance and 1 % absorptance.  
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Figure 11  The simulated system g-value of the extreme reflection 

compared to the other system g-values and to the window g-values. 

 

Figure 11 confirms that the influence of the window 

diminishes with the increasing reflectance of the solar 

shading device. The system Planibel Clear with the 

extreme reflectance sunshade reaches the same efficiency 

as the system Stopray Safir while the system of Stopray 

Deep blue still is somewhat lower. The simulated g-value 

of the extreme reflectance solar shading compared to 

Optic is shown in figure 12.  
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  Figure 12 The simulated extreme reflectance solar shading compared 

to Optic and the g-value of the windows. 

 

For the extreme reflectance solar shading the g-value 

becomes as low as 12 percent when it is combined with 

the Planibel clear window.  

 

4. CONCLUSION 
By measuring and simulating 4 solar shadings and 3 

different windows it is shown that the efficiency of an 

internal shading device depends strongly on the 

properties of the window that it is combined with.  

Therefore, we suggest that the g-value of internal solar 

shading should always be defined together with the 

combining window or else the g-value could be 

misleading. The most fair option is to always state the 
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total g-value of the whole system; i.e. window plus 

shading device. 

Measurements and standardized calculations of g-values 

for windows and solar shadings will always differ 

somewhat depending on the measuring situation, 

differences in methods and measurement inaccuracies. 

However, our simulations, static calculations and 

measurements show relatively good agreement. The 

largest relative error occurs for windows with very low g-

values. 

Internal sunshades are effective if they are highly 

reflecting and used in combination with non absorbing 

glazing. There is a potential to further decrease the g-

value by using materials with very high reflectance.  

Internal sunshades should not be combined with an 

absorbing window with very low g-value. 
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A NEW MODEL AND METHOD FOR DETERMINATION OF THE INCIDENCE ANGLE DEPENDENT  
G-VALUE OF WINDOWS AND SUNSHADES 

 

Tobias Rosencrantz, Johan Nilsson, Björn Karlsson 
Energy and Building Design, Lund University, P.O. Box 118, Lund, SE-221 00, Sweden,  

Phone Number +46 46 22 48 51, Fax +46 46 222 47 19, e-mail: tobias.rosencrantz@ebd.lth.se 

 

 

Abstract – The development of a new method for modelling the incidence angle dependent g-value of 

asymmetric sunshades is described. The new model is tested by monitoring the g-value of four different 

sunshades and also by performing ray tracing. For asymmetric components, an overall biaxial incidence angle 

modifier can be used in order to model the optical efficiency properly. One example of this is a product model, 

where the incident angle modifier is approximated by factoring it into two components 

g( L, T)=gL( L, 0)gT(0, T). In the equation above, the index T denotes the transverse and L the longitudinal 

planes. The longitudinal plane is the plane including the surface normal and a line along the window extension, 

and the transverse plane is the plane including the surface normal and perpendicular to the longitudinal plane. 

This means that the model described by equation 1 is strictly correct only when radiation is incident in either of 

the analysis planes. In order to better characterise the incidence angle dependence of asymmetric components, an 

alternative method is suggested in this paper. In this model, the influence of the glazing and of the sunshade on 

the system is studied separately: gsys( i, T) = gw( i)gsh( T). In this equation, the factor gw( i) basically gives the 

influence of the glazing and gsh( T) gives the influence of the sunshade. This equation is, in principle, different 

from the product above since L is not used. gsh( T) is obtained as a ratio between gsys(0, T) and gw(0, T): gsh( T) 

= gsys( L=0, T)/gw( L=0, T). This equation is also valid for plane windows having gsh( T) = 1 resulting in g being 

a function only of , just as expected. In the T plane, the incoming radiation is first transmitted through the 

sunshade and then transmitted through the glass. Geometric effects and multiple reflections in the sunshade 

affect the system g-value. In the L direction, the properties of the glass are important. This means that the 

incidence angle dependence in the L direction of a window with a sunshade device should be similar to the 

dependence in the overall direction for a plane window. 

 

 

 

 

 

1. INTRODUCTION 
1.1 Background  

Solar shading devices are used in buildings to lower the 

energy consumption for cooling and to increase the 

indoor comfort by preventing overheating (Bülow-Hübe, 

2001). Today there is no standard procedure for the 

characterisation of exterior sunshades which are not 

parallel to the glazing surface. The standard ISO 15099 

only accounts for internal and interpane solar shadings 

situated parallel to the panes with intimate thermal-

optical contact. We suggest a method for this 

characterization by applying a new biaxial incidence 

angle model for both a window and solar shading. This 

could also lead to improvement in understanding the 

optimized design and geometry of the solar shading. This 

could make it easier to choose the right solar shading 

device for a specific building.   

