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Abstract
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Successful integration of daylighting systems requires the ability to predict their performance
for given climates. In this dissertation, a bottom-up approach is applied to evaluate the optical
performance of a selection of daylighting systems. The evaluations are based on the optical
properties of the included materials, and part of the dissertation focuses on developing new
optical characterization methods.

The work on characterization techniques uses an integrating sphere method to characterize
the transmittance of light scattering samples more accurately. The method's principle is to reduce
the discrepancy in light distribution between the reference and the sample scans by using an
entry port beam diffuser. For samples exhibiting distinct light scattering patterns, the benefits
of improved uniformity outweigh the errors introduced by the diffusing material. The method is
applicable to any integrating sphere instrument, and its simplicity makes it suitable for standard
measurements.

In addition to normal-hemispherical properties, many daylighting applications require
knowledge of the system's spatial light distribution. This dissertation presents a method
combining experimental techniques and ray tracing simulations to assess the light distribution
from a Venetian blind system. The method indicates that ray tracing based on simplified optical
data is inadequate to predict the light distribution for slat materials exhibiting both specular and
diffuse properties.

Ray tracing is a promising complement to experimental methods used to characterize light
guiding or light redirecting systems. Here, spectrophotometric measurements of a scaled mirror
light pipe validate a ray tracing model. The model shows excellent agreement with experimental
results for both direct and diffuse incident light. The spectral evaluation shows no dramatic color
changes for the transmitted light. The ray tracing model is used to evaluate four daylighting
systems for a selection of Swedish locations. The percentage of occupied time when the studied
systems achieve full design illuminance is relatively low, but the systems provide a valuable
contribution to the required illuminance.

Additionally, this dissertation provides an overview of available energy efficient windows and
illustrates the importance of including the solar energy transmittance when evaluating window
energy performance.

Overall, this dissertation presents optical characterization techniques for improved
performance evaluations of daylighting systems.
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“Now this is not the end.
It is not even the beginning of the end,

but it is, perhaps, the end of the beginning.”

Winston Churchill
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1. Introduction

In 2007, the European Union (EU) made a long-term commitment to reduce
energy use and increase the integration of renewable energy sources by adopt-
ing the Energy Security and Solidarity Action Plan [1]. The plan targets a 20%
reduction in greenhouse gas emissions and primary energy use compared to
1990’s levels by 2020 and committs to increasing the share of renewable en-
ergy sources to 20% by 2020. The action plan was implemented to tackle
Europe’s dependency on energy imports and break its trend of increasing en-
ergy use. Energy-efficiency was determined to be the most cost-effective way
to reach the proclaimed goals and the building sector was identified as a top
priority [2].

1.1 Energy in buildings

Energy use in buildings has increased by 1.5% annually since 2004 [3], and
the building sector currently accounts for 40% of the total energy use in the
EU [4]. The potential for cost-effective savings is significant, and the recast of
the Energy Performance of Buildings Directive in 2010 [4] was an important
legislative step towards transforming this potential to saved energy.

The directive emphasizes the importance of considering the long-term impact
of new construction and significant renovations and the necessity that these

meet or exceed current energy performance requirements. Multiple studies
have shown that energy is used predominantly during the operational phase

for both commercial [5, 6] and residential [7, 8] buildings. The importance of
the operational phase is embraced by low-energy and zero-energy buildings

[9], which require little or no additional energy for their heating. These build-
ings rely on highly insulated air-tight building envelopes and heat recovery
ventilation for their energy performance. Especially in well sealed buildings
and cold climates, the use of heat recovering ventilation systems can save
significant amounts of energy [10]. Mechanical ventilation systems are, how-
ever, uncommon in older residential buildings where air exchange is obtained
by leakage through the building envelope.

Although, high energy standards for new buildings are important, the major

challenge is improvement of existing structures. The rate of new construction

11



in the EU is low, and it is estimated that up to 75% of year 2050’s building

stock already exists [11]. Furthermore, the rate of construction is expected to

slow down as a result of the economic crises. Improvements of old buildings

are, therefore, crucial in order to meet the energy-saving goals. More than 50%

of residential buildings were constructed before 1970 [12] and thus predate

building energy codes that were implemented in many countries in the 1970s,

following the energy crises. Many of these buildings are characterized by large

thermal losses, and improvements of the insulation level and airtightness of

the building envelopes offer significant saving opportunities [2, 13].

While residential buildings account for 68% of the building sector’s total en-
ergy use, the specific energy use, measured per square meter floor area, is on
average 40% higher for commercial buildings [14]. This indicates that signif-
icant energy savings are possible in commercial buildings as well [15]. The
commercial sector is more heterogeneous, comprising offices, retail stores,
hospitals, hotels, restaurants, schools, and sport centers. Each one of these
buildings vary greatly in use-patterns, heating and cooling requirements, inter-
nal heat gains, and appliances. Given that all of these properties greatly affect
the energy use of the building each building type needs to be treated seperately
in terms of energy efficiency measures. A general trend for the whole build-

ing sector, and for commercial buildings in particular, is a higher electricity

demand. During the past 20 years the electricity use has increased an astonish-

ing 74% and it now represents 48% of the energy use in commercial buildings

[14]. Contributing factors are expanded use of air conditioning, IT equipment,

and electrical appliances, and it has also been suggested that higher thermal

comfort demands have impelled the electric energy use [3]. Even in cold cli-

mates many commercial buildings have significant cooling needs as a result

of substantial internal and solar heat gains.

The large fraction of electricity use in the commercial sector makes the im-
plementation of energy management systems, that control and monitor the

energy use in buildings, an important energy-savings strategy [2, 16, 17]. The

management systems are especially effective at reducing the energy used for

electric lighting, which represents approximately 25% of the total energy use

and is thereby the single largest energy end-use in commercial buildings [18].

Energy savings are achieved by the management system through the imple-

mentation of occupancy sensors [19] and dimming controls [20], that limit
the operating time and intensity of the lamps. Dimming controls are generally

coordinated with daylight sensors and intended to optimize the utilization of
daylight for interior lighting [21].
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1.2 Daylight in buildings

There is no doubt that light plays a fundamental role in the perception of build-

ings. The practice of using natural light to illuminate the interior of buildings
has always been an integral part of the architectural process and is generally

referred to as “daylighting” [22, 23]. In addition to forming pleasant spaces,
daylighting has also shown great potential to reduce energy use and promote

comfort and health of the building inhabitants [24].

The energy-saving potential for daylighting strategies has been estimated to

be up to 80%, but predicted savings vary significantly depending on location,

building type, current lighting installation, and the daylighting strategy that

is employed [25]. It is, however, important to note that daylighting does not

save energy in itself, but that energy is saved when the electric lights can be

switched off or dimmed down. In addition to electric light savings, the large

luminous efficacy of daylight could potentially reduce the internal heat gain

and thereby lower the cooling energy load [26]. However, especially for cold

climates, it is important to include heating in the energy balance calculation,

since reduced internal heat gains may increase the heating load during the

winter season [27].

Although energy-savings are of highest priority, it is crucial that energy effi-
ciency measures are achieved without compromising the quality or comfort

of the daylit space. Due to the subjective nature of comfort, the evaluation of
visual and thermal comfort is complex. Daylight induced thermal discomfort

occurs less frequently than visual discomfort due to the smoothing effect of
the thermal inertia of the building [28]. Thermal implications of daylight are

important from an energy perspective, but in terms of comfort visual aspects
are generally more compelling.

Visual discomfort can have several causes such as glare, non-uniformity, or
sudden changes in illuminance [29]. Glare, and many other visual discom-

forts, are difficult to both measure [30] and predict, but more accurate and
sophisticated glare metrics are being developed [31, 32]. The prediction of

glare is complicated by its dependence on numerous factors such as view di-
rection, position in the room, and the surrounding environment. Studies have

shown that less discomfort is reported from windows with an aesthetic view
[33, 34, 35] and there is a well established preference for windows [36]. In
addition to daylight, windows provide a connection to the surroundings, in-
formation about the weather conditions, and cues to the time of the day. Such
environmental information is important for our well-being. Considering that

we spend more than 80% of our time in buildings, improved comfort can have
significant impacts [17].

Even though the energy use for lighting is one of the biggest primary energy

end-uses, the economical benefits of energy savings are relatively small com-
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pared to those that can be achieved through higher productivity and fewer

sick days [24]. Studies performed by the Heschong Mahone Group has linked

increased productivity of office workers [34] and improved performance by

students [37] to daylighting.

The benefit of daylighting has traditionally focused on the visual aspects of

light. However, during the past decade there has been an increased interest
in the effects of light on our sleep-and-wake cycle. Light is the primary trig-

ger for maintaining a 24-hour day cycle, and the effect of compromised en-
vironmental light cues can, for example, result in jet lag [38] and seasonal

depression [39]. Several factors of the light exposure, such as clock time, in-
tensity, wavelength, and duration, influence the effect it has on the circadian
system [40]. Efforts are underway to understand better the effects of these fac-
tors, including the brain mechanisms that are involved [41], and to incorporate
non-visual effects into daylighting practices [42]. Developments in these ar-
eas could potentially lead to advancement of daylighting systems and further
improvement of daylight in buildings.

Daylighting systems are developed for interior illumination of buildings and

should lead to energy-efficient lighting and comfortable and healthy inhabi-
tants. Daylighting systems include systems for both daylight admittance and
daylight blocking, and windows are by far the most common type of daylight-
ing system. Following the energy crises in the 1970s many buildings were
designed with small openings to improve the energy efficiency [17]. Windows
were, at that time, the weak link in the the building envelope and generally
associated with significant thermal losses. Thanks to improved coating tech-
nology and better frame construction, windows are no longer necessarily heat
drains in the building energy balance. This has given architects greater free-
dom in selecting the size and placement of the openings [43], and it may have
contributed to the trend of large glazing façades.

Large glazed areas, which are particularly common in office buildings, have,
however, led to issues with overheating and visual comfort. The importance
of including appropriate shading has thus been stressed [4]. Most shading sys-
tems are designed to either remove the direct component of the incident light,
reduce the overall transmittance, or distribute the light more evenly in the
space. Static shadings profit from simplicity, but can not be adjusted depend-
ing on season and exterior conditions. Full daylight and thermal potential may,
hence, not be achieved [44].

A fenestration system that scatter or redirect incident light are referred to as

a complex fenestration system (CFS). Laser-cut panels [45], prismatic glaz-

ing [46], venetian blinds, and roller shades are only a few examples of CFSs.

These devices generally serve more than one purpose and can be employed

for glare and heat gain control, privacy, visual effects, and improved daylight

uniformity.
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Daylighting systems specifically developed to redirect light deeper into the

building are referred to as light guiding or core daylighting systems. These

systems redirect light using horizontal [47, 48] or vertical [49] ducts lined

with highly reflective materials, heliostats [50], or fiber optic cables [51, 52].

These systems are a valuable complement to windows for illumination of the

building core, and a more extensive review is provided in chapter 3.3.2.

1.3 Evaluation of daylighting systems

As noted, daylighting shows great promise for reducing energy use and im-

proving the well-being of the building inhabitants. There is a plethora of day-
lighting systems available that strive to achieve these goals by introducing

more daylight into a space and/or minimizing visual discomfort. Success-
ful integration of these systems is dependent on accurate knowledge of their

properties and the ability to predict their performance for a given climate and
installation [53, 54].

The most comprehensive performance determinations are obtained from full
scale installations over long periods of times, where not only physical proper-
ties are monitored, but also human preferences evaluated [55]. Installation of
technology in a real environment is especially valuable for proof of concept
and to determine the inhabitants’ interactions with and perceptions of the sys-
tem. However, the physical performance is commonly specific for the given
installation and it may be difficult to apply these results in a standardized fash-
ion [56]. Although this type of evaluation is desirable, it is generally expensive
and not suitable for standardized assessments.

Scale models, where a mock-up of a building is evaluated under a sky and/or
sun simulator, are a commonly used approach for both research and practice in
the architectural field. Use of scale models are a valuable method for obtaining
a visual impression of the space, assessing glare risks, and comparing shading
strategies [57]. However, when used for quantitative evaluations scale models
frequently overestimate the daylight performance, and errors of 30–50% are
reported [58]. Inaccuracies are related to a lack of detail in the model design
and the difficulty of reproducing optical properties of interior surfaces [59].
The discrepancies can be reduced by careful model design, where both ge-

ometries and materials match the real space. It is, however, challenging to
create accurate miniaturized replicas of complex fenestration systems [60].

The use of simulations for daylighting analysis has increased thanks to im-
proved computer power and software. A survey from 2004, indicated that 79%

of the practitioner that included daylight in their design used simulation soft-
ware for the evaluation [61]. In research, Radiance is the most commonly used

and widely validated calculation engine [62], which can be used directly or
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through interfaces such as Daysim, Adeline, and Ecotect. Radiance employs

backward ray tracing to produce photo realistic visualizations and quantify

light intensities of a space. The evaluation requires input data that describe

the daylight condition, the geometry and materials of the space, and available

light sources such as luminaires and daylighting systems. The program is able

to simulate both diffuse and specular properties and can accept detailed optical

data as input [63]. However, as a backward ray tracing tool, Radiance is not

able to simulate directly systems with a high number of internal reflections,

such as core daylighting systems [64]. Recently added capabilities do, how-

ever, make it possible to evaluate light redirecting and complex fenestration

systems if the detailed optical properties are known [65].

Experimentally, the optical properties are determined using spectrophotome-
try. Different measurement techniques are used depending on the optical prop-
erty that is sought and the type of material or system that is investigated. Given
that all non-tracking daylighting systems are exposed to light from different
directions, it is necessary to know their optical properties as a function of
incident angle. For specular glazing systems, the angle dependence can be ob-
tained through extrapolation of optical properties determined at near normal
angle of incidence [66]. However, for complex or light redirecting systems
near normal measurements are generally not sufficient to obtain their angle
dependent properties [67]. Furthermore, to be able to predict the light’s spa-
tial composition in a room, the distribution of the emerging light must be
known. Specific instruments, goniospectrophotometers, have been developed
for this purpose and are used to determine the optical properties as a function
of both incoming and outgoing angle [68]. In principle, experimental tech-
niques are preferred, but full characterization of complete systems are gener-
ally time consuming and many instruments are also limited to certain sample
geometries. Simulation based methods, such as forward ray tracing, are hence
promising complements to experimental methods [69]. Forward ray tracing,
requires that the optical properties of the included materials are known and
some experimental measurements are therefore frequently required. These are
generally less complicated than measurements of a whole system.

In addition to knowledge of the optical properties, weather data are needed to
evaluate the actual performance of a daylighting system. Due to seasonal vari-
ations in solar position and outdoor temperature, an annual evaluation of the
performance is generally preferred. Independent of whether an experimental
or simulation based optical characterization approach is used, the combination
of optical and weather data almost always results in large data sets. It is desir-
able to express these data in a more aggregate format to make the performance
evaluation more comprehensible. Compressed performance data are generally
expressed using a parameter or metric, and are valuable for comparisons of
different systems. Numerous metrics are available to evaluate the performance
of windows, however, for complex systems the work has only begun.
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1.4 Structure of dissertation

This dissertation applies a bottom-up approach to evaluate a selection of day-

lighting systems. The starting point for the system evaluation is the optical
properties of the included materials. The research work is presented in two

chapters; chapter 2 treats the optical characterization using spectrophotome-
try and chapter 3 uses optical data to evaluate the performance of a selection

of systems. Each chapter is initiated with theoretical background, which is
followed by results from the present work.

Following a review of the physical properties of light, sections 2.1 and 2.2 de-
scribe the detectable changes when light interacts with a material. Section 2.3
presents experimental methods based on spectrophotometry that are used to
evaluate the optical properties of materials. This section also includes the de-
velopment of a method for more accurate characterization of light scattering
samples using an integrating sphere instrument and the results from optical
measurements of a mirror light pipe. In section 2.4, a simulation based ap-
proach for optical characterization is presented. The approach is based on ray
tracing, and the section includes the optical characterization of both a Venetian
blind system and a selection of roof-mounted daylighting systems.

In section 3.1, an overview of metrics for performance evaluation of daylight-
ing systems and their components is provided. Section 3.2 applies the window

specific component metrics to provide a comparison of different types of en-
ergy efficient windows. An evaluation of the performance of a selection of

roof-mounted daylighting systems in a Swedish climate is provided in section
3.3.

The overall conclusions of this dissertation are presented in chapter 4, which
also includes possibilities for future avenues of research.
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2. Optical evaluation

The performance of all solar energy and daylighting systems is strongly de-
pendent on their optical properties. Optical measurements are, hence, central
in the development, optimization, and characterization of these systems. Op-
tical measurements are based on the detection of a change in phase, direction,
or intensity of incident light when it interacts with a material. This chapter re-
views these detectable properties of light, their changes upon interaction with
a material, and experimental and simulation based methods to evaluate them.

2.1 Physical properties of light

The importance of light in architecture is, as previously mentioned,
inarguable. Already, early civilizations realized its potential and necessity
and light has shaped buildings since the beginning of time. Light was early
on also a source of interest and fascination among scientists who tried to
describe its origin and nature. In this section, the physical properties of light
are outlined.

2.1.1 Electromagnetic wave

It is possible to describe light both as waves and particles. Under certain cir-
cumstances, such as cases that involve photon-electron interactions and for
some detection techniques [70], it is necessary to treat light as particles, al-
though for most applications both approaches are possible. The predominant
part of this dissertation treats light as an electromagnetic wave, shifting to a
particle approach only when discussing light sources and detectors.

An electromagnetic wave is defined by a magnetic and an electric field that
are oriented perpendicular to each other. The two fields are also oriented per-
pendicular to the propagation direction, making electromagnetic radiation a
transverse wave that can be described by Maxwell’s equations. A comprehen-
sive treatment of Maxwell’s equations can be found in numerous references
[71, 72, 73] and are not reviewed further here. For most optical applications
it is possible to omit the magnetic field, without significant inaccuracies, and
only consider the electric field.
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2.1.1.1 Polarization

When reviewing the concept of polarization it is helpful to divide the electric
field into an x- and a y-component traveling in the z-direction of a Cartesian
coordinate system. The fact that the electric field is perpendicular to the di-
rection of propagation is necessary for polarization to occur and longitudinal
waves, that vibrate in the direction of propagation, do not exhibit this behav-
ior. The x- and y-components of the electric field can be described as plane
waves with an amplitude and a phase. The amplitudes of the two waves com-
bined with the phase difference between them determine the polarization state
of the light. If the two components are in phase, then the electric field traces
a line and the light is linearly polarized. When the amplitude of the electric
field components are identical, but 90 degrees out of phase, then the light is
circularly polarized. Elliptically polarized light occurs if the two components

are in phase but with different amplitudes or out of phase, but not by 90 de-
grees, with the same amplitude [74]. If the phase between the two electric

field components changes rapidly, then the phase of the light is not well de-
fined and the light is unpolarized. The sun is one example of an unpolarized

light source, however, due to the scattering properties of the atmosphere the
light that reaches the surface of the earth is not unpolarized. Although polar-
ization is often viewed in terms of visible light, electromagnetic radiation of
any wavelength can exhibit polarization.

2.1.2 Electromagnetic spectrum

The electromagnetic spectrum ranges from high energy gamma rays with
wavelengths as low as 10−17 meters to low frequencies radio waves with
wavelengths above 102 meters. The wavelength of the wave significantly af-
fects how it interacts with a given material, and different units are therefore
used to describe different parts of the spectrum. The short wavelength radia-
tion is most commonly described in electron volts, long wavelength radiation
in hertz, and visible and infrared radiation in nano- or micrometers. The focus
of this work lies in the part of the electromagnetic radiation emitted from the
sun, the solar spectrum, but also touches upon long wavelength infrared radi-
ation. A basic understanding of electromagnetic radiation in these two parts
of the spectrum is essential for future definitions, so brief descriptions are
provided in the following two sections.

2.1.2.1 Infrared and blackbody radiation

The part of the electromagnetic spectrum with a wavelength that extends be-
yond visible light is referred to as infrared radiation. In more general terms,
this part of the spectrum is referred to as “heat”. Although this is basically
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correct, the denotation is somewhat misleading since waves from any part of

the spectrum can contribute to the heating of objects. The infrared spectrum is

frequently subdivided into smaller sections. These are generally defined based

on the sensitivity of common detectors, but due to the lack of a formal stan-

dard a few different definitions are used. For solar energy and window appli-

cations a subdivision into near-infrared, 780 nm < λ < 2500 nm, and infrared,
λ > 2500 nm, radiation is generally sufficient.

Infrared radiation is emitted by all objects with a temperature above zero
Kelvin. However, the phenomenon was first observed for heated objects and in

order to provide an explanation for their radiation distribution an ideal body, a
blackbody, was “invented”. The blackbody was assumed to be a cavity with a
perfectly reflective interior and only a small hole through which electromag-
netic radiation could be transfered [75]. This means that all light falling on a
blackbody is absorbed and the emitted light is caused solely by material os-
cillations [70]. Using this assumption Planck was able to derive his law for a
blackbody’s spectral radiance of electromagnetic radiation according to [76]

I(λ ) =
2πc2h

λ 5
(

1

ehc/λkBT −1
), (2.1)

where I is given in J/m2sμm, h is the Planck constant, kB the Boltzmann con-

stant, and T the temperature in Kelvin. It should be noted that the shape of the
curve is only dependent on the temperature of the blackbody and that the peak
of the radiation intensity is given by Wien’s displacement law according to

λmax =
2.8977685 ·10−3

T
. (2.2)

At room temperature, the peak falls well outside the visible part of the spec-
trum, but it is shifted towards shorter wavelengths with increasing tempera-
ture. This results in a temperature dependent color appearance of the object,
called incandescence that skilled blacksmiths can use to determine the tem-
perature of their goods.

2.1.2.2 Solar spectrum

Given that a blackbody is an idealized object, there are no true blackbody
emitters, but the spectrum from some materials and emission sources are rel-
atively close approximations. One example is the sun whose surface tempera-
ture results in an emission spectrum that closely resembles a blackbody radi-
ation curve of 6000 K [77].
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Figure 2.1: Spectral distribution of a 6000 K

blackbody, the extraterrestrial solar radiation

[78], the hemispherical distribution of AM1.5

for a 37◦ tilted plane [79], and normalized sen-

sitivity of the human eye [80].

The exact spectral composition

of the solar spectrum at sea

level depends largely on inter-

actions in and distance trav-

eled through the atmosphere.

This makes the spectrum depen-

dent on solar position, time of

year, and meteorological condi-

tions [76]. For most solar en-

ergy applications a standard-

ized spectrum for airmass 1.5

(AM1.5) is used. The number

1.5 refers to the one and a half

atmospheres that the radiation

is assumed to travel through be-

fore reaching sea level. This

corresponds to a solar alti-
tude angle of approximately 42◦
above the horizon and different AM1.5 spectra definitions are available for dif-
ferent meteorological conditions. An AM1.5 spectrum is shown in figure 2.1

together with the blackbody radiation curve of 6000 K, the extra-terrestrial
solar radiation, and the sensitivity of the human eye. As seen in figure 2.1, the

peak of the visual sensitivity coincides with the peak of the solar spectrum
when presented as a function of wavelength, and approximately 50% of the
energy from the sun falls within this spectral range.

The sensitivity of the human eye varies, not only for different individuals, but
also depending on the prevailing conditions and what visual receptors that are
stimulated. At comfortable or high light levels the cone receptors are respon-
sible for the visual impression and the bell shaped sensitivity curve peaks at
approximately 555 nm, as shown in figure 2.1. For low illumination levels
when the vision relies predominantly on rod receptors, the sensitivity curve
is shifted towards shorter wavelengths with a peak at approximately 500 nm.
Rod receptors dominate in dim conditions due to their higher light sensitiv-
ity, but cone receptors are responsible for our perception of colors and sharp
contrasts [81]. For most solar energy and daylighting applications, the visible
spectrum is limited to 380–780 nm with a peak at 555 nm.

The solar spectrum in figure 2.1 shows the spectral power distribution of day-
light under well specified conditions. It should, however, be remembered that

the hallmark of daylight is its variability. Daylight, a collective name for sky
light and sun light, varies in its spectral distribution, intensity, and composition

of direct and diffuse light. The variations depend on meteorological conditions
and location and take place over the course of the day and year. The light in-
tensity can vary from 1000 lux, for an overcast winter’s day, to 150,000 lux
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for a sunny summer’s day. The composition of direct sunlight and diffuse sky

light does not only affect the light intensity, but it also influences the corre-

lated color temperature of the light. The variations can range from 2000 K at

twilight to 40,000 K for a clear sky [82].

2.1.3 Photometric quantities

Figure 2.2: Schematic illustration of

photometric quantities.

A few radiometric and photometric

quantities have already been introduced
without providing clear definitions of

their meanings. The radiant flux, mea-

sured in watts, is the most fundamental
radiometric quantity, and it is a measure

of the energy flow emitted from a source
per unit time. Its photometric equivalent,

the luminous flux, can be obtained by
weighting the radiant flux to the sensitiv-

ity of the human eye. The luminous flux
is measured in lumen (lm), and the quan-

tity is used to evaluate a light source’s
output in all directions. For many light
sources, the light output varies depend-
ing on direction, and the luminous flux
emitted in a specific solid angle is re-

ferred to as the luminous intensity. It is used to describe the light distribu-

tion from a light source and is measured in lumen per steradian also called

candela (cd). The luminous flux and the luminous intensity are associated

to area weighted quantities illuminance and luminance, respectively. Illumi-

nance is defined as the ratio between the emitted luminous flux and the area

being illuminated. It is measured in lm/m2 or lux and is commonly used to
quantify lighting design criteria in building standards. The luminance is de-

termined in cd/m2 and is a measure of the perceived brightness. In-depth de-
scriptions of the photometric quantities can be found in, for example, optical

handbooks [83] and literature on lighting [81]. The application of photometric

measurements to lighting specifications has, furthermore, been presented by
Goodman [84].

2.1.4 Color of light

The photometric values described above are used to quantify the intensity of
light, but they do not distinguish between different wavelengths of light. Light
from two sources with identical lumen outputs can, hence, have distinctly dif-
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ferent colors. In addition to the spectral distribution, the perceived color de-

pends on the observer, the luminance level, and the surrounding environments.

Nevertheless, there is a need to quantify color variations and the CIE col-

orimetry methods are used for this purpose [80]. These methods are based on

functions that describe the perception of a standard observer. For colorime-

try calculations, the standard observer functions that describe the matching

of different colors are essential. These color matching functions ensure that

spectral distributions that represent unique colors have different positions in

the chromaticity diagram. Conversely, spectral distributions that are discerned

as identical colors have the same chromaticity coordinates. In this work, the

xy chromaticity coordinates and the CIELAB color space are used. Additional

quantities such as the correlated color temperature, color rendering index, and

Munsell system are also used to evaluate color properties.

The calculation of the tristimulus values according to

X10 = k10 ∑
λ

T (λ )S(λ )x10(λ )Δλ

Y10 = k10 ∑
λ

T (λ )S(λ )y10(λ )Δλ

Z10 = k10 ∑
λ

T (λ )S(λ )z10(λ )Δλ . (2.3)

is the starting point for determining the CIE chromaticity coordinates. The
calculation can be performed using the CIE 1964 color matching functions
for a 10◦ subtense, x10(λ ), y10(λ ), and z10(λ ), as in equation 2.3 or using
the CIE 1931 standard observer functions for a 2◦ field of view. In equation

2.3, S(λ ) is the spectral power distribution of the illuminant, and T (λ ) is the
transmittance of the sample. To evaluate the color of reflected light, the trans-

mittance is substituted with the spectral reflectance R(λ ). The normalization
factor, denoted k10, is determined for the respective illuminants using

k10 =
100

∑λ S(λ )y10(λ )Δλ
. (2.4)

Having determined the tristimulus values X10, Y10, and Z10, the chromaticity
coordinates are calculated according to

x10 =
X10

X10 +Y10 +Z10

y10 =
Y10

X10 +Y10 +Z10

z10 =
Z10

X10 +Y10 +Z10
, (2.5)
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where x10 + y10 + z10 = 1. The interdependence of the chromaticity coordi-

nates, makes it possible to present them in a 2D space using the x and y co-
ordinates. Strictly speaking, the chromaticity coordinates tell us if two colors
are identical or not. However, due to the lack of a luminance parameter it is
not possible to define precisely the actual color appearance.

In 1976, the CIELAB color space was introduced. The name is an abbrevi-
ation of the three included coordinates, L∗, a∗, and b∗, where L∗ defines the

lightness parameter. Similar to the xy chromaticity coordinates, the CIELAB
color space is defined based on the tristimulus functions according to

L∗ = 116

(
Y10

Yn

)
−16 (2.6)

a∗ = 500

[(
X10

Xn

)(1/3)

−
(

Y10

Yn

)(1/3)
]

(2.7)

b∗ = 200

[(
Y10

Yn

)(1/3)

−
(

Z10

Zn

)(1/3)
]

(2.8)

when (X10/Xn), (Y10/Yn), and (Y10/Yn) > 0.008856. In equations 2.6–2.8, Xn,
Yn, Zn, are the tristimulus functions of a perfectly white object illuminated
with the same light source as the sample. The a∗ and b∗, coordinates relate
to the perceived color, and an achromatic sample has a∗ = b∗ = 1. For posi-

tive a∗ coordinates, the color is shifted in the red direction, and for negative
a∗ coordinates the color is shifted in the green direction. Similarly, positive
b∗ coordinates denote a shift in the yellow direction, and negative b∗ coordi-
nates a shift in the blue direction [85]. Details on the calculation of these and
other color quantities can be found in the CIE colorimetry standard [80] and
multiple books that treat light and color [81, 86].

2.2 Interaction between light and materials

There are multiple ways for light to interact with a material and understanding
these is essential in order to select the most suitable measurement technique
and accurately interpret the acquired data. The interactions can be elastic,
resulting in a change of direction, or inelastic, for which both direction
and frequency are altered. Several imaging and material characterization
techniques are based on inelastic scattering, but this is beyond the
scope of this dissertation, which only considers elastic interactions.
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Figure 2.3: Schematic drawing of

transmission, reflection, and absorp-

tion when a incident light inter-

acts with a material. The transmit-

ted and reflected light can have reg-

ular/specular or diffuse properties de-

pending on surface or material proper-

ties.

When light propagates towards a mate-

rial there are three fundamental physi-
cal effects that can occur; transmission,
reflection, and absorption. Transmission

and reflection both occur at the inter-
face between two media and absorp-

tion takes place as the light propagates
through the material. These three effects

are shown schematically in figure 2.3,
which also introduces the concept of dif-

fusely scattered light. Diffuse properties
can originate from surface roughness as
well as scattering centers in the material
and are generally more difficult to deter-
mine than specular (regular in the case of
transmittance) properties. The first part
of this section focuses on the specular
(regular) properties of optical materials,
and the second part introduces some fun-
damental scattering mechanisms. How-

ever, it is important to keep in mind that
materials with a combination of specular

and diffuse properties are far more com-
mon than strictly direct or diffuse.

2.2.1 Refraction

Refraction, the “bending” of a wave, is one of the most fundamental laws
of geometrical optics. The change in direction is caused by the change
of speed when the light passes the interface between two materials with
different refractive indices. The dependence between angle of incidence,
θi, and the angle of refraction, θt , is given by Snell’s law according to

N1sinθi = N2sinθt (2.9)

when light passes the interface between two materials with refractive indices
N1 and N2. It should be pointed out that Snell’s law is only valid when the
incident and refracted light lie in the same plane as the surface normal of the
sample.
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A special case of Snell’s law, total internal reflection, occurs if the incident

light exceeds a certain critical angle, θc, and the light is traveling towards
a medium with lower refractive index (N1 > N2). At the critical angle, all
light is refracted along the surface of the material (θt = 90◦), and for angles
of incidence that exceed this critical angle all light is reflected back into the
material. The effect of total internal reflection is intentionally employed in
optical fibers and prismatic blinds, but it can also be a source of errors in
optical characterization.

The refractive index used in equation 2.9 consists of a real part, n, and an

imaginary part, k, according to

N = n+ ik (2.10)

where both n and k are dependent on wavelength. The imaginary part, also
known as the extinction coefficient, describes the absorption in the material

and the real part of the refractive index is the most important factor for re-
fraction. The wavelength dependence of n is known as dispersion, which in
accordance with Snell’s law results in different refractive angles for different
wavelengths. A beautiful example of dispersion is the occurrence of a rainbow
when light is refracted in individual water droplets.

2.2.2 Transmission, reflection, and absorption

So far little attention has been paid to the polarization of the incident light, but
this becomes important when oblique incident angles are considered. When
discussing the polarization characteristics of light in section 2.1.1.1 the elec-
tric field was divided into an x- and a y-component. However, the choice of
coordinate system is arbitrary and when a sample is introduced the coordi-
nate system is by convention based on the plane defined by surface normal
of the sample and the propagation vector. Light oscillating in this plane is
called p-polarized (p for parallel) and light oscillating perpendicular to this
plane is called s-polarized (s for senkrecht, perpendicular in German). Both
s- and p-polarized light are hence always perpendicular to each other and to
the propagation direction. The definitions for the two polarization states are
shown schematically in figure 2.4 when incident light (I) is transmitted (T )
and reflected (R) from a sample with its surface in the xy-plane. The angles of

reflection, θr, and refraction, θt can be determined using the law of reflection
and Snell’s law of refraction (eq. 2.9).

The amplitude of the parallel (‖) or perpendicularly (⊥) reflected and trans-

mitted light can be determined using Fresnel’s equations according to
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Figure 2.4: Definition of s- and p-

polarization for light incident on a

sample with its surface in the xy-

plane. The two polarization states

are always perpendicular to each

other and the propagation direction.

p-polarized light is parallel to the

plane formed by the propagation di-

rection and the surface normal. s-

polarized light is parallel to the sam-

ple surface.

r‖ =
N1 cosθt −N2 cosθi

N2 cosθi +N1 cosθt
, r⊥ =

N1 cosθi −N2 cosθt

N1 cosθi +N2 cosθt
(2.11)

t‖ =
2N1 cosθi

N2 cosθi +N1 cosθt
, t⊥ =

2N1 cosθi

N1 cosθi +N2 cosθt
(2.12)

where N1 and N2 are the refractive indices of the incident medium and the
sample and θi and θt are the incident and refracted angles.