 

1.2 Measurements of g-value 
The g-value or the total solar energy transmittance is 

defined as the direct transmittance through the glazing 

system plus the energy absorbed in the system which is 

transmitted towards the room (ISO 15099). The g-value 

is thus a measure of the efficiency of the solar shading 

device.  

The g-values of several shading devices on the market 

have been measured using both outdoor guarded twin-

boxes and an indoor solar simulator in the Solar Shading 

project (Wall & Bülow-Hübe, 2001 & 2003). However, 

the g-value was for the most part not evaluated against 

the incidence angle of the solar radiation.   

 

1.3 Objectives 
The objectives of this paper are to apply an angle 

dependence model for external asymmetric solar shadings 

in combination with a window. Characterization of 

different external solar shadings and ray tracing 

simulations are performed in order to verify this new 

model. 

 

1.4 Biaxial model for incidence angle dependence 
For asymmetric components, an overall biaxial 

incidence angle modifier can be used in order to model 

the optical efficiency properly. McIntire presented a 

biaxial incidence angle modifier for the optical efficiency 

of asymmetric concentrating solar collectors. The 

incidence angle modifier was obtained from 

measurements in the perpendicular transverse and 

longitudinal directions (McIntire, 1982). Equation 1 

defines this model. 
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G( L, T) = GL( L,0)GT(0, T)       (1) 

 

In the equation above, T and L, denotes the angular of 

incidence projected in the transverse and the longitudinal 

planes. The longitudinal plane is the plane including the 

surface normal and a line along the window extension, 

and the transverse plane is the plane including the surface 

normal and perpendicular to the longitudinal plane, 

according to fig 1. In equation 1, the angular dependence 

of the window is determined from measurements made in 

two orthogonal planes, figure 1. 

 

 
Figure 1. The projected traversal and longitudinal planes and 

the angles T and L projected in these planes. 

 

tan2 i = tan2 L + tan2 T                                      (2) 

 

Figure 1 and equation 2 shows the relation between the 

incidence angle ( i) and the two projected angles T and 

L. The model described by equation 1 is strictly correct 

only when radiation is incident in either of the analysis 

planes (Nilsson et al., 2005). 

 

1.5 Sunshades studied 

Four different solar shadings were studied; Venetian 

blind, Awning, Diffuse film, and Screen. The Venetian 

blind was characterized outdoors, while the others were 

measured indoor in the Solar Simulator of Energy and 

Building Design, Lund University. The awning and the 

Venetian blind are asymmetric shadings while the screen 

and the diffuse film are symmetric shadings.  

 

2. THE NEW MODEL AND METHOD OF 
VALIDATION 

 

2.1 New model 

In order to systematically characterize the incidence 

angle dependence of asymmetric components, a new 

method and model is suggested in this paper. In this 

model, the influence of the glazing and of the solar 

shading on the system g-value is studied separately. If the 

sunshade has no edge effects and do not introduce any 

light scattering an optical model given by equation 3 is 

proposed. 

 

gsys( i, T)=gw( i)gsh( T)                                   (3a) 

 

gw( i)=gw( L, T)                                                         (3b) 

 

gsh( T)=gsys( L=0, T)/gw ( T)                                      (3c) 

 

gsys is the measured g-value of the sunshade in 

combination with the window. gw is the measured  g-

value of the bare window. 

In this equation, the factor gw( i) basically gives the 

influence of the glazing and gsh( T) gives the influence of 

the solar shading. Equation 3 is, in principle, different 

from equation 1 since L is not included. gsh( T) is 

obtained as a ratio between gsys and gw( T). Equation 3 is 

also valid for plane windows having gsh( T) = 1 resulting 

in gsys being a function of only i, just as expected. In the 

T plane, the incoming radiation is first transmitted 

through the solar shading and then transmitted through 

the glass. Geometric effects and multiple reflections in 

the sunshade affect the g-value. In the L direction, the 

properties of the glass are important. This means that the 

incidence angle dependence in the L direction of a 

window with a transparent solar shading device should be 

similar to the dependence in the overall direction for a 

plane window.  