The intensities of the reflected and transmitted light beams are obtained by
multiplying the amplitude values with their corresponding complex conjugate

according to R = rr∗ and T = N2 cosθt
N1 cosθ i tt

∗ for each polarization state separately.
The s- and p-polarized light reflected off the surface is thus determined by

R‖ =
(

N1 cosθt −N2 cosθi

N2 cosθi +N1 cosθt

)2

, R⊥ =
(

N1 cosθi −N2 cosθt

N1 cosθi +N2 cosθt

)2

.(2.13)

The angle dependence of the two polarization components are shown in figure

2.5 for a smooth bulk glass sample (N2 = 1.5) in air (N1 = 1.0). The divergence
between the s- and p-polarized light with increasing angle of incidence is ob-
vious and illustrates the importance of differentiating between the two states
of polarization at oblique angles of incidence.

The difference between the two polarization states reaches a maximum at ap-
proximately 57◦ where the p-polarized reflectance becomes zero and all ver-

tically polarized light is transmitted through the sample surface. This angle is
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Figure 2.5: Reflectance for per-

pendicularly (⊥) and parallel

(‖) polarized light as a func-

tion of incident angle for a bulk

glass sample (N2 = 1.5) in air

(N1 = 1.0).

called the Brewster angle and is determined by

θB = arctan
(

N2

N1

)
, (2.14)

which is derived by combining the condition, θi + θt = 90◦, and Snell’s
law [74]. Similar to dielectrics, absorbing materials also exhibit a minimum
of the p-polarized reflectance. The angle of the minimum is then called the
principle angle of incidence and the minimum is nonzero.

The absorption in a material is described by, α = 4πk/λ , which is known as

the absorption or attenuation coefficient. The attenuation of the incident light,
I0, due to absorption is exponential and the resulting intensity, I, is described

by
I = I0e−αd , (2.15)

where d is the distance traveled through the absorbing medium.

2.2.3 Scattering

So far, this chapter has treated the specular interactions between light and
material for smooth ideal samples. As seen, both the outgoing angle and the

relative intensity of the light are well defined by basic optical formulas. If a
certain knowledge of the material is given, then predicting the optical prop-
erties is straightforward. However, for diffuse or light scattering samples the
predictions are more complex. Light scattering can originate from the sur-
face as well as the bulk of the sample, and different interactions take place

depending on the scale of the scattering center. The type of scattering, is,
in other words, sample dependent and varies from perfectly homogeneous,

Lambertian, to extremely directional. The following sections are intended to
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provide a brief overview of a few common mechanisms for elastic scattering,

but several references are available that provide a more thorough treatment of

the topic [87, 88].

2.2.3.1 Surface scattering

If the scale of the surface roughness is greater than the wavelength of light, the

surface is by optical standards considered rough. The direction and intensity of

the scattering is then determined by considering the specular reflection of each

individual surface slope and is referred to as geometrical scattering. Given that
the s-polarization of the reflected light increases continuously with angle of
incidence, as shown in figure 2.5, the reflected s-component is the strongest for
angles higher than specular. If the incident angle is equal to the Brewster angle
the scattering is negligible in the specular direction, but with two scattering
lobes on each side of it [70]. Conceptually, geometrical scattering is easy to
grasp, but it is obvious that the calculations quickly become complex with an
increasing number of surface slopes. Furthermore, knowledge of the surface
profile is essential.

There are several theories available to predict light scattering from surfaces;
the two most fundamental ones being the Rayleigh-Rice [89] and the
Beckmann-Kirchoff theories [87]. The Rayleigh-Rice theory is valid for all
incident and scattering angles, but is only applicable to smooth surfaces. The
Beckmann-Kirchoff theory applies to rough surfaces, but for larger incident
and refractive angles its accuracy is limited. There is an obvious gap between
the two theories that several modified theories have attempted to bridge. An
extensive overview of several such theories was provided by Elfouhaily and
Guerin [90]. In the study, no method stuck out as consistently more accurate
and the authors concluded that it is still possible to improve surface scattering
theories.

2.2.3.2 Bulk scattering

Light scattered from the bulk is almost exclusively caused by impurities in the
bulk material. The “impurities” can be intentional or accidental and consist of

anything from air bubbles to particles of a different material. The amount of
light scattered from these impurities is determined not only by their geometry,

size, and material, but also by their distribution in the surrounding material and
the optical properties of this material. For particles that are much smaller than

the wavelength of light, the Rayleigh theory may be used. Rayleigh scattering
is not strictly elastic since there is a small frequency shift associated with the
change in direction. However for scattering in solids, the frequency shift is

generally so small that it is not detectable. The Rayleigh scattering is char-
acterized by a λ−4-wavelength dependence resulting in increasing scattering

for shorter wavelengths [70]. Rayleigh scattering is responsible for many blue
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colors in nature, such as the blue color of the sky and blue eyes. At sunrise

or sunset most of the blue light is absorbed due to the longer distance trav-

eled in the atmosphere, resulting in the sky’s red color. Rayleigh scattering

is also polarization dependent and unpolarized incident light results in partial

polarization of the scattered light. This phenomenon explains the predominant

vertical polarization of the sky.

Due to the small particle condition applied to Rayleigh scattering, it is pos-

sible to disregard the absorption in the particles without significant errors.
However for larger or highly absorbing particles, it is necessary to consider

their absorption in order to accurately describe the resulting scattering. The
Mie theory is valid for particles that are equal to or larger than the wavelength
of the incident light and accounts for the absorption of the particle. In order to
reduce the complexity of the calculations, the particles are generally assumed
to be spherical although this is rarely the case for real life applications [91].
The scattering from Mie particles is essentially wavelength independent and
frequently results in a white or gray color. It is, for example, the reason for
white clouds when incident light is scattered from larger particles in the air,
such as water droplets [70].

2.2.3.3 Bidirectional scattering distribution functions

The quantity frequently used to describe the light scattering from a sample is
called Bidirectional Scattering Distribution Function (BSDF). It is a collec-
tive term for the more specific bidirectional reflectance distribution function

(BRDF) and bidirectional transmittance distribution function (BTDF), used
to describe the scattering of reflected and transmitted light, respectively. The

bidirectional distribution function was first established by Nicodemus to de-
scribe the scattering pattern of light reflected from a sample, and as the name

implies, it is dependent on both the incoming and outgoing directions [92, 93].
The formal definition gives the BSDF as the scattered surface radiance (lumi-
nance) divided by the incident surface irradiance (illuminance) for a given
incident and scattering direction [88]. The BSDF can thus be written as

BSDF(θi,φi,θs,φs) =
Is(θs,φs)

ΩsIi(θi,φi)cosθs
, (2.16)

where Is(θs,φs) and Ii(θi,φi) are the light flux in the scattered and incident
directions, Ωs is the solid angle in the scattering direction, and θs is the angle
between the surface normal and the specific direction. The BSDF is hence a
function of four parameters expressed in sr−1.
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2.3 Experimental approach: Optical spectroscopy

Obtaining data from optical measurements is, as a general rule, not difficult.

The interpretation of these data, however, may be challenging. The under-
standing of the acquired data is in most cases improved by better knowledge

of the sample and the measurement technique. The previous section reviewed
the interactions between light and material and provided the theoretical equa-

tions for determining the transmission, reflection, and absorption of a sample.
In this section, optical measurement techniques used to determine these ex-
perimentally are reviewed and common sources of errors are discussed.

2.3.1 Basic principles

When the transmission, reflection, and absorption are determined experimen-
tally, the measurable quantities are denoted transmittance, reflectance, and ab-
sorptance. These quantities are defined as intensity ratios according to

T = IT /I
R = IR/I
A = IA/I (2.17)

where I is the intensity of the incoming light, and IT , IR, and IA are the intensi-
ties of the transmitted, reflected, and absorbed light, respectively. A condition
for the validity of equation 2.17 is that the transmittance, reflectance, and ab-
sorptance of the sample are independent of the intensity of the incident light
[94]. Although it is possible for absorbed light to leave the sample through

in-elastic effects, the absorptance is generally determined indirectly from the
transmittance and reflectance measurements by using the law of conservation

of energy which states that

T +R+A = 1 . (2.18)

T , R, and A are all dependent on wavelength, and in most cases incident angle.
In the case of transmittance and reflectance, it may in some cases be helpful
to separate the total transmitted or reflected light into its direct and diffuse
components according to

Ttot = Treg +Tdi f f

Rtot = Rspec +Rdi f f (2.19)

where the subscript diff denotes the diffuse portion of the light. The subscripts
spec and reg are abbreviations for specular and regular and denote the direct
component of the reflected and the transmitted light, respectively. It is im-
portant to point out that there are no available standards defining the angular
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extent of the two components, and the division into a direct and diffuse part

is therefore instrument dependent. Even though it is generally not possible to

compare specular and diffuse properties from different instruments the divi-

sion can give insights into the optical characteristics of the sample. The sepa-

ration into a diffuse and a specular component becomes especially meaningful

for light scattering samples and is reviewed in more detail in section 2.3.2.4.

2.3.2 Spectrophotometric measurement techniques

An instrument used to measure the properties of light for a specific range of

wavelengths is called a spectrometer. There is a great variety of spectroscopic
instruments available on the market that are used for analysis in a diversity
of fields. The instruments are commonly named depending on the wavelength
they cover, the physical design, or the analysis they provide. A spectrome-
ter intended for measurements in the UV–VIS–NIR wavelength range is, for
example, called a spectrophotometer. The following section provides a basic
overview of some common optical components and their function in an opti-

cal instrument. The focus is on UV–VIS–NIR spectrophotometers, but similar
components are used in several other optical instruments.

2.3.2.1 Instrument overview

The basic principle for a spectrophotometer is that light emitted from a light
source, interacts with a sample and the transmitted or reflected light is de-
tected. A parallel can be made to when sun light is reflected off a car and
reaches our eyes. The sun is in this case the light source, the car our sample,
and the eyes the detector. Our eyes are well equipped to determine the color of
the car and if a cloud passes they quickly adapt to the current light level. Our
eyes are in many ways excellent detectors; they have a great dynamic range,
can resolve different frequencies of light, and can detect small relative differ-
ences in intensity and color. However, due to eye’s logarithmic sensitivity, we
are poorly equipped to quantify what we see.

In an ideal instrument, the intensity of the incident light would only be affected

by the sample. There are, however, no such thing as an ideal instrument, and
the effect of the optical components is known as the instrument signature.

When constructing an instrument the aim is always to reduce the instrument
signature or alternatively carefully determine it to be able to apply appropri-

ate corrections. In the following section, the purpose of the most common
components are reviewed and some of their possible effects on the instrument
signature provided.

To start with, a light source is needed. It can be the sun [95], as in the previous

example, but for most standard measurements this becomes rather impractical.
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It is therefore far more common to use a lamp, or a laser for applications that

require high intensity light. A few important aspects of the light source are

its spectral distribution and range, irradiation intensity, and its stability over

time. Depending on the wavelength range of the instrument, it may however be

necessary to use more than one light source in order to cover the entire spec-

trum. It is for example common to combine a tungsten filament lamp with a

deuterium lamp to cover the solar range. The spectral distribution of the tung-

sten lamp is approximately a blackbody radiation source when the filament

is heated to temperatures between 2400–3000K [96], and it emits light in the

visible and near-infrared range. The temperature is sufficient to give “white

light”, but too low to emit any significant radiation in the ultraviolet range.

The intensity is further reduced at wavelengths shorter than 400 nm due to

the absorption in the glass globe of the bulb. In order to obtain reasonable in-

tensities, it is therefore necessary to use a separate source for the ultraviolet.

Deuterium lamps have a tungsten filament, just like incandescent light bulbs,

but in deuterium lamps the tungsten filament is not the actual light source. In-

stead the filament excites the molecular deuterium gas, which upon transition
back to its initial state emits light through molecular radiation resulting in a

continuous spectrum between 200–400 nm with highest intensity at 200 nm
[97]. The intensity of the light emitted from the tungsten filament and the deu-

terium lamps are in both cases dependent on wavelength. If the intensity is too
high for a specific wavelength, then it may be necessary to reduce it by using

filters and/or apertures in order to avoid overload of the detector. An intensity
that is too low is, on the other hand, likely to drown the signal in noise. Boost-
ing a signal that is too low is more difficult than reducing a signal that is too
high and generally sets the wavelength limits for that particular light source.

Focusing optics are used to collimate or redirect the light beam and can be po-
sitioned at several places in the spectrophotometer. Mirrors are generally pre-

ferred over lenses since problems associated with lens aberration are avoided.
When choosing a mirror it is important to consider its reflectance properties

over the entire wavelength range of the instrument in order to maintain a high
signal intensity through the system. For visible and near infrared applications,

aluminum mirrors with dielectric coatings are commonly used. Aluminum has
a broad high-reflectance region, and the dielectric coating provides protection
and boosts the visible reflectance [83, 98]. It is important that the surface scat-
tering from the mirrors is low in order to minimize stray light in the system.

Slits and apertures are used in spectrophotometers to limit the size of, reduce
the intensity of, or collimate the light beam. Slits are rectangular and generally

taller then they are wide. Apertures can be of any shape, although circular are
most common. The effect of the slit or aperture size depends on whether its

image is in focus on the sample. If this is the case, changing the slit or aperture
size alters the shape of the light spot as well as the intensity. If the image is
not in focus, only the intensity is affected. When slits and apertures are used
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in combination with monochromators, their size also influences the bandwidth

of the light [99].

A rotating mirror or beam splitter can be used to divide the incident beam into
two separate beams that propagate in different directions. This is, for example,
used in double beam instruments to separate the incident light into a reference

and a sample beam. A rotating mirror is, as the name implies, a rotating disc
that periodically reflects or transmits the light. Beam splitters are available in

a number of different designs and materials with the most fundamental being
a transparent substrate with a thin aluminum or dielectric coating. Use of this

type of beam splitter results in a lateral displacement and a different path
length between the transmitted and the reflected beams. In order to avoid this,
a beam-splitting cube can be used [83].

An optical chopper is a mechanical device that periodically interrupts the light

beam, creating light pulses with known frequency. By coupling the chopper
with a detector that is mostly sensitive to the frequency and phase of the cre-

ated light pulses it is possible to detect the light using lock-in technique. This
signal processing technique reduces the influence of noise on the detected sig-

nal and makes the spectrophotometer less sensitive to stray light. This method
of amplifying the signal is especially valuable when the instrument cannot be

protected from ambient light.

Using a monochromator the white light from the light source can be separated
into different wavelengths. Both prisms and gratings can be used, but gratings
are far more common in today’s instruments. The Czerny-Turner monochro-
mator is an example of a commonly used monochromator that employs a com-
bination of rotating reflection grating, mirrors, and slits to achieve monochro-
matic light. The mirrors, shown in the schematic drawing of the monochro-
mator in figure 2.6 are used to collimate the light onto the grating and to
collect and focus the diffracted light onto the exit slit. The grating disperses
the light into different wavelengths, and by rotating the grating the light is
shifted in relation to the exit slit. This rotation, changes the wavelength of the
light leaving the exit slit of the monochromator [100]. An image of the entry
slit is in focus on the plane of the exit slit and a combination of the two slits
determines the bandwidth of the monochromator. For best performance, it is
desirable that the grating has a large dispersion, i.e. that wavelengths close to-
gether are separated as much as possible in angle. This is usually not enough,
however, because first order diffraction of one wavelength is diffracted at the
same angle as the second order diffraction of half that wavelength. It is there-
fore necessary to combine the grating with filters that only transmit a narrow
wavelength interval to achieve monochromatic light [101].

In optical instruments, the light signal that hits the detector after interacting
with the sample is converted into an electric signal. The signal is then ampli-
fied and processed electronically to improve the signal to noise ratio before
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Figure 2.6: Schematic drawing of

a Czerny-Turner monochromator.

The first mirror collimates the light

onto the grating, and the second

mirror focuses it onto the exit slit.

Rotation of the grating changes the

wavelength that is in focus on the

opening of the exit slit. After [102].

being stored to a data file. Most detectors can be divided into two main cate-
gories, photon or thermal, depending on their method of converting light into

an electric signal. Photon detectors give, under ideal conditions, a single re-
sponse for every incoming photon. Since the energy carried by each photon

is inversely proportional to the wavelength, the photon detector response is
much lower in the ultraviolet than in the infrared wavelengths for the same
radiant power. Thermal detectors, on the other hand, react to heat, and one
watt radiation gives the same response independent of wavelength.

Some examples of photon detectors are photomultiplier tubes, photodiodes,
and photoconductive detectors. In the photomultiplier tubes, the incoming

photons are converted to electrons through the photoelectric effect. These
electrons are then multiplied and result in a detectable current [103]. The

detector works well in the entire ultraviolet-visible region of the spectrum,
but its high sensitivity makes it necessary to shield it from ambient light dur-

ing operation to avoid damage due to over excitation [104]. In a photodiode,
light incident on the detector creates an electron-hole pair which gives rise to
a detectable photocurrent. Silicon, germanium, and indium gallium arsenide

(InGaAs) are all common materials used for photodiodes resulting in detectors
with slightly different wavelength sensitivities [105]. Photoconductive detec-

tors are similar to photodiodes in that incident photons produce free charge
carriers, but rather than creating a detectable current, the conductivity of the

detector changes from non-conductive to conductive. Lead(II)sulfide (PbS)
is one example of a material used for photoconductive detectors in the near-
infrared wavelength. The material has a high sensitivity between 1–3 μm, but
the sensitivity drops rapidly beyond 4 μm [105].