 

gsys( L, T=C)  gw( i)                                     (4) 
                            
Most sunshades introduce scattering. This means that the 

g-value functions will be affected and the function 

gsh( L, T=C) is expected to show a weaker angular 

dependence than gw( i). Many sunshades like awnings 

exhibit edge effects. This means that equation 3 has to be 

extended with an end effect function h ( L) 

 

gsys( i, T, L) = gw( i)gsh( T)h( L)             (5) 

 

2.2 Outdoor measurements of external solar shadings 

Four different types of external solar shading devices 

were characterized indoors and outdoors. The Venetian 

blind was measured outdoor in the hot box arrangement 

at Energy and Building Design, Lund University (M.Wall 

and H Bülow-Hübe, 2001). Two well insulated vertical 

boxes with constant temperatures measured the energy 

flow through windows and solar shading devices. Both 

boxes faced south direction. One box with a window only 

served as a reference box and the other box had both 

window and solar shading. The g-value of the solar 

shading was then defined as: 

 

gsh =
 gsys /gw                                      (6) 

 

The windows were double glazing units with 4 mm 

clear glass and 12 mm space between the panes. The 
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measurement methodology and techniques are described 

in details elsewhere (Wall and Bülow-Hübe, 2001). 

The Venetian blind was measured in both horizontal and 

vertical position. The angle of the lamellas of the 

Venetian blind was 0  for both the horizontal and vertical 

placement, seen in figure 2.  

 

 
 

 
 Figure 2. Drawing of the studied Venetian blind. a. Horizontal. 

b. Vertical. 
 

The Venetian blind was measured near spring equinox 

when the transverse projected incidence angle ( T) is 

constant 34  at latitude 56°, see figure 3. When the blind 

was aligned vertical, fig 2b, the measurements gave the 

incidence angle dependence in the transverse plane at a 

constant longitudinal angle of 34°. By measuring both 

vertical and horizontal, it was possible to obtain the 

dependence in both longitudinal and transverse direction. 
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Figure 3. The projected transverse and longitudinal angles ( T) 

( L) and the incidence angle ( i) at the equinox, when T=(90-

latitude) 
 

2.3 Indoor measurements of external solar shadings 
The measurements were performed with the solar 

simulator in the solar laboratory Energy and Building 

Design, Lund University see (Wall and Bülow-Hübe, 

2003). The solar simulator makes indoor measuring 

possible for sunshades, windows and solar heating 

components in a standardized way. The irradiance 

incident on the window and calorimetric box was 950 

W/m2 at normal incidence. The measurements were 

performed for incidence angles corresponding to the 

equinox thereby making the comparison with the outdoor 

measurements convenient. The indoor measurements 

were performed for awning, diffuse film and screen, 

where the diffuse film and screen were mounted closely 

to the window.  

 
Figure 4. Principal drawing of the awning.  

 

The calorimeter window was a double glazed unit 

(DGU) with 4 mm glass panes and 12 mm space between 

the panes, i.e. the same configuration as for the outdoor 

measurements.  

 

2.4 Ray tracing simulations 

The optical simulations were performed in a 

commercial ray tracing program, ZEMAX (ZEMAX, 

2005). 

The light incidents on the window system and the 

fraction of the light transmitted through the system were 

detected. The blind material was simulated by the optical 

properties of aluminium at a wavelength of 550 nm with 

a refractive indices of n=0.96093 and k=-6.6856. The 

reflectance at normal incidence was 85%. Five percent of 

the reflected light was reflected specularly and the 

remaining was supposed to be diffusely reflected with a 

Lambertian distribution. The simulated window consisted 

of two panes with 4 mm glass, with a total transmittance 

of 69% at normal incidence.  

The source of 2 500 rays was placed vertically outside 

the external light detector and the angle of incidence was 

varied in each simulation. In one set of simulations, the 

longitudinal angle was kept at 34º and the transverse 

angle was varied from 0º to 88º in steps of 2º. This should 

be identical to the measurements performed at the spring 

equinox with the blind rotated 90º, fig 2b. The other set 

was performed at a constant transverse angle of 34º, 

equal to the transverse angle at the equinox in Lund, 

Sweden, fig 2a. The longitudinal angle was then varied 
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from 0º to 88º in steps of 2º. This gave a total of 88 

simulations. 

The estimated error in the derived transmittance of the 

system was 2% for each angle of incidence. 

 

3. RESULTS, ANALYSIS AND MODELS 
 

3.1 Results of outdoor measurements on a Venetian blind 

The Venetian blind characterized outdoors is seen in 

figure 2. It was monitored in both horizontal and vertical 

position. In figure 5 results of measurements of the 

Venetian blind in the horizontal position is shown. The 

slat angle of the individual blinds is horizontal 0 . The g-

values of the system, window and sunshade are plotted in 

the graph, where the g-value of the sunshade is calculated 

from equation 3c. 
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Figure 5. Outdoor measurements of g-values of system, window 

and Venetian blind as functions of longitudinal angle L for a 

Venetian blind in horizontal position and 0  slat angle.  T=34°. 