As previously mentioned, thermal detectors work by detecting the tempera-
ture rise resulting from the incident radiation. When using thermal sensors,

the detectivity is generally lower and the response is slower than when photon
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detectors are used. In thermopiles, a voltage is generated due to the tempera-

ture difference between two materials. The detectors have a uniform response

in a broad spectral range, 0.2–20 μm, but the detector must be shielded to
avoid temperature fluctuations [101].

In an ideal system, all light from the light source would find its way to the

detector if no sample was in place. However, even if the instrument is care-
fully designed and the “best” components are chosen losses are inevitable.

The fraction of the light that does reach the detector is known as the systems
throughput, which is comparable to the efficiency of the instrument.

Errors originating from the instrument

The stability of all components over time is a major concern in spectrometer
instruments. The oxidation of mirrors and degradation of diffusely scattering
surfaces, for example in integrating sphere detectors [106], result in a reduced
throughput of the instrument over time. However, variations that occur over
shorter time periods are generally more severe. These typically include fluctu-
ations of the instrument’s light source, electronics, or detector response. As a
way to reduce the effect of these fluctuations, double-beam instruments were
introduced, and the technique is now commonly used. In a double-beam in-
strument, the light from the light source is split into a reference beam and
a sample beam. The two beams are continuously detected, and the output is
given as the ratio between the two signals, hence canceling fluctuations in the
system. It is desirable that the light path, mirror reflections, and other interac-
tions in the system are identical for the two beams. When using single beam
instruments it is not possible to make corrections for fluctuations during the
measurements, but continuous drift may be detected by recording two refer-
ence scans, one before and one after the measurement scan.

Reducing the stray light contribution to the detected signal is another impor-
tant factor in minimizing the instrumental error. An overview of the origin
and effect of stray light is given by Slavin [107] for absorption measurements
in particular, but many of the concepts can be applied more generally. Stray
light originates from reflection off system components and light from the sur-
roundings. Since the detector does not respond to one wavelength at a time,
stray light of a different wavelength may also contribute to the detected sig-
nal. Proper system alignment that avoids component scattering and sufficient
shielding of the detector reduces the stray light contribution to the detected
signal. As previously mentioned, signal amplification using lock-in technique

can also significantly improve the signal to noise ratio. If a chopper is used to

create light pulses, it should be positioned so that chopping of stray light is

avoided.

Gratings are another known source of errors for spectrophotometers relying

on grating diffraction to obtain monochromatic light. Apart from resulting in
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Figure 2.7: Polarization of light

source in Perkin-Elmer Lambda 900

spectrophotometer that uses grat-

ings to obtain monochromatic light.

a stray light contribution, which among others has been reported by Penchina
[108], the light passing through the monochromator is never truly monochro-
matic. The contribution from other near-by wavelengths is referred to as the
monochromator’s bandwidth. The bandwidth can be improved by either re-
ducing the slit width, but then at the cost of intensity, or by the use of filters.
Additionally, gratings can also give rise to polarized light, as illustrated in fig-
ure 2.7. It is especially important to be aware of the polarization state of the
incident light when characterizing structured samples or measuring at oblique
incident angles.

The detection system is another component that can result in errors and limit
the accuracy of the instrument. The detector response may for example not be
equally sensitive to all wavelengths of light. Many UV–VIS–NIR spectropho-
tometers are less sensitive at wavelengths beyond 2000 nm and below 350 nm,
resulting in unstable detector response. For detector systems that are designed
to detect the indirect light intensity, such as integrating spheres, proper shield-
ing of the detector is essential in order to avoid direct light on the detector
surface. Errors associated with integrating spheres are discussed further in
section 2.3.2.4.

2.3.2.2 Specular measurements

In the most fundamental set-up, the regular transmittance of a sample can be
determined by inserting the sample in the light path and recording the result-

ing signal. This method can be considered adequate for rough estimates, but
for most measurements, a reference scan, without the sample, is needed to ob-
tain the required accuracy. When two scans are used, the transmittance of the
sample is calculated as the ratio between the sample scan and the reference
scan.

Determining the reflectance is complicated by the deflection that occurs when

light is reflected from the sample. This makes it necessary to use mirrors to

38



Figure 2.8: Schematic drawing of a

set-up for relative reflectance measure-

ments. The top configuration shows the

reference set-up with reference mirror

R2 and below the set-up during sample

measurements.

redirect the light back to its original path. The reference and sample mode of
a basic set-up is shown in figure 2.8, where R1, R2, and R3 are the reflectance

values of the three mirrors. For the sample measurement, mirror R2 is replaced
by the sample and the ratio between the sample signal, Ss, and the reference
signal, Sr, is calculated according to

Ss

Sr
=

IR1RsR3

IR1R2R3
=

Rs

R2
. (2.20)

This type of measurement is referred to as a relative measurement, since
the reflectance of the sample can only be determined if the reflectance R2

is known.

Absolute measurements, are a more elegant method to determine the
reflectance and do not require the use of a reference. One such set-up is the
VW-configuration introduced by Strong [109]. The two letters are obtained
by tracing the light path for the reference and the sample beam respectively,
as shown in figure 2.9. The sample configuration is obtained by moving
and rotating mirror, R2, and inserting the sample so that the path length is
identical in the V and W configurations. The ratio between the sample and
the reference signal gives

Ss

Sr
=

IR1RsR2RsR3

IR1R2R3
= R2

s , (2.21)

and the reflectance of the sample can consequently be determined by taking
the square root of the signal ratio, Ss/Sr [94].

The advantage of using an absolute method is that it does not require the use

of a calibrated reference, which may degrade over time [110]. The detection
of the square reflectance in the VW-configuration does, however, reduce the

intensity of the signal and makes the set-up less suitable for samples with a
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Figure 2.9: Schematic drawing of a

V-W configuration for absolute re-

flectance measurements. The top draw-

ing shows the reference configuration,

V, and the bottom shows the sample

configuration, W.

low reflectance. Furthermore, the two reflections are separated on the sample
surface, and an accurate reading requires that the sample is homogeneous over
this distance [111].

Errors associated with specular measurements

There is no simple way to determine the reflectance at normal angle of inci-
dence. Most standard methods, as those described above, use an incident angle
of 5◦–10◦. For increased accuracy, this angle and the potential polarization ef-
fects should be taken into account [111].

Most errors for specular measurements are related to either the positioning of
the sample or the instrumental alignment. For transmittance measurements,

when the sample is inserted in the light path, it is important to consider the
effect of light reflected back towards the incident beam in order to avoid inter-

reflections in the system.

For reflectance measurements, the positioning of the mirrors is, as previously
mentioned, critical in order to obtain a light path that is consistent for the ref-
erence and the sample beams. If a reference sample is used, then the accuracy
of its reflectance directly affects the accuracy by which the sample reflectance
can be determined. Many references degrade over time and need to be recali-
brated regularly.

2.3.2.3 Goniometric measurements

It is possible to obtain information of a sample’s light scattering properties

by moving the detector surface over different outgoing directions. The in-
strument is then referred to as a goniophotometer (or goniospectrometer if

light of different wavelengths is used) and determines the transmittance or re-
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flectance as a function of both incident and outgoing angles. Two main types

of instruments exist; for scanning goniophotometers the detector is mounted

on a movable arm and for video-based instruments a charge-coupled device

(CCD) camera is used for detection. Most existing instruments are based on

the scanning approach, where small segments of the scattering hemisphere

are detected one at a time. The variation of incident angle is obtained by mov-

ing the light source, or more commonly, by adjusting the tilt of the sample.

Most scanning goniophotometers are able to scan discrete points of the whole

outgoing hemisphere [112, 113, 114, 115], but some instruments are only de-

signed for in-plane measurements.

One such in-plane instrument is the Optronic OL750-75MA [116], here re-
ferred to as Optronic. The Optronic uses a tungsten halogen lamp as a light
source and is equipped with a grating monochromator for spectral measure-
ments. For the visible and near-infrared wavelength range, a 1 cm2 silicon
detector positioned on a movable arm is used for detection. The instrument
has an angular resolution of 0.1◦ and is automated to simplify the measure-
ment procedure, which can be time consuming.

The measurement time is one downside of scanning goniophotometers, and
video-based instruments are proposed for faster evaluations. For these instru-

ments, a CCD camera combined with a fish-eye or wide-angle lens is used to
detect light scattered into the whole hemisphere at once [117, 118]. By eval-
uating all scattering directions, light intensity peaks that may be missed using
a discrete method are detected.

Errors associated with goniometric measurements

For scanning goniophotometers, systematic errors can occur if the detector is

not properly positioned relative to the sample. The fact that only small seg-

ments of the scattering hemisphere are detected at once, could result in a low

sample intensity in relation to noise. There is also a risk that high intensity

peaks are not detected if the spatial resolution is too low. Furthermore, ob-
structions between the light source, detector, and sample cannot be completely

avoided. At normal and near-normal angles of incidence the light source and
detector are aligned, and no valuable signal can be recorded. At grazing inci-

dent angles the increased size of the light spot and the geometry of the sample
holder may result in a signal that does not solely originate from the sample.

For video-based goniophotometers, the measurement procedures are relatively
fast, but complex calibration procedures are necessary before the instrument
is operational [68].

41



2.3.2.4 Hemispherical measurements

When using a goniophotometer, both the intensity and the direction of the
scattered light is determined. However, a simpler method to determine the to-
tal intensity is to collect the scattered light using a sphere. Given that light
from the entire hemisphere is detected at once, the problem associated with
low light intensities is reduced. Basically, there are two kinds of spheres used
for this purpose, a Coblentz sphere and an integrating sphere sometimes also
referred to as an Ulbricht sphere. The Coblentz sphere has a specular highly
reflective interior that focuses the scattered light from the sample onto the de-
tector. This makes it a sensitive detection system, and it is therefore used for
optically smooth surfaces with low scattering. Integrating spheres are not lim-
ited to a certain type of samples and are used routinely for standard measure-
ments. The function of an integrating sphere detector system and the errors
associated with it are reviewed in more detail in the following sections.

Integrating spheres

Despite the complexity of integrating sphere theory, the basic principle is rel-
atively simple – to create an average light intensity monitored by the detector.
To achieve this, the interior of the sphere is coated with a highly diffuse re-
flective coating. Light transmitted or reflected into the sphere, should undergo
multiple reflections off the sphere wall before it is absorbed by the detector.
It is crucial that only the average light intensity is monitored, and baffles are
therefore introduced to shield the detector from high intensity light.

Ideally, the interior of the sphere should be perfectly diffuse and the geometry
free from obstructions and port holes. However, the insertion of an entrance
port and a detector, are necessary for the function of the instrument. Additional
features, such as additional ports and baffles, may also be included to facilitate
a multipurpose instrument.

Several sphere designs offer the ability to separate the specular or regular
component from the total hemispherical scattering. This is usually achieved

by the addition of a port through which the specular or regular component
can escape, leaving only the diffusely scattered light for the detection. The
position of the specular reflectance exit port is marked in figure 2.10, which
shows a schematic drawing of a 150 mm diameter integrating sphere from
Labsphere [119]. In transmittance mode, the reflectance port can be used in a
similar manner. When it is opened, only the diffuse transmittance is recorded.

The angular extent of the specular (regular) component is determined by the
size of the exit port and is hence instrument dependent. A direct comparison

between different instruments can not be made, but the division can provide
additional information about the scattering characteristics of the sample and
be used to improve the accuracy of the measurement.
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Figure 2.10: Schematic top-view of an integrating sphere for transmittance and re-

flectance measurements in a double beam instrument. For transmittance measure-

ments the sample is positioned across the transmittance port. Diffuse reflectance and

transmittance can be measured by opening the specular reflectance exit port (for re-

flectance) or the reflectance port (for transmittance). The rectangle and the circle in

the center of the sphere represent a photomultiplier tube and a PbS cell, respectively.

These detectors are mounted in the bottom of the sphere and used for detection in the

integrating sphere from Labsphere.

It has been proposed that the diffuse light should be further divided into a low-
and high-angle scattering component [120]. The basis for this suggestion be-

comes apparent when considering how the light is scattered into the sphere.
Specular light is scattered from the position where it first hits the sphere wall,

and highly diffuse light is scattered into the sphere from the sample. Low-
angle scattering light is, however, scattered into the sphere similarly to the
specular component and the proposed subdivision treats it accordingly. Roos
[120] presents an innovative method for the subdivision into low- and high-
angle scattering and a sophisticated correction formula. Although one may not
go as far as Roos, a first-order correction, for which the diffuse and specular
components are treated separately, is recommended. This requires the detec-
tion of one reference and two sample scans, diffuse and total. For the reference
scan, a diffuse reflectance plate with reflectance Rplate is positioned across the

reflectance port and the signal,

Sre f = IRplate, (2.22)
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recorded. For the sample scan, the reference plate is replaced by the sample,

and when the specular component is allowed to escape, the diffuse reflectance

of the sample, Rs,di f f , is obtained from the ratio

Sdi f f =
Ss,di f f

Sre f
=

IRs,di f f

IRplate
, (2.23)

where Ss,di f f is the detected diffuse signal. Finally, the signal for the total
hemispherical reflectance, Stot , is recorded according to

Stot =
Ss,tot

Sre f
=

IRs,di f f + IRs,specRplate

IRplate
(2.24)

where Rs,spec is the specular reflectance component. By combining equations
2.19, 2.23, and 2.24 the following expression can be obtained for the total

reflectance of the sample

Rs,tot = Stot −Sdi f f +Sdi f f Rplate. (2.25)

Equation 2.25 assumes that the reflectance of the diffuse reference plate and
the specular reflectance port have the same reflectance, Rplate. This is not nec-
essarily the case, and ideally their relative reflectance should be determined.
Furthermore, equation 2.25 does not account for how the fraction of the light
contained in the sphere is influenced by port losses. The fraction can be de-
termined indirectly by measuring the same sample in an absolute instrument,
and if known, the final result should be multiplied by this factor.

In transmittance mode, the separation between the regular and diffuse com-

ponent can also be obtained by moving the sample away from the sphere port

and towards the light source. The regularly transmitted light is then detected

in the sphere, and its angular extent is determined by the distance between the

sample and the sphere port. It has been shown that it is possible to obtain the

BTDF for an isotropically scattering sample by recording the transmittance at

different distances from the sphere port [121].

The integrating sphere illustrated in figure 2.10 is used for detection in the
Lambda 900 spectrophotometer from Perkin-Elmer, here referred to as L900.
The L900 is a double-beam instrument, and as shown in figure 2.10, addi-
tional sphere ports are necessary to allow the entry of the reference beam into
the sphere. The instrument is designed for measurements in the solar wave-
length range and a photomultiplier tube and PbS cell are used for detection in
the UV–VIS and NIR wavelength ranges, respectively. In a double-beam in-
strument, the ratio between the sample and the reference beam is taken contin-
uously during the measurement, and helps to off-set the effect of instrumental
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drift and change in sphere geometry. Similar to most other optical measure-

ments, two scans are required for an accurate measurement.

In a single beam instrument, the positioning of the sample across the sphere
port changes the sphere’s reflectance relative to the reference scan. This makes
it necessary to apply corrections accounting for the reflectance of the sample,

Rs, and the relative area of the port, fs, in relation to the total area of the sphere.
For transmittance measurements, series summations can be used to obtain the

correction factor

C =
(1− fs)Rw(1− ((1− fs)Rw + fsRs))
((1− fs)Rw + fsRs)(1−Rw(1− fs))

, (2.26)

where Rw is the reflectance of the sphere wall. The transmittance of the sample

is hence determined by multiplying the correction factor, C, with the sample to
reference signal ratio, Ss/Sre f . The derivation of the correction factor was re-
ported by Grandin and Roos [122], following the work of other authors [123].
Grandin and Roos [122] furthermore suggested an improved correction factor,
which separates the diffuse and regular components.

Figure 2.11: Schematic drawing of reference

scan and sample scan in a single beam in-

strument. The sample is positioned so that it

covers half the integrating sphere port and

the light beam is moved laterally between

the reference and the sample scan.

The use of a correction formula
can be circumvented by letting the
sample cover half the port during
both reference and sample scans
as shown in figure 2.11. The rel-
ative reflectance of the sphere is
then maintained by repositioning
the light spot between the refer-
ence and the sample scans [122].
The use of this method should be
limited to thin samples and small
light spots. For thick samples or
large spot sizes, the risk of light es-
caping through the side of the sam-
ple without entering the sphere in-
creases.

Angle resolved measurements

Instruments using integrating spheres for detection can be designed to deter-
mine the scattering as a function of incident angle. Figure 2.12, illustrates the
instrumental setup for a variable angle spectrophotometer designed at Uppsala
University. The light source and detection systems are identical to the original
instrument described by Nostell [124], but the transmittance measurement set-
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up was adapted for greater versatility. The integrating sphere (� = 200 mm)

used for transmittance measurements and referred to as Tsphere, was given a
circular port with a diameter of 42 mm. The uniformity of the interior BaSO4

coating was improved and the detector field of view reduced by inserting a
baffle. Furthermore, the integrating sphere was mounted on rails so that the
center of rotation could be repositioned from the sphere port to the sample
surface when extensive samples are characterized.

Figure 2.12: Schematic top-view of the spectrophotometer constructed at Uppsala

University. The set-up consists of two integrating sphere detectors, named the absolute

sphere and the Tsphere, and the central mirror is used to redirect the light to the

Tsphere detector.

As shown in figure 2.12 the setup also includes an absolute spectrophotometer
that can be employed for variable angle transmittance and reflectance mea-
surements. A small integrating sphere (� = 50 mm), referred to as the abso-
lute sphere, is used for detection and can be moved manually in a semicircle
around the sample. The absolute sphere has an oblong entrance port that is ap-

proximately 25 mm long and 8 mm high. The entrance port is able to collect
parallel shifted light, but contrary to the other integrating spheres described in

this section, it cannot detect hemispherical scattering.

To determine the direct-hemispherical reflectance as a function of incident
angle, the sample can be positioned on a rotatable sample holder in the center
of the sphere. This can be achieved by using a separate reflectance sphere,
here denoted Rsphere, described by Nostell [124] or by using a center mount
accessory [125]. In both cases, it is important that the sample is shielded from

the detector field of view. For the Rsphere this is achieved by positioning
the detector underneath the sample holder so that it faces the bottom of the

sphere. An additional advantage with this design is that the detector field of
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view is consistent for the reference and the sample scans. Furthermore, for

center mount accessories used in double beam instruments it is important that

they do not block the reference beam in the sphere.

Errors associated with hemispherical measurements

Integrating spheres are versatile detector systems that can be used to deter-

mine the total hemispherical scattering from samples with both specular and

diffuse properties. However, like other optical components there are no ideal

integrating spheres, and different sources of errors have been studied by sev-

eral researchers. The first step is to be aware of the errors, and the second step

is to apply the appropriate corrections. With careful design several sources of

errors can be avoided all together, but for multipurpose instruments some are
bound to remain.

Ideally, the interior of the sphere should be coated with a Lambertian mate-

rial. In reality, however, no perfectly diffuse materials exist and close approxi-
mations, such as spectralon R© and barium sulfate (BaSO4), are therefore used.

Spectralon R© was developed by Labsphere and consists of pressed polytetraflu-
oroethylene (PTFE) that can be machined into any shape [119]. Pressed PTFE
powder has a high hemispherical reflectance in the entire solar wavelength
range (≥99% at 350–1800 nm; >96% at 1850–2500 nm) making it suitable
for reference standards and coatings for integrating spheres [126]. Studies of
the optical properties of spectralon R© have shown similar characteristics but
with a slightly lower reflectance [127]. Both PTFE and Spectralon R© display

a reflectance peak at approximately 2300 nm. If the reflectance of the sphere
coating is not accurately corrected for, then residues from this reflectance peak

can be seen in the measured data. Studies have indicated significant ageing of
spectralon R© reference plates [106, 128], especially in the ultraviolet wave-

length range, and regular calibration or replacement is important for accurate
measurements.

Although the use of barium sulfate precedes the discovery of PTFE, it is still
being used today for sphere coatings and reflectance standards. Barium sulfate

can be used both as a pressed powder and a paint when mixed with alcohol.
Both the solution and the powder have high diffuse reflectance in the visi-

ble wavelength range (≥99%) but due to water-absorption the reflectivity de-
creases in the near-infrared (>65%) [129]. Similar to PTFE and Spectralon R©,

it is therefore neccessary to correct for its reflectance at longer wavelengths.

According to basic integrating sphere principles, all light scattered into the
sphere should give the same contribution to the detected signal. This is, how-
ever, frequently not the case due to deviations from an ideal sphere geometry
and the detector field of view. Light may, for example, escape through port
holes without first being detected. The amount of light that escapes depends

on its scattering position in the sphere. However, a rough estimate can be
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obtained by calculating the relative area between port holes and the interior

surface of the sphere. The problem with port losses is generally most severe

for samples with anisotropic scattering, such as rolled aluminum [130] and

polished copper [131].
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Figure 2.13: Detected signal

when the light beam is scanned

over the interior of the sphere

for three altitude angles.

The effect of light scattered from different locations in the sphere can be esti-

mated by scanning a light beam across the sphere’s interior [132]. Figure 2.13
shows the result of such a scan carried out in reflectance mode. The varying
detector signal is a clear indication of the non-uniform sphere response. Two
significant dips can be seen when the light beam is scanned in a horizontal
plane across the sphere surface (Alt. = 0◦). The first dip occurs, at an azimuth
angle of –24◦ when the light beam hits the reference beam entry port. The
second dip at an azimuth angle of 9◦ is due to the escape of the light beam
through the transmittance port.

Performing a similar scan in transmittance mode is possible, but more com-
plicated since more than one mirror is needed to redirect the light beam. How-
ever, due to the symmetry of the sphere it is likely that similar behavior can
be shown in transmittance mode.

Baffles are introduced to limit the detector’s field of view and thereby limit
the effect of non-uniform sphere response. To provide sufficient shielding, it

is important to consider both the size and position of the baffles. Snail and
Hanssen [133], provide a detailed study of how the throughput of the sphere

is affected by different combinations of port size, field of view, and baffle
design.

Measurement errors can also be caused by a combination of sample charac-

teristics and integrating sphere properties. For scattering samples, some of the
incident light may be side shifted in the sample due to total internal reflection.
This side-shift can cause the exiting light to miss the aperture of the integrat-

ing sphere and thus not be detected. The effect and magnitude of side-shift and
edge losses were studied by Jonsson [134], and an experimental procedure for

detection was suggested. Anisotropically scattering samples can contribute to
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several sources of errors and are generally difficult to characterize. Depend-

ing on how the light is scattered, a disproportionately large fraction of the light

may escape the sphere through port holes, resulting in a detected signal that

is too low. It is also possible that light is scattered onto areas seen directly by

the detector, resulting in a detected signal that is too high. Errors from light

scattering samples are studied in more detail in the following section.

2.3.3 Measurement method for light scattering samples

Although integrating spheres are designed to characterize light scattering sam-

ples, this characterization is frequently associated with errors that require the

application of corrections or use of specific measurement methods. In paper I,
a method for transmittance measurements of low-angle light scattering sam-

ples is presented. The method was shown to be beneficial for the character-
ization of a wider range of light scattering samples, and in paper II, this is

illustrated for anisotropically light scattering samples. This section presents
the principles of the measurement method and the obtained results.

2.3.3.1 Motivation of work

In 2007, an inter-laboratory comparison (ILC) of patterned glass was carried
out within the International Commission on Glass, Technical Committee 10
(ICG-TC10). The ICG-TC10 is a group of optical experts from universities,
institutes, and industry that work to improve the accuracy of optical measure-
ment and address questions raised by the glass and optical industry. The ILC
of patterned glass showed large discrepancies between different participating
laboratories and revealed the complexity of characterizing these samples using
a standard integrating sphere [135]. These light scattering samples are used as
cover glass for solar thermal collectors and photovoltaics, and for architec-
tural purposes in buildings. Patterned glass is, as the majority of glass prod-
ucts, characterized directly by the manufacturers. The characterization is used
for comparison of different products, and the accuracy of the measurements is
important for rating and labeling. A recent patent application, acknowledged
the measurement errors associated with patterned glass characterization, but
the invention was not aimed at resolving them [136]. This section describes a
simple measurement method that can be applied to improve the accuracy of

the characterization of light scattering samples.

2.3.3.2 Method overview

Most standard integrating sphere instruments include a port for reflectance or
diffuse transmittance measurements, as previously shown in figure 2.10. The

presence of the port is generally advantageous, since it increases the amount
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of information that can be obtained from the sample. The increased absorption

around the port edge can, however, result in significant errors. The problem

becomes especially pronounced for low-angle light scattering samples, since

a large portion of the transmitted light falls onto the recessed edge of the port.

The absorption losses are not compensated for, due to the difference in light

distribution between the specular reference scan and the diffused sample scan

and consequently the detected transmittance is too low.

For anisotropically light scattering samples, high intensity light can be scat-
tered onto parts of the sphere that should not be illuminated, such as ports,

baffles, or areas in the detector field of view. The result is a detected signal
that is either too large or too small, and it is generally difficult to correct for
these errors retrospectively.

Given the prevalence of integrating spheres with a reflectance port, a method

to address the systematic errors for low-angle light scattering samples was
proposed in paper I. The method is based on reducing the discrepancy in light

distribution between the reference and the sample scans. This is achieved by
positioning a light diffusing material, here referred to as diffuser, across the

sphere port during the reference scan, resulting in the detection of a diffuse
reference signal. For the method measurements, the sample is positioned on

the beam side of the diffuser, so that light transmitted through the sample is
scattered by the diffuser before entering the integrating sphere. The diffuser
homogenizes and spreads the transmitted light over a larger portion of the
sphere wall. In the case of low-angle light scattering samples, this reduces the
effect of absorption at the port edge. In paper II, the benefits of the method
were illustrated for an anisotropically light scattering sample. In this case,
the more uniform light distribution reduces errors associated with anisotropic
light scattering in the sphere.

2.3.3.3 Spectrophotometric measurements

Two spectrophotometers, a Perkin-Elmer Lambda 900 and an instrument de-
veloped at Uppsala University [124], were used for the optical measurements.

The commercial instrument, here referred to as L900, and the university built
spectrophotometer, denoted Tsphere, are both equipped with an integrating

sphere for detection. The two instruments were described in section 2.3.2.4,
which also provides schematic drawings of the L900 integrating sphere in

figure 2.10 and the Tsphere set-up in figure 2.12. In the Tsphere, all sample
measurements were carried out using the simulated double beam method (see

figure 2.11) where half the port is covered by the sample.

For the characterization of the low-angle light scattering samples, the most

important feature of the Tsphere is that its integrating sphere only has one
port for incident light. Consequently, the far end of the sphere is intact and

the detected signal is not reduced due to absorption losses. For forward light
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scattering samples it is, therefore, possible to compare the proposed method

to standard measurements in this sphere.

For anisotropically light scattering samples, the hypothesis is that the errors
are associated to the light scattering distribution in the sphere. Although, fewer
sphere anomalies are beneficial, the lack of a regular transmittance exit port

does not solve problems related to the detector field of view. One of the main
challenges when proposing measurement methods for anisotropically light

scattering samples is that the characterization of these samples results in er-
rors in most integrating spheres. It is, therefore, unlikely that accurate trans-

mittance characterization is possible in neither of the integrating spheres. The
dissimilarities in sphere geometries give each sphere its unique set of errors.
By addressing errors associated with the light scattering in the sphere, the
transmittance from the two instruments should converge.

2.3.3.4 Correction for multiple reflections

An obvious drawback of the method is the occurrence of multiple reflections

between the sample and the diffuser, which makes the use of a correction

model necessary. The correction formula is derived by expressing the total

transmittance of the sample and diffuser combination, T , as the infinite series,

T = TsTd +TsRdRsTd +Ts(RdRs)2Td + ...

=
∞

∑
m=0

TsTd(RsRd)m

=
TsTd

1−RsRd
(2.27)

where Ts, Rs, Td , and Rd are the transmittance and reflectance of the sam-
ple and diffuser, respectively. The expression is exact when used for specular
samples at normal angle of incidence. In our case, equation 2.27 is an approx-
imation due to the scattering properties of both the sample and the diffuser.
By solving for the transmittance of the sample, Ts, equation 2.27 becomes

Ts =
T (1−RsRd)

Td
. (2.28)

The detected signal ratio for the sample and diffuser combination, ST , can

be expressed as ST =T /Td if the reference scan is performed with the diffuser
across the sphere port. When substituted into equation 2.28, the corrected
transmittance of the sample, Ts,corr1, can be expressed according to

Ts,corr1 = ST (1−RsRd). (2.29)
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For the correction it is, hence, necessary to know the reflectance of both the

sample and the diffuser. It is important to note that these reflectance values

should represent the sides that face each other. The reflectance for the sam-

ple, Rs, is hence determined for the side that faces the diffuser. Similarly, Rd
represents the reflectance of the diffuser from the side that faces the sample.
Since neither the reflectance of the sample nor the reflectance of the diffuser
are specular, the correction is an approximation. To account for some of the
diffuse properties, without requiring the use of an additional instrument, an
experimental correction coefficient, kexp, was introduced. With the correction
coefficient, kexp, incorporated into equation 2.29 the correction formula be-
comes

Ts,corr2 = ST (1− kexpRsRd). (2.30)

For the experimental determination of kexp a low-iron clear glass was used in
combination with the diffuser. The glass and diffuser combination was mea-
sured in two configurations, as shown in figure 2.14.

Figure 2.14: The two measurement scans required for the determination of kexp.

The diffuser was positioned across the sphere port during both measurement
and reference scans. In the first configuration, the clear glass was positioned
sufficiently far away from the diffuser to remove all contributions from mul-
tiple reflections and signal S1 detected. For the second measurement the clear

glass was moved close to the diffuser, allowing multiple reflections to oc-
cur, and signal S2 was detected. The multiple reflections make it necessary

to correct the signal S2 and the relation between S1 and S2 can be expressed
according to

S1 = S2(1− kexpRcgRd), (2.31)
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where Rcg is the reflectance of clear glass at normal angle of incidence. From

equation 2.31, an expression for the correction coefficient can be obtained

according to

kexp =
(1− S1

S2
)

RcgRd
. (2.32)

This correction coefficient accounts for part of the oblique light scattering be-
tween the diffuser and a specular sample. Ideally, a similar correction should
be obtained specifically for each sample. This is, however, a more challeng-
ing task, and given that the use of kexp is a second order correction, a small
relative error is acceptable. The L900 S1 and S2 measurements can be used

directly in equation 2.32. However, to determine the correction coefficient for
the Tsphere, the S2 scan must be corrected for the increased throughput when

the clear glass sample is positioned close to the sphere port. This is achieved
using the method presented by Grandin and Roos [122]. The correction

Cdi f f =
1− ((1− fs)Rw + fsRds)
1− ((1− fs)Rw + fsRd)

, (2.33)

where fs is the sample port area fraction Rw is the wall reflectance, and Rds
is the reflectance of the diffuser and sample combination is thus applied to S2

according to

S2,corr = S2Cdi f f . (2.34)

2.3.3.5 Optical properties of the diffuser

The diffuser used for the method should be thin, have a high diffuse transmit-
tance, and low reflectance. The scattering distribution of the diffuser should

be sufficiently wide to extend the illuminated area from the scattering sam-

ple over a larger portion of the sphere wall. It is, furthermore, important that

these properties are consistent over the entire wavelength range of the mea-

surements.

Here, a thin glass sample with one etched side, giving it light scattering prop-
erties, was used as a diffuser. The optical properties of the diffuser are pre-

sented in figure 2.15 with the etched (b) and smooth (f) side facing the beam.
Due to light scattering, the transmittance is different from the two sides. To
reduce multiple reflections between the sample and diffuser and increase the
transmitted light, the etched side was oriented towards the beam during the
measurements.

The scattering distribution of the diffuser was evaluated by moving the sample

away from the port. The amount of light scattered outside the sphere increases
with increasing distance between the port and the diffuser, resulting in a re-
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Figure 2.15: Transmittance and

reflectance at near normal angle

of incidence with the smooth side

(f) and scattering side (b) facing

the beam. The diffuser has a high

diffuse transmittance and a low

reflectance. The total reflectance

when the scattering side (b) faces

the beam is especially low and

also entirely diffuse.

duced transmittance as seen in figure 2.16. The almost constant reduction over
the entire wavelength range is an indication that the light scattering distribu-

tion is close to wavelength independent.
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Figure 2.16: Transmittance of the

diffuser when it is positioned at dis-

tance d from the integrating sphere

port. The relatively constant inten-

sity reduction over the wavelength

range indicates that the scattering

distribution of the diffuser is suffi-

ciently wavelength independent.

2.3.3.6 Optical properties of samples

Here, three patterned glass samples were used to show the principle of the
method. Patterned glass samples are created at the end of the float glass line,

by giving one side of the glass a textured surface [137]. Two of the samples ex-
hibited low-angle light scattering, and one sample showed anisotropical light

scattering. For the low-angle light scattering samples, one of the samples had
a regular and the other had an irregular surface pattern. The sample with a reg-

ular surface pattern is referred to as pyramidal, due to the surface structure’s

resemblance to small inverted pyramids. The sample with an irregular surface
pattern has an appearance that resembles an orange peel and is therefore de-

noted peel. The light distributions for the low-angle light scattering samples
were relatively constant for the two sides. For this reason, only measurements

from the smooth front side are presented here.
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Figure 2.17: Transmittance of patterned glass sample as determined by 13 laboratories

and institutes in a) with the smooth front side facing the incident beam and in b) with

the patterned back surface facing the incident beam.

The anisotropically light scattering sample has a surface pattern that resembles
large inverted pyramidal prisms, and is here denoted prism. This sample was
the most complex sample included in the inter-laboratory comparison, and
the detected transmittance varied significantly between the 13 laboratories as
shown in figure 2.17. The solar transmittance values ranged from 0.64–0.76
and 0.83–1.00 for the front and the back of the sample, respectively. For this
sample the light scattering distributions are different for the two sides, and
measurements with both the smooth front surface and the patterned back sur-
face facing the incident beam are therefore included in the evaluation.

All surface structures have a period of repetition that is much larger than the
wavelength of light, but significantly smaller than the light spot in the spec-
trophotometers. The size ratio between the surface structures and the light spot
makes the measurements relatively insensitive to the sample’s position on the
sphere port.

The light scattering properties of the samples were evaluated using a laser
pointer together with a target screen. The light from the laser was transmitted

through the sample and onto the screen showing approximate scattering an-
gles, as shown in figure 2.18. The linear light pattern is due to the small light

spot of the laser pointer, and with a larger illuminated area, an average inten-
sity would be obtained. It should be pointed out that the smallest inner circle
in figure 2.18 represents 5◦ scattering of the laser beam and approximately
corresponds to the reflectance port of the L900 integrating sphere used for the
method measurements. This is especially relevant for the characterization of
the low-angle light scattering samples.
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(a) Pyramidal sample (b) Peel sample

(c) Prism sample front (d) Prism sample back

Figure 2.18: Transmitted scattering image when light from a laser pointer is incident

upon the sample. In (a) for the smooth side of the pyramidal sample, in (b) for the

smooth side of the peel sample, in (c) for the smooth side of the prism sample, and in

(d) for the patterned side of the prism sample.
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Figure 2.19: The bidirectional transmittance distribution function (BTDF) in (a) for

the pyramidal sample and in (b) for the peel sample. The BTDF was determined using

a goniophotometer at the same wavelength as the laser pointer used in figure 2.18.
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For the low-angle light scattering samples, the light patterns of the laser

pointer were verified using an optronic goniophotometer (see section 2.3.2.3).

As shown in figure 2.19, the measured light distributions correspond well to

the scattering patterns obtained using the laser pointer. The pyramidal sample

has a slightly narrower light distribution and absorption losses could, hence,

become especially pronounced.

2.3.3.7 Results and discussion

The results of the method measurements are presented in the following sec-
tions for the low-angle light scattering samples and the anisotropically light
scattering samples. To illustrate the effect of the correction method and the
correction coefficient, the results for the low-angle light scattering samples in-
clude the transmittance as measured, as corrected using equation 2.29, and as
corrected using equation 2.30. For the anisotropically light scattering samples,
the results are only presented for standard measurements and when corrected
using equation 2.30.

Low-angle light scattering

Figure 2.20 shows the transmittance discrepancy between a standard measure-

ment in the two spectrophotometers for the two low-angle scattering samples.

The average difference is greater for the pyramidal sample, 2.6 percentage

points, than for the peel sample, 1.0 percentage point. This is related to the

more forward scattering properties of the pyramidal sample, as previously dis-

cussed.
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Figure 2.20: Transmittance of the

two light scattering samples pyra-

midal and peel. The transmittance

has been determined using standard

measurements in the Tsphere and

L900 instrument. The discrepancy

between the two instruments is ad-

dressed with the proposed measure-

ment method.

The transmittance spectra detected using the proposed method are presented

in figure 2.21(a) for the pyramidal sample and in figure 2.21(b) for the peel
sample. To illustrate the effect of the correction equations, both corrected

and uncorrected data are presented. The uncorrected transmittance, labeled

57



L900Uncorr, is too high relative to the Tsphere measurements due to the con-

tribution from multiple reflections. When the transmittance is corrected ac-

cording to equation 2.29 (L900corr1) an average reduction of 0.5 percentage
points is obtained for the pyramidal sample and 0.4 percentage points for the
peel sample. As seen in the spectra labeled L900corr2 an additional improve-
ment is obtained by introducing the correction coefficient, kexp, according to
equation 2.30.
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Figure 2.21: Transmittance of the the pyramidal (a) and peel (b) sample using the pro-

posed method and standard measurements. Spectra labeled with the subscript Uncorr
have been measured according to the proposed method, but have not been corrected

for multiple reflections. Spectra with subscripts corr1 and corr2, have been corrected

according to equation 2.29 and 2.30, respectively. Tsphere and L900 indicate standard

measurements without the diffuser in the respective instruments.

In total, the discrepancy between the standard instrument and the university
constructed spectrophotometer is reduced from 2.6 to 0.1 percentage points
for the pyramidal sample and from 1.0 to 0.3 for the peel sample by using the
proposed measurement method. Especially for the pyramidal sample, this is
a significant improvement, and the 0.1 percentage point discrepancy is well
within the accuracy of the instruments for this type of sample.

Anisotropically light scattering samples

Figure 2.22 shows the reflectance and transmittance of the anisotropically

light scattering sample, determined using a standard measurement in the L900
spectrophotometer. Despite the fact that the signal has been corrected for the

sphere wall reflectance, the detected signal is unreasonably high. There is also
a remarkable difference in detected transmittance when the smooth front sur-

face and the rough back surface faces the beam.
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Figure 2.22: Transmittance and re-

flectance of the anisotropically light

scattering sample with the smooth

front (f) and the rough back (b) sur-

face facing the incident beam.

The amount of light that does not reach the detector is determined using
1−R−T and presented for the two sides of the sample in figure 2.23. In
an ideal case, this corresponds to the absorptance of the sample. However,
here it is more accurate to view 1−R−T as a loss function, since it includes
both light that is absorbed in the sample and light that does not reach the de-
tector for other reasons. When the sample is oriented with the structured back
surface towards the incident beam, the light loss is lower for the patterned
glass sample than for a low-iron clear glass. The fact that the calculated light
losses are lower than zero is a clear indication that the transmittance and/or the
reflectance measurement is incorrect. Additionally, measurements from both
sides show pronounced peaks at approximately 2200 nm that are not fully
consistent with the properties of the glass.
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Figure 2.23: 1−R− T for the pat-

terned glass sample with smooth

front surface (front) and rough back

surface (back) facing the beam.

1−R−T for a low-iron clear glass

is included for reference.

A comparison of standard measurements and the proposed method is pre-

sented for light incident on the smooth side of the anisotropically light scat-
tering sample in figure 2.24. In both instruments, the transmittance is deter-

mined using a standard measurement and the proposed measurement method.
The measurements performed using an entry port beam diffuser have been

corrected using equation 2.30. For the method measurements in the Tsphere,
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the diffuser covers the entire port and the sample covers half of the port. In

figure 2.24, it is shown that the Tsphere does not reproduce the peak valley

appearance between 2000 to 2200 nm that occurs for a standard measurement

in the L900 instrument. However, for a standard measurement the detected

transmittance is high. This could potentially be caused by light scattering into

the detector field of view. When the proposed measurement method is used

for the two instruments, their transmittance values converges to an average

difference of 0.1 percentage points.
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Figure 2.24: Comparison of trans-

mittance for standard and diffuser

method measurements in the two in-

struments Tsphere and L900 with

the light incident upon the smooth

front surface of the patterned glass

sample.

In figure 2.25, the transmittance of the anisotropically light scattering sample

is shown when the patterned back surface faces the incident beam. Similar to
the measurements on the front surface, the peak-valley appearance at 2000–
2200 nm is not detected in the Tsphere instrument. Although a small differ-
ence can be noted between the two instruments when the proposed method is
applied, the improvement is significant compared to a standard measurement
in the L900.
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Figure 2.25: Comparison of trans-

mittance for standard and diffuser

method measurements in the two in-
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The amount of undetected light was recalculated with the transmittance de-
termined using an entry port diffuser in the L900 instrument according to

1 − R − Tmethod . The calculated losses, shown in figure 2.26 for both sides
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of the sample, are within a physical interval, and the shape of the spectra cor-

responds well to the low-iron clear glass.
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Figure 2.26: 1 − R − Tmethod for

the patterned glass sample with

smooth front surface (front) and

rough back surface (back) facing the

beam, where the transmittance has

been determined using the diffuser

method. 1 − R − T for a low-iron

clear glass is included for reference.

It is acknowledged that the use of a diffuser introduces multiple reflections

that must be corrected for using a correction formula. The formula is exact
for specular samples, but when both the diffuser and the sample are light
scattering, the applied correction is approximate. The formula includes the
reflectance of the sample, and for anisotropically light scattering samples, it
could be argued that this property is not accurately determined. The correc-
tion formula is, however, relatively insensitive to the reflectance value. This
is illustrated in figure 2.27 where the transmittance has been corrected using
reflectance values that are up to ±50% of the experimentally determined re-
flectance.
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Figure 2.27: The corrected transmittance for the front of the sample when the char-

acterization has been performed using a standard measurement procedure (Stan-

dard) and the diffuser method. The diffuser measurements have been corrected us-

ing eq 2.30 and five different sample reflectance values. The measured sample re-

flectance (Diff. method), sample reflectance values that are ±50% of measured re-

flectance (Diff.Rb
S=±50%), and sample reflectance values that are ±25% of measured

reflectance (Diff.Rb
S=±25%).
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2.3.3.8 Conclusions

A simple method for improved transmittance measurements of light scattering
samples is presented. The method is developed for integrating sphere instru-
ments, and its simplicity makes it applicable for standard measurement pro-
cedures using standard laboratory instruments. The principle of the method is
to reduce the discrepancy between the reference scan and the measurement
scans by introducing a diffuser that spreads the light over a larger portion of
the sphere wall.

The transmittance of two low-angle light scattering samples was evaluated us-
ing a standard procedure and the proposed method. The measurements were
carried out using a commercial instrument and compared to the transmittance
obtained from an integrating sphere instrument without a regular transmit-
tance exit port. The method measurements compared favorably to the refer-
ence instrument; the average discrepancy was reduced from 2.6 to 0.1 per-
centage points for one of the scattering samples and from 1.0 to 0.3 for the
other.

The method was also evaluated for the two sides of an anisotropically light
scattering sample. The light scattering distribution of these samples make it
difficult to find reference integrating spheres. The method was, therefore, eval-
uated using two integrating spheres with significantly different sphere designs.
When the proposed method is applied, the difference between the two instru-
ments is reduced from 1.2 to 0.1 percentage points for the smooth front surface
and from 4.2 to 1.2 percentage points for the rough back surface.

The entry port beam diffuser introduces multiple reflections between the dif-
fuser and the sample, and a correction formula is proposed to account for
these. The correction includes the reflectance of both the sample and the dif-
fuser, and it is exact for specular samples. In this case, both the sample and
the diffuser are light scattering, but it is shown that the correction formula is
relatively insensitive to reflectance errors. A provided example shows that a
50% error in reflectance only results in a 0.3% difference in corrected trans-
mittance.

2.3.4 Measuring a mirror light pipe system

Sample size is a fundamental but common problem in optical characteriza-
tion. If the sample is too small, it may be difficult to reduce the light spot
and still maintain a sufficient signal. On the other hand, if the sample is too
big or has awkward dimensions it may not fit into the sample compartment
of the instrument. The characterization of systems with multiple components
or large geometries can be especially complicated. In paper IV, the measure-
ments of a reflective mirror light pipe used for daylighting applications are
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described. The system, in its full dimensions, is too large to be mounted in

the spectrophotometer. It was, hence, necessary to use a scaled version of the

light pipe.

2.3.4.1 Motivation of work

Tubular daylighting systems are employed to bring light to the core of a build-

ing and consist of an external admission dome, a highly reflective pipe, and a

diffusing sheet for distribution of light into the room. Most systems are pas-

sive and are able to redirect both diffuse sky light and beam sun light. Light

guiding lengths of up to 6–9 meters [138], can be achieved, and the transmit-

ted intensity depends on the length to diameter ratio of the pipe, referred to as

the aspect ratio.

The limited light guiding distance, makes tubular daylighting systems espe-
cially well suited for installation in single story buildings or on top floors. In

the US, 60% of commercial floorspace is located directly under an exterior
roof [139]. This represents a huge potential for daylight installations and the

most recent building standard from the California Energy Commision requires

that at least 50% of the floor area be daylit in all large buildings with three or

fewer storeys [140]. Considering the European Commission’s ambitious en-

ergy efficiency goals [1] and the large fraction of energy used for lighting,

similar requirements are plausible for the EU as well. To facilitate large-scale

installations, it is, however, necessary to be able to predict and compare the
performance of different products. Today, many installers are using tabular

methods to determine the average visible transmittance, and there is a desire
for more accurate methods and standardized ratings [141].

The lack of a rating system for tubular daylighting systems, has prompted

the National Fenestration Rating Council (NFRC) in the US to initiate a task

group on the topic [142]. The work, so far, has established the importance of

including the solar altitude angle in a rating procedure, identified discrepan-

cies between different measurement methods that need to be resolved [143],
and suggested ray tracing as one potential continuation of the work [144].

The main application of the measurements presented here is for the validation

of a spectral ray tracing method for both direct and diffuse incident light. The
details of the ray tracing model are presented in 2.4. However, to facilitate

an easy comparison between measured and simulated transmittance, some of

the simulation results are presented together with the experimental results. In

addition to validating a ray tracing method, the spectral measurements were

used to evaluate the color of the transmitted light. Prediction methods are
sensitive to spectral reflectance variations on the order of 0.1% [145]. It is,

however, generally assumed that these variations do not affect the color of
the transmitted light and here this commonly made assumption is quantified
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experimentally. To be consistent with the methodology of this dissertation, the

characterization starts from the optical properties of the material.

2.3.4.2 Optical properties of the reflective film

The optical properties of the reflective foil were evaluated separately from
the pipe for a flat sample. The foil was laminated onto the diffuse side of an

aluminum foil and the reflectance determined using the variable angle spec-

trophotometer and the Rsphere integrating sphere described in section 2.3.2.4.
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Figure 2.28: Reflectance of the flex-

ible foil when laminated onto a

smooth substrate for angles of inci-

dence, θin, between 15◦ and 82.5◦.

The angle dependent reflectance is

used as input in the ray tracing sim-

ulations.

In figure 2.28, the in-plane specular reflectance is shown for angles of inci-
dence between between 15◦ and 82.5◦. In the visible part of the spectrum,
the reflectance of the foil is consistently between 96% and 99%. However, at
longer wavelengths, the reflectance is reduced due to destructive intereference.
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At the transition to a transparent film the underlaying surface is exposed to

the incident light. Here, the film was laminated onto an aluminum foil with

light scattering properties. The scattered light is, however, not detected in the

variable angle reflectance measurements due to both the distance between the

sample and the detector and the small aperture of the integrating sphere. The

difference in light scattering between the visible and near-infrared part of the

spectrum is illustrated in figure 2.29 for near normal angle of incidence. As

noted, the diffuse reflectance increases significantly in the near-infrared part

of the spectrum.

To be able to include the diffuse reflectance in the ray tracing simulations,
the total reflectance was determined as a function of incident angle, shown
in figure 2.30. Beyond the specular reflectance cut-off there is an increase
in total reflectance, which can be attributed to diffusely scattered light. This
diffuse component is largest for lower angle of incidence and the laminate
becomes more specular at higher incident angles.
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Figure 2.30: Total reflectance for a

flat sample of the reflective laminate,

presented for incident angles,θin, be-

tween 15◦ and 75◦.

In the ray tracing software, the optical properties of the laminate are described
using the specular reflectance, absorptance, and diffuse reflectance. For the
specular reflectance component, the angle dependent data given in figure 2.28
are used as input. The absorptance of the film is calculated from the total re-
flectance given in figure 2.30. Light that is neither specularly reflected nor ab-
sorbed is assumed to be scattered uniformly. The light scattering distribution
is described using the ABg-model (see section 2.4.1.2), where the parameters
are B = 1, g = 0, and A accounts for the intensity of the scattered light.

2.3.4.3 Spectrophotometric measurements of pipes

The evaluated reflective pipes had lengths between 85 and 160 mm and di-
ameters ranging from 17 to 32 mm, representing aspect ratios of 5, 7, and 9.

The rigid pipes were lined with the thin highly reflective laminate described
in the previous section. The transmittance of the mirror light pipes was de-

termined using the single beam spectrophotometer with an integrating sphere
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detector, Tsphere, which was described in section 2.3.2.4. The instrument set-

up is illustrated in figure 2.12, and the measurement configurations used for

the reflective pipe characterizations are shown schematically in figure 2.31.

The port of the integrating sphere was modified using both an aperture and a

diffuser. The aperture had the same diameter as the measured light pipe and

was introduced to minimize port losses. The diffuser was used to spread the

transmitted light more evenly over the integrating sphere wall. For direct in-

cident light, light pipes can have a focusing effect resulting in areas with high

intensity light [146]. The use of a diffuser reduces the effect of non-uniform

sphere response [147].

in

Detector

MLP

Incident
light

MLP

Detector

Diffuse light
source

(a) (b)

Figure 2.31: Schematic illustration of the instrumental set-up for characterization of

the mirror light pipe (MLP). In a) for direct illumination and in b) for diffuse illumi-

nation.

The incident angle was adjusted by rotating the integrating sphere and pipe
combination around its center of rotation at the pipe opening, and measure-

ments performed for incident angles between 0◦ and 70◦. For the reference
scan, the pipe was removed, and the port of the integrating sphere was po-
sitioned at the center of rotation. The repositioning of the integrating sphere
between the tube and the reference scans ensures that the intensity distribution
and size of the incident beam are identical during the two scans, but makes the
alignment of the set-up critical.

The positioning of the pipe across the port during the measurement scan, in-
creases the throughput of the sphere port since the pipe has a higher reflectance

than an open hole. By using equation 2.33, that accounts for the aperture of
the port and reflectance of the sample, a correction factor can be obtained.
This requires that the reflectance of the pipe is known, but measuring this
property is not trivial. It should, however, be pointed out that for pipes with
a reflectance lower than 40% the uncorrected error is smaller than 4%, and

for a reflectance below 20% the error is less than 2%. It is hence reasonable
to assume that the uncorrected error when measuring mirror light pipes using

single beam instruments is relatively small [143].
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As illustrated in figure 2.31, a second integrating sphere was connected in

series with the detector and tube combination and used for characterization

of the system under diffuse illumination. The diffuse light source has an in-

terior BaSO4 coating and sufficient throughput to be used for spectral mea-
surements. For the reference scan, the tube was removed and the integrating
sphere detector positioned flush with the aperture of the diffuse light source.

2.3.4.4 Results and discussion

Since the purpose of these measurements was to validate a ray tracing proce-
dure, the measured results are presented together with the results from the sim-
ulations. The ray tracing methodology is reviewed in detail in section 2.4.3.
The spectral properties for direct illumination of the pipe with an aspect ra-
tio of 7 are presented for the incident angles 10◦, 30◦, 50◦, and 70◦ in figure

2.32. For the visible part of the spectrum, there is good agreement between
the measured and simulated pipe transmittance.
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Figure 2.32: Comparison of the measured and ray traced transmittance of direct light

through the tubular daylighting system. The aspect ratio (length/diameter) of the mea-

sured pipe is 7 and the results are presented for four angles of incidence.
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At wavelengths beyond the constructive interference cut-off, the measured

light intensity is higher than the simulated intensity. This discrepancy can be

explained by the light scattering distribution at longer wavelengths. For the

simulations, the light scattering is assumed to be completely diffuse. How-

ever, considering the increased specularity for grazing incident angles, a more

directional light scattering is expected. With a forward light scattering distri-

bution a larger portion of the diffuse component is transported through the

mirror light pipe.

Rather than presenting spectral results for all measured pipes, the wavelength

integrated visible transmittance (see section 3.1.1.1) was calculated and pre-
sented in figure 2.33. There is good correlation in visible transmittance be-
tween the measured and simulated pipes, but the discrepancy increases for
larger incident angles. This is not surprising, given that even less complex
samples are more difficult to characterize at larger incident angles. Here, light
losses around the port of the integrating sphere are likely to contribute to a
lower experimental intensity. For longer light pipes and higher incident angles
these port losses become more pronounced due to increased light scattering.
To extend the evaluation to larger aspect ratios, figure 2.33 also includes the
simulated visible transmittance for a pipe of aspect ratio 16. The shape of the

angle dependent visible transmittance curve is maintained, displaying a de-
flection point between 20◦ and 30◦. The visible transmittance is, as expected,

lower for the longer pipe.
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Figure 2.33: Measured and simu-

lated visible transmittance for pipes

with different aspect ratios, deter-

mined for incident angles, θin, be-

tween 10◦and 70◦.

In figure 2.34, the measured and simulated transmittance of diffuse light
through the mirror light pipe is shown. It can be noted that the spectral
variations are less pronounced for diffuse incident light compared to beam
illumination. A good agreement is obtained between the experimental and
simulation based characterization method. For longer wavelengths, the

disagreement is smaller for light pipes of higher aspect ratio. For these light
pipes, less diffusely scattered light reaches the detector, and the accuracy of

the light scattering distribution is thus not as critical.
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(b) Aspect ratio = 7
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Figure 2.34: Measured and ray traced transmittance of diffuse light through pipes

with aspect ratios (length/diameter) of 5, 7, and 9.

2.3.4.5 Color of transmitted light

The color of the transmitted light was evaluated for direct illumination of the

mirror light pipes using the CIE chromaticity diagram and the CIELAB co-
ordinates. The calculation procedure for these color spaces have been estab-

lished in the CIE standard on colorimetry [80] and is also described in section
2.1.4. The color evaluation was conducted for mirror light pipes of aspect ra-
tios 7 and 16 using standard daylight illuminants D50, D65, and D75. The
D-illuminants portray daylight of different color temperatures and can hence
be used to represent the illumination for different exterior conditions.

The calculated chromaticity coordinates are shown in figure 2.35, where the

a, b, and c panels represent the three standard illuminants. In each panel, two
graph areas are presented. The upper graph area is a magnification to illustrate

the spread of the data points presented in the lower graph area. The xy color
coordinates for the mirror light pipes are presented for incident angles between

10◦ and 70◦.
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Figure 2.35: CIE chromaticity diagrams for mirror light pipes of aspect ratio 7 (open

markers) and 16 (filled markers) determined for standard illuminants D50 (a), D65

(b), and D75 (c). For each illuminant two graph windows are presented; the upper

graph region is a magnification of the data points in the lower region. Data points for

an achromatic illuminant (×) and the respective D-illuminants (∗) are also presented.
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Furthermore, figure 2.35 also shows the coordinates for an achromatic light

source and the respective D-illuminants. For the investigated mirror light pipes

a small color shift towards higher x and y values is seen for higher incident
angles. The color shift is, however, smaller than that observed for different
illuminants.

In the CIELAB color space, the a∗ and b∗ coordinates portray the color and
the L∗ coordinate represent the lightness. For achromatic light a∗ = b∗ = 0,

whereas +a∗ and −a∗ indicate red and green color directions, and +b∗ and
−b∗ indicate the yellow and blue color directions. The calculated lightness

coordinate is presented in table 2.1 and the a∗ and b∗ coordinates are plotted
in figure 2.36. The acceptable color variation for mirror light pipes has been
defined based on the values a∗ and b∗, and these should not exceed ± 2 [148].
The acceptable color variations are indicated in figure 2.36 using a dashed
line. Figure 2.36 indicates a color shift towards the green-yellow direction
for angles of incidence above 50◦. However, for lower incident angles the
transmitted light is close to achromatic

Aspect ratio
θin

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦

7 100.0 99.1 97.6 97.0 96.4 95.7 94.1 89.7

16 100.0 97.9 94.6 93.2 92.2 90.6 87.1 78.4

Table 2.1: CIELAB lightness coordinate L∗ for incident angles between 0◦ and 70◦
determined for mirror light pipes of aspect ratios 7 and 16 that are illuminated with

standard illuminant D65.
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Figure 2.36: a∗ and b∗ coordinates

of the CIELAB color space for mir-

ror light pipes of aspect ratio (l/d) 7

(filled marker) and 16 (open marker)

determined for standard illuminants

D50, D65, and D75. The color co-

ordinates are given for angle of inci-

dence (θin) between 0◦ and 70◦.
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2.3.4.6 Conclusions

Spectrophotometric measurements were successfully used to validate a ray
tracing procedure and to calculate the color properties of the light transmitted
through the mirror light pipes. The spectral measurement set-up was designed
to emulate reality and the measurements were performed for both direct and
diffuse illumination. For direct illumination the incident angles were varied
between 0◦ and 70◦. The experimentally obtained data compared favorably
to the simulated values, especially for diffuse incident light. The ray tracing
model, which is reviewed in more detail in section 2.4, can be used to obtain
BSDF data for the system.

The color evaluations indicated a small shift towards green-yellow

wavelengths for higher incident angles. However, for incident angles below
50◦ the transmitted color was close to achromatic. Using the xy chromaticity
diagram a larger color difference was observed for the different D-illuminants
than as a result of the optical properties of the material. Although, the
material based color shift is small, it is of interest to investigate the human
perception of color shifts arising from exterior light variations.

2.4 Simulation based approach: Ray tracing

In optics, ray tracing is a method for calculating a ray’s propagation through
an optical system. The method is more specifically called forward ray tracing,
and the rays are traced from the light source, through the system that is be-
ing characterized, and to the detector. The advantages of ray tracing are the
freedom of design, and in many cases, superior time efficiency compared to
experimental goniophotometric methods [68]. The versatility that a simula-
tion environment offers makes it possible to make adaptations to the system
design and test different geometries. It is also possible to create detectors and

other optical surfaces with ideal optical properties. A drawback of ray tracing
is that the optical properties of all included components need to be defined.
This generally requires that the simulations are combined with optical mea-
surements. Although, experimental procedures can not be completely avoided
these measurements are generally less complicated than measurements of the
whole system.

2.4.1 Ray tracing methodology

Forward ray tracing for optical analysis is based on Monte Carlo simulations
and the rays’ propagation through the system is determined by the physical
laws of optical interactions. This type of simulation has always required sig-
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nificant computational power, but thanks to faster computers and improved

simulation strategies, it is now possible to carry out the simulations on a reg-

ular desktop computer [149]. In the first crude versions of optical ray tracing,

the light ray was either completely absorbed, transmitted, or reflected. The

introduction of ray splitting was an important advancement that made it pos-

sible to divide the ray into five different parts, specular reflection, specular

transmission, scattered reflection, scattered transmission, and absorption. The

sum of the flux of the five ray components is equal to the flux of the incident

ray [150].

Here, the simulations were carried out using the commercial ray tracing soft-
ware TracePro R©. The program is based on non-sequential ray tracing, and is
able to handle complex geometries and a wide range of material properties.
The simulations were carried out by creating a virtual source and detector
sphere and placing a model of the daylighting system in the center of the
sphere. The optical properties of the materials were determined using optical
measurements and assigned to relevant surfaces.

2.4.1.1 Virtual source and detector

Figure 2.37: Virtual sphere used for

ray tracing simulations, where each

patch functions as both a detector and

a light source. During the simulations

the model of the system is positioned

in the center of the sphere.

As previously mentioned, simulation
software offers a versatility of design,
which also extends to the creation of de-
tectors and sources. It is possible to de-
sign virtual detectors that replicate an ex-
perimental instrument [68] or create ideal
detector spheres. The latter was the aim
here, and a virtual source-detector sphere
based on Klems’ coordinate system was
used [151]. Each hemisphere was divided
into 145 detector patches where the cen-
ter of each detector patch was also used
as a light source. The patches repre-
sent the 145×145 basis used in the Win-
dow6 BSDF format [152] and are illus-
trated in figure 2.37. The patch divisions
are made to represent approximately the
same cosine-weighted solid angle and are
distributed into nine theta bands where
each band is subdivided into 1 to 24 phi
patches [153]. The theta values for the
center of the patch range from 2.5◦ to
82.5◦.
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2.4.1.2 Modeling material properties using ABg-model

Accurate ray tracing requires that the light scattering properties are accounted
for in the software’s description of the optical properties. In TracePro R©, the

use of the ABg-model makes it possible to present large amount of light scat-

tering data using only three parameters. The model, proposed by Freniere

[154] as an application of Harvey’s work on light scattering [155], uses the lin-

ear shift-invariant representation (| #»β − #»

β0|). This means that the BSDF solely

depends on the absolute difference between the projection of the scattering di-

rection (
#»

β ) and the projection of the specular directions (
#»

β0) onto the sample
plane, as seen in figure 2.38. The advantage of the representation is that the
BSDF becomes independent of incident direction according to

BSDF(| #»β − #»

β0|) =
A

B+ | #»β − #»

β0|g
, (2.35)

Figure 2.38: Definition of
−→
β and

−→
β0, used for

angular representation in the ABg-model. Inci-

dent light with the direction r̂i is reflected off

the surface, with normal n̂, in the specular di-

rection r̂0 and the scattered direction r̂.
−→
β and−→

β0 are given as the projection onto the surface

of the directional vectors, r̂ and r̂0, respectively.

where A, B, and g are em-

pirically determined parameters.
The parameters do not origi-
nate from physical properties,
but their effect on the fitted
curve is worth mentioning. In
the specular direction, i.e. when

| #»β − #»

β0| = 0, the intensity is
given by the ratio A/B. The pa-

rameter g, describes the specu-
larity of the sample and a higher
value of g indicates a more pro-

nounced specular peak. A per-

fectly diffuse, Lambertian, sam-

ple would hence have g = 0. The
BSDF is frequently presented

using a logarithmic scale due to
the wide range of intensity val-
ues. When a logarithmic scale is used in combination with the ABg-model,
g is the slope of the curve, and B determines the roll-off point between the
specular plateau, A/B, and the slope, g.

2.4.2 Characterization of a Venetian blind system

In paper III, the detailed optical properties of a Venetian blind system were

investigated using a combination of optical measurements and forward ray
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tracing. The individual slats of the Venetian blind system studied have a white

diffuse top surface and a brushed aluminum bottom surface. The top surface,

referred to as white, is almost entirely diffuse whereas the bottom surface, re-
ferred to as silver, has both specular and diffuse properties. The combination
of specular and diffuse properties makes simpler radiosity based models inac-
curate. A combination of optical measurements and ray tracing is, therefore,
expected to be the most suitable method to obtain distribution and intensity
data for the Venetian blind system.

2.4.2.1 Motivation of work

To determine the daylighting implications of light scattering fenestration sys-
tems, such as Venetian blinds, knowledge of their light distribution is neces-
sary. It is essential that these light scattering data are expressed using a com-
mon format that can be accepted by most solar energy and daylighting calcu-
lation software. There is a consensus in the use of the BSDF as a standardized
format [64, 68, 156, 157], and an important step forward was the acceptance
of BSDF data in the Radiance daylighting simulation software [65].

A work flow for creating and applying BSDF data for daylighting simula-
tions has been described [158], and the work on developing metrics based
on BSDF data has started [159]. More research on both characterization and
software implementation is, however, needed before the use of BSDF data
becomes common place in daylighting simulations [64]. This includes popu-
lation of complex glazing databases (CGDB), such as the CGDB associated
with Window6 [152], with a wider range of products and doing so involves
standardizing the procedures for obtaining BSDFs. If accurate measurements
are possible, this is the preferred method. However, as was noted in the exper-
imental section, measurements can be time consuming, associated with sig-
nificant errors, and not able to produce full BSDFs. Comparison between ra-
diosity based and ray tracing based methods have shown good agreement for
blinds with diffuse properties [160], but radiosity methods can not be used for
materials with a large specular component. Ray tracing methods are promising
since they can handle both specular and diffuse properties, but they require the
input of optical data. Andersen et al. [161] evaluated a venetian blind system
using hemispherical optical data for the slats. Here a method for including the
detailed optical properties is proposed and the difference between simplified
and more detailed optical data is investigated.

2.4.2.2 Method overview

An outline of the method used for ray tracing of the Venetian blind system is

presented in figure 2.39. First, the optical properties of the individual slats
were measured as detailed as possible. The measurements included hemi-

spherical reflectance, at normal and oblique incident angles, and in-plane light
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scattering. Secondly, the ABg-model light scattering model, was fitted to the

measured data and used to describe the optical properties of the slats in the

ray tracing program. The geometry of the slats and the distance between the

individual slats were also provided as input to the ray tracing simulations. The

output from the ray tracing simulations were transmittance and reflectance

scattering distributions as a function of incident angle. These scattering dis-

tributions were integrated to obtain the hemispherical transmittance and re-

flectance for the system.

Figure 2.39: A schematic drawing presenting the work flow for the characterization of

a Venetian blind system. The optical properties of the individual slats are determined

using hemispherical and goniometric measurements. This information is condensed

using the ABg-model and used as input for the ray tracing simulations of the Venetian

blind system.

2.4.2.3 Optical properties of a Venetian blind slat

The total and diffuse reflectance were determined for both sides of the slat,
as shown in figure 2.40, in the solar range (300–2500 nm). The white side
of the slat is almost entirely diffuse in the visible wavelength range, but it
becomes more specular in the near-infrared. At 2500 nm the specular compo-
nent is almost 12%. The silver colored side of the slat is, as expected, more
specular than the white side of the slat. However, the brushed properties of the
aluminum gives rise to scattering and explains the diffuse component of the
silver side.
The hemispherical reflectance was also determined as a function of incident
angle using a center mount accessory [125]. Two reference plates were used
for the measurements; a specular aluminum plate was used for the silver side
of the slat and a diffuse white spectralon plate was used for the white side of
the slat. The resulting hemispherical reflectance is presented in figure 2.41.

For the silver side of the slat, two of the measurement points, at 45◦ and 55◦,
clearly deviate from the curve. For these angles, the beam from the specular

reference scan is reflected off the edge of the reference exit port shown in
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Figure 2.40: Hemispherical re-

flectance properties at normal angle

of incidence for the silver and

white colored side of the slat. The

white side is predominantly diffuse,

whereas the silver colored side of

the slat has a specular component.

figure 2.10. The anomalously high measurement signal is thus most likely
caused by increased absorption at the port edge for the reference scan. The
diffuse properties of the white side of the slat spread the reflected light over a
larger area and the signal reduction due to the exit port is less pronounced.
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Figure 2.41: Hemispherical re-

flectance at 633 nm as a function

of incident angle for the silver and

white sides of the slat.

The light scattering properties of the Venetian blind slat were also determined
using a goniospectrometer. The in-plane scattering is presented for a few in-
cident angles, θin, in figure 2.42 using the BRDF as a function of outgoing
angle, θout . The specular reflection of the silver colored side of the slat can be
noted, and it is also seen that the white side of the slat becomes more specular
with increasing incident angle.

2.4.2.4 Expressing optical properties using the ABg-model

The A, B, and g parameters, were fitted to the experimental data using the

ABg-model (see 2.4.1.2). For the fit, the goniometric data provide information
about the light scattering distribution and the hemispherical data ensure that

the total integrated intensity is maintained. The ABg-model is best suited for
light scattering and the A, B, and g parameters were fitted to the diffuse part of

the data whereas the specular component was added separately. An example
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Figure 2.42: Measured in-plane BRDF for four different angles of incidence, θin. In

(a) for the silver colored side of the slat, and in (b) for the white side of the slat.

of the fit is shown for an incident angle of 40◦ in figure 2.43 for the two
sides. In this figure, the added specular component corresponds to the area
between the fitted and the experimental curve. It should be noted that both
the x-axis and the y-axis in figure 2.43 are presented on logarithmic scales,
and the specular component of the silver side of the slat is approximately one
order of magnitude greater than that of the white side.
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Figure 2.43: Example of fit of A, B, and g parameters to goniophotometric data at

θin=40◦. The B and g parameters were determined to be constant for both the silver

(B = 4.8· 10−3, g = 1.9) and the white side (B = 1.0, g = 0), in (a) for the silver

colored side and in (b) the white side.

When fitting the ABg-model to the diffuse part of the scattering, the B and g
parameters become independent of the angle of incidence. For the silver side

of the slat, B was determined to be 4.8·10−3 and g to be 1.9. The broader
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specular peak and diffuse properties of the white side of the slat results in a

higher value of the B parameter, 1.0, and Lambertian fit of the g parameter,
i.e. g = 0. The values of the specular component Rspec and the A parameter
are given for the silver side of the slat in figure 2.44(a) and the white side
of the slat in figure 2.44(b). It should be noted that the four graph areas are
presented with different ranges on the y-axes. For the silver side of the slat, the
ABg-model alone is sufficient to describe the scattering distribution at larger
incident angles and the Rspec component approaches zero. In figure 2.44(b), it
can be seen that the opposite is true for the white side of the slat, where the
specular component increases with incident angle. This can be related to the
increasing specularity that was noted for the measured data in figure 2.42(b).
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Figure 2.44: The angle dependent A and Rspec parameters as fitted to the optical prop-

erties of the slat. The B and g parameters were determined to be constant for both the

silver (B = 4.8· 10−3, g = 1.9) and the white side (B = 1.0, g = 0), in (a) for the silver

colored side and in (b) for the white side.

The A, B, and g parameters were also fitted using only the integrated hemi-
spherical reflectance values of the slat. This provided a second set of fitting
parameters that do not account for angle dependent variations. Both sets of
parameters were used to describe the surface properties of the Venetian blind
system in separate ray tracing simulations. The Venetian blind system with
angle dependent properties is referred to as Angular and the system with Lam-

bertian scattering properties is denoted Lambertian.

2.4.2.5 Ray tracing of the Venetian blind system

The Venetian blind system, consisted of five equally spaced slats mounted

with the convex side facing up and a slat-to-slat distance of 21 mm. The num-
ber of slats were chosen to minimize the computation time, while insuring

that no rays would pass on either side of the shading system. In figure 2.45,
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Figure 2.45: Schematic illustration

of the direction angles θ and φ ,

which describe the direction of the

light and the tilt angle β . θ is the an-

gle between the projection onto the

xy-plane and the incident light and φ
is the direction determined in the xz-

plane.

a schematic drawing of the angles defining the Venetian blind system is pre-
sented.

For the ray tracing, the Venetian blind system was positioned in the center of
a virtual detector sphere and one million rays were emitted from each hemi-
spherical patch.

2.4.2.6 Results

The results from the ray tracing simulations are presented using integrated

values and light scattering distributions represented by hemispheres. The in-
tegrated values are useful for a basic comparison and can also give an indi-

cation of the system’s performance, but they do not provide any information
about the light redirecting properties of the Venetian blind system. The light

scattering distributions, on the other hand, provide detailed information about

the intensity and direction of the light transmitted or reflected by the system.
Presenting all the data using this representation is however not feasible given

that it would require 1740 (145 incident directions × 6 tilt angles × 2 sets
of ABg parameters) hemispheres for transmittance and 1740 hemispheres for

reflectance.

In figure 2.46 and 2.47, the integrated values are presented for six tilt angles
from 0◦ (horizontal slats) to 75◦ for the Angular and Lambertian systems,
respectively. It can be noted that the Venetian blind system with angular prop-
erties has a generally higher transmittance and lower reflectance than the sys-
tem with Lambertian properties. This can be related to the specular properties

of the silver side of the slat, which redirects more of the light to the interior
side. The two systems have similar reflectance properties for 60◦ and 75◦ tilt

angles. For these tilt angles the white side of the slat faces the incident light,
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Figure 2.46: Integrated solar properties for Venetian blind with Angular fit of slat

properties, slat tilt angles from 0◦ to 75◦, and incident angle φ = 270◦, in (a) Rsol and

in (b) Tsol .

0 15 30 45 60 75 90
0.0

0.2

0.4

0.6

0.8

θin [°]

R
so

l

Tilt=0°
Tilt=15°
Tilt=30°
Tilt=45°
Tilt=60°
Tilt=75°

(a)

0 15 30 45 60 75 90
0.0

0.2

0.4

0.6

θin [°]

T so
l

Tilt=0°
Tilt=15°
Tilt=30°
Tilt=45°
Tilt=60°
Tilt=75°

(b)

Figure 2.47: Integrated solar properties for Venetian blind with Lambertian fit of slat

properties, slat tilt angles from 0◦ to 75◦, and incident angle φ = 270◦, in (a) Rsol and

in (b) Tsol .

and its diffuse scattering can reasonably well be approximated by Lambertian
properties.

The light scattering hemispheres are presented in figure 2.48 and 2.49 for the
Angular and Lambertian system, respectively. An incident angle of 30◦ and a

horizontal slat was chosen for reflectance, and an incident angle of 60◦ and a
tilt of 30◦ for transmittance. In transmittance, there is a significant difference

in both intensity and distribution between the two systems. The light distribu-
tion in reflectance is similar for the angular and the Lambertian systems, but

the difference in intensity is significant.
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Figure 2.48: Virtual hemisphere projections for Venetian blind with Angular fit of slat

properties, in (a) BRDF [sr−1] at incident angles θ = 30◦ and φ = 270◦, and tilt=0◦,

and in (b) BTDF [sr−1] at incident angles θ = 60◦ and φ = 270◦, and tilt=30◦.
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Figure 2.49: Virtual hemisphere projections for Venetian blind with Lambertian fit

of slat properties, in (a) BRDF [sr−1] at incident angles θ = 30◦ and φ = 270◦, and

tilt=0◦, and in (b) BTDF [sr−1] at incident angles θ = 60◦ and φ = 270◦, and tilt=30◦.

2.4.2.7 Conclusions and future work

A method for optical characterization of a Venetian blind system using a com-
bination of optical measurements and ray tracing is presented. The individual
slats of the investigated system had a combination of specular and diffuse
properties, and were modeled using two sets of fitting parameters. One sim-
plified approach assumes Lambertian properties of the slats and the second
approach is based on the measured angular data. An extensive comparison of

the scattering distribution for the two fits is impossible to make, but a cou-
ple of combinations of incident direction and tilt are compared. These showed

that there are significant differences between the two fits, indicating that more
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detailed optical data are necessary in this case. A comparison of the integrated

transmittance and reflectance parameters is also made. Here clear similarities

can be seen for high tilt angles where the incident light predominantly sees

the white side of the slat. This is encouraging since the diffuse properties of

the white side of the slat should be reasonably well approximated with a Lam-

bertian fit.

This is a first step towards obtaining full BSDFs for complex window and

shading systems. There is no doubt that more work is needed to develop fur-
ther a procedure that will minimize the need for extensive optical measure-

ments without significantly compromising the results. Here, admittedly two
extreme sets of fitting parameters are used and comparison of intermediate
combinations of simplified fits and measured data are of interest.

2.4.3 Characterization of roof-mounted daylighting systems

In the experimental section, spectrophotometric measurements of scaled mir-

ror light pipes validated a ray tracing method. In this section, the ray tracing

procedure is used to determine the optical properties of four roof-mounted

daylighting systems. In section 3.3, the optical data obtained from the sim-

ulations are used in combination with location specific illuminance data to
evaluate the performance of the systems.

2.4.3.1 Motivation of work

For many daylighting systems, the development of more sophisticated com-
ponents has boosted the light transport efficiency. For tubular daylighting sys-
tems, these improvements include light focusing and light redirecting domes
[162, 163], highly reflective pipes, and light scattering diffusers with high
transmittance. Parallel to physical improvements of the systems, more refined
methods have been developed for their evaluation. Early prediction methods
were based on the determination of transmittance efficiency for the pipe alone
[164, 145] or combined with a simple dome and diffuser [165]. The methods
were advanced to two-step approaches that included predictions of interior
illuminance [166, 167, 168]. Later more elaborate calculation methods were
included to software such as SkyVision [169, 170] and the ray tracing based
HOLIGILM [171, 172]. Theoretical ray tracing based approaches have also
been proposed by Mohelnikova [49] and Chirarattananon et al. [173]. Even
these more detailed evaluation methods are, however, not able to incorporate
the latest component developments. Lo Verso et al. [54] suggested a partially
experimental approach that accounts for the light redirecting properties of the

dome but used a simplified approach for the diffusers. The authors acknowl-
edged that a light scattering description for the diffuser was needed to deter-

mine the light distribution within the space.
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It is important that the evaluation process takes component developments into

consideration to ensure that the most suitable system is selected. The use of

BTDF data has been suggested as a way to describe the light scattering prop-

erties of core daylighting systems [174, 54]. The feasibility of this approach

is aided by the acceptance of BSDF data in Radiance [65].

Ray tracing tools that use a CAD interface are promising for the characteri-
zation of daylighting systems [175]; they can reproduce complex geometries,

handle a wide range of optical surfaces, and characterize the light distribu-
tion from the system. Although ray tracing is not a suitable tool for designers

and architects in the early design stages, the method could potentially be used
to populate a complex database similar to that being developed for complex
fenestration systems.

2.4.3.2 System descriptions

The systems evaluated in this work are combinations of three types of detector
domes, two light redirecting components, and two diffusers. The evaluations

are performed for distribution lengths of 1.2 to 6.0 meters, and the properties

of the individual components are described below. Following the component

descriptions, the system configurations are presented.

Collector domes

Two of the collector domes used in the simulation model were made to fit

circular pipes with a diameter of 350 mm. The collector domes were both
made of clear acrylic plastic with a visible transmittance of approximately
92% for a flat sample at normal angle of incidence. The first collector dome
had a conventional design, with a hemispherical geometry and no light redi-
recting elements. This dome had a height of 175 mm and is here referred to as
conventional.

Figure 2.50: Ray tracing model of the

innovative collector dome with two

prismatic light redirecting zones.

The second collector dome included two
zones with prismatic profiles; it is re-

ferred to hereafter as innovative, and the
ray tracing model of the dome is shown
in figure 2.50. The lower section of the
prismatic dome was 82 mm high and
had a 61◦ angle relative to the horizon-
tal plane, while the upper section was
41 mm high and had an angle of 22.5◦.
The geometry of the dome and the an-
gles of the prismatic sections were ap-
proximately determined based on avail-
able patents [176, 177].
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The difference in light redirecting properties for the conventional and innova-

tive collector domes is illustrated in figure 2.51 for a solar altitude of 50◦. For
the innovative dome, incident light is redirected and transmitted closer to the
normal than for the conventional dome.

(a) Conventional (b) Innovative

Figure 2.51: Light transmittance for light incident at a solar altitude of 50◦ (θin = 40◦).

In (a) for a conventional dome without light redirecting properties and in (b) for an

innovative dome with two prismatic zones.

The third collector dome imitates a roof window and was designed to fit a
square duct with a side of 600 mm. The sides of the square collector are tilted
toward the center, and the dome is slightly rounded. This collector dome is
here referred to as square.

Distribution systems

Two distribution systems, one with a circular cross-section here denoted pipe
and one with a square cross-section here referred to as duct, were used for the

evaluation. The pipe distribution system has a specularly reflective interior,

which was reviewed in detail in section 2.3.4. The pipe is 350 mm in diameter,

and the roof-mounted systems that utilize this component were evaluated for

distribution lengths of 1.2, 2.4, 4.8, and 6.0 meters.

The sides of the duct distribution system were 600 mm long and diffusely

scattering with a reflectance of 80%. The systems with the duct component
were evaluated for lengths of 1.2 and 2.4 meters.

Aperture diffusers

Both diffusers for the light emitting apertures were modeled using a transpar-
ent acrylic material. The first diffuser was slightly domed with a uniform dif-

fuse transmittance of approximately 84% at normal angle of incidence. The
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domed diffuser extends 60 mm from the aperture of the distribution system

and is denoted here as opal.

Figure 2.52: Photograph that illus-

trates the surface pattern of the pris-

matic diffuser.

The second diffuser is flat with a one
sided surface pattern resembling rectan-
gular prisms with a central ridge. This
diffuser is referred to as prismatic in the
text and a photograph that illustrates its

surface pattern is shown in figure 2.52.
The geometry of the repetitive tile was

determined using profilometry and used
to describe the surface structure for the
ray tracing simulations. The length and
width of the repetitive pattern are ap-
proximately 3.8 mm and 1.8 mm, respec-
tively, and the depth of the profile is ap-
proximately 0.6 mm. When illuminated
at normal angle of incidence, the pris-
matic diffuser scatters light into distinctive light spots, and this type of sam-
ple is thus a potential candidate for the spectrophotometric characterization

method described in section 2.3.3.
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Figure 2.53: Transmittance of the

opal and prismatic diffusers as a

function of incident angle, where

the angle of incidence is measured

against the normal to the horizontal

plane of the mirror light pipe aper-

ture.

The transmittance of the two ray tracing models of the diffusers is shown
in figure 2.53 as a function of incident angle. The prismatic diffuser has a
higher transmittance at angles of incidence below 50◦, but for grazing incident

angles, the transmittance is significantly higher for the opal diffuser.

System configurations

Of the four studied systems, three employed the mirror light pipe as the

light distributing component and one utilized the white duct. The systems
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System name
System components

Collector dome Distribution Diffuser

Conv./opal conventional pipe opal

Innov./opal innovative pipe opal

Conv./prism. conventional pipe prismatic

Square/prism. square duct prismatic

Table 2.2: Names and configurations of the studied systems.

are named based on their collector domes and aperture diffusers, and their

configurations are given in table 2.2.

2.4.3.3 Method

Figure 2.54: Overview of method for evalua-

tion of roof-mounted daylighting systems.

The light output from the systems
was evaluated by combining ray
tracing and annual illuminance
weather data. The systems were
evaluated for both direct and dif-
fuse incident light, as illustrated
in the schematic overview of the
evaluation procedure shown in fig-
ure 2.54. The ray tracing sim-
ulations were performed in two
steps. The first step determines the
BTDF for the system and both the
intensity and direction of the rays
at the light emitting aperture of the
system. In the second step, the ob-
tained data for the light emitting
aperture are used to determine the
illuminance in a square room.

The first step of the ray tracing
simulations results in the transmit-
tance of the systems for both di-
rect light of different incident an-
gles and diffuse incident light. These transmittance values are used in com-

bination with direct and diffuse illuminance weather data to determine the
luminous flux of the system. In order to estimate light variations, the weather

data file had a minute-based resolution. The second step of the ray tracing
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simulations determines the intensity of each ray and its location in the room

for each incident direction. When combined with the weather dependent il-

luminance, it is hence possible to determine the light distribution in the room

for each time step. For the second step of the procedure, hourly-based weather

data are used to reduce the calculation time.

Here, the sides of the room are 2.5 meters and the light emitting aperture was
positioned in the ceiling at equal distances from all walls. The illuminance

was determined 1.95 meters from the light output and the ceiling, walls, and
floor scattered light diffusely with reflectance values of 80%, 70%, and 40%,

respectively. Details on how the room properties were derived and the results
of the simulations are presented for different locations in section 3.3.

2.4.3.4 Discussion

Although the presented simulation procedure is relatively detailed, improve-
ments to emulate reality are possible. Here, the virtual hemisphere has fewer
patches, i.e. incident directions, than the number of sun positions represented
by the time steps in the weather data. It is infeasible to match the high resolu-
tion of the weather data due to extensive simulation times. However, increas-
ing the number of patches would naturally provide a better match to the time
dependent illuminance in the weather data.

For the simulations that replicate a diffuse light source, the light rays are
emitted from all patches of the hemisphere. To simplify the simulation pro-
cedure, the light is emitted from the center of each patch instead of being
distributed evenly over the entire patch surface. The validation of the method
using spectrophotometric measurements of mirror light pipes showed an ex-
cellent agreement between measured and simulated transmittance values for
diffuse incident light (see section 2.3.4). Although the systems studied here
are more complex, the simplification is assumed to be acceptable.

For many daylighting evaluations, the use of a sky distribution function is
essential, and it can be rightfully argued that a similar approach should be ap-
plied to this ray tracing methodology. Here, the diffuse component of the illu-
minance weather data is distributed evenly over the hemisphere when matched
to the optical properties obtained from the ray tracing simulations. A potential