 

The measurement as function of the longitudinal angle 

( L) ends at 75  since the measurement errors increases 

rapidly for high angles of incidence. 
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Figure 6 gsh-value of Venetian blind as a function of 

longitudinal angle ( L, ).  T=34°. 

 

In figure 6 the gsh-value of the Venetian blind is shown 

separately as a function of longitudinal angles. As seen, 

the gsh-values are nearly constant at angles up to 70 . This 

means that gsys and gw have a similar angular dependence 

in the longitudinal direction. Thus, equation 3 is valid for 

the blind. The g-value for a vertically placed Venetian 

blind, fig 2b, is shown in figure 7 as a function of the 

transverse incidence angle ( T).  
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Figure 7. The g-value of the Venetian blind in vertical position 

as a function of transverse angle ( T). T=34 

 

In figure 7 there is as expected a considerably larger 

variation of the g-values compared to the measurements 

in the longitudinal direction position. Figure 8 shows 

only the gsh-value of the Venetian blind as a function of 

the transverse angle. The gsh-values decreases with 

increasing T until complete shadowing occur and then it 

remains at a constant level, when the scattered light 

reaches the absorber. 
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Figure 8 gsh-value of the Venetian blind as function of 

transverse angle ( T). T=34. 

 

3.2 Comparison of measurements and ray tracing 

Figure 9 shows the gsh-value as a function of the 

transverse angle ( T) for a Venetian blind where the 

individual blinds is horizontal. The blinds are made of 

aluminum and the light reflected from the blinds is highly 

diffuse. Both the ray tracing and the measurements are 

included in the figure.  
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Figure 9. gsys-value of both ray tracing and measurements  for a 

Venetian blind with the window as function of the transverse 

incidence angle ( T).  

 

The graphs differ at large transverse angles due to the 

reflecting surface of the blind. The simulation assumes a 

large diffuse component with a Lambertian distribution, 

but the graphs indicate that the near specular component 

of the reflected light is higher. The overall agreement 

between measurements and ray tracing is satisfying. 

When the light is incident from the horizon, all of the 

light is transmitted directly through the blind, and almost 

nothing is reflected. As the transverse angle increases, 

more and more light is reflected from the blind, and less 

is transmitted directly. This can be seen from the almost 

linear decrease in transmittance with increasing angle of 

incidence. At approximately 42º, no light is transmitted 

directly and all light is reflected from the blinds. Since 

the surface is assumed to be nearly Lambertian, the 

incidence angle has an influence only on the small 

specularly reflected component. This is also seen in the 

figure 9, where gsys is almost constant above 42º.    

Figure 10 shows the transmission as a function of the 

longitudinal angle of incidence at a constant transverse 

angle of 34º. For small and medium angles, the gsh values 

are constant. At large longitudinal angles, the scattering 

of the reflected light decreases the reflectance of the 

window slightly and this results in an increasing 

transmittance of the system. The scattered light will 

suppress the angular dependence of the window. 

At longitudinal angles below 60º, gsh is constant and 

Equation 3a is valid. The ray tracing in figure 10 shows 

good agreement with the measurements in figure 6 for 

angles below 60°. For higher angles the ray tracing 

predict a higher gsh. This is explained by larger scattering 

for high angles of incidence in the ray tracing simulation.  
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Figure 10. gsh-value from ray tracing of Venetian blind as a 

function of the longitudinal angle ( L). T=34°. 

 

Figures 5-10 show that measurements of the transverse 

incidence angle dependence are enough to characterize 

the behavior of a Venetian blind for small and medium 

longitudinal angles. For very large longitudinal angles of 

incidence gsys increases due to scattering. The irradiance 

for these high angles is however low. Figure 11 shows a 

comparison between the model defined by Equation 3a 

and ray tracing simulations of the system for angles 

where T= L. Equation 3c has been used to obtain gsh( T). 

The model approximates the g-value of the system well 

for small and large angles. For incidence angles in the 

range of 30º-60º the model tends to overestimate the g-

value. This is due to the diffusing effect of the blinds, an 

effect that can not be described completely by incidence 

angle dependence in the transverse direction. The 

diffusivity tends to decrease the incidence angle at the 

glazing and this increases the transmittance of the glass 

for large angles of incidence. 
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Figure 11. Comparison of gsys from the model and ray tracing of 

the Venetian blind as a function of the angle of incidence in the 

plane where T= L. 
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3.3 Results of indoor measurements on an awning. 
The measurements of the awning are described in this 

section. Figure 12 illustrates the results of the 

measurements of gsh as a function of T for a light and a 

dark short awning characterized in the solar simulator. 
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Figure 12. gsh-values measured in the simulator of  relatively 

short awnings as function of the transverse angle T. 

 

Figure 13 shows the measurements at constant 

transverse angle of 34 , corresponding to equinox for a 

fully extended awning with its arm turned 120  from the 

original upper position in figure 4. The measurements 

were performed for 0  to 80  in the longitudinal direction.  

The awning has a more complex behavior than for 

example the Venetian blind since the awning exhibits 

edge effects at non zero angles in the longitudinal 

direction. As shown in figure 13 the g-value of the 

awning increases with increasing longitudinal angle, due 

to edge effects. 
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Figure 13 g-values of system, window and awning as functions 

of longitudinal angle L. T=34°. 

 

For a very long awning compared to the window the 

shadow should have covered the window for all L 

without any un-shaded edge effects. The gsys-value would 

then have been 0.08 for all L as indicated in figure 13. 

The gsh-value of the awning is dependent on both the 

longitudinal and transverse angles. The model of the 

awning is given by the extended equation 5, where h( L) 

gives the edge effect of the shading. The window 

dependency gw( i) is very small compared to the edge 

effect h( L) and can be included in the h( L)-function. 

This means that the angular dependence of the awning 

can be written: 

 

gsys( i, T) = gSh( T)h( L)                                              (7) 

 

3.4 Results of indoor measurements on a diffuse film and 

a screen. 
The diffuse film and the screen are symmetric and have 

the same optical geometry in all directions. Figure 14 

shows the g-values of the diffuse film, window and 

system as function of the longitudinal angle L. 
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Figure 14. g-values of system, window and diffuse film as 

function of longitudinal angle L. T=34°. 

  

The gsh -values for the diffuse film is nearly constant. 

This means that gsys for the diffuse film is similar to the 

window gw for angles between 0  and 80 . The 

measurements of higher angles increase the measurement 

errors and the inaccuracy, therefore they are not shown 

here.  

A screen fabric was measured in the same mode as the 

diffuse film with a constant transverse angle of T=34 . 

The screen was very dense with only 3 % direct 

transmittance. Thus, most of the transmitted rays were 

diffusely scattered. In figure 15 the g-values of the 

system, window and screen are shown as a function of the 

longitudinal angle. The g-values of the screen gsh are 

nearly constant and follow the angular dependence of the 

window g-value, gw.  
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Figure 15.  g-values of system, window and screen as a function 

of the longitudinal angle L. T=34°. 

 

It can be concluded that the g-value of the diffuse film 

and the screen is almost independent of the longitudinal 

incidence angle. This means that angular dependence of 

the diffuse film and the screen can be written  

 

g sys( i, T) = gw( i)gsh( T)                                             (8) 

 

and the shadow function gsh( T) is an angular 

independent constant. 

 

In table 1 the models are summarized. 

 
Table 1 Summary of equations presented in the paper.  

              Parameters 

Shades 
 gw( i) gsh( T)=  h( L) 

1. Windows  gw( i) 1 1 

2. Shades without 

scattering 
 gw( i)  gsh( T) 1 

3.Venetian blind  gw( i)  gsh( T) 1 

4. Awning 1 gsh( T) h( L) 

5. Screen / Diffuse 

film 
 gw( i)  gsh( T)=C 1 

 

 

4 CONCLUSION 
We have shown that the proposed model can be used 

for Venetian blinds, Awnings, Screens and Diffuse films. 

The model describes the incidence angle dependence of 

the Venetian blind well. In the case of the Awning, the 

model has to be extended to account for the effect of the 

edges at non zero longitudinal angles. For the symmetric 

Screen and Diffuse film, the shading devices can be 

modeled by a constant as the gsh of the shading is 

independent of the angle of incidence.  

Another effect that was observed was the increased g-

value of the window at high angles of incidence when the 

solar shading devices tend to diffuse the irradiance. A 

window normally has low g-value at large angles of 

incidence, but since most of the shading devices diffuse 

the light as it is transmitted, some of the transmitted light 

is incident on the window at angles where the g-value of 

the window is higher. This means that the product model 

under estimate the g-value of the system, gsys and the g-

value of the shading device, gsh, for high angles of 

incidence.  
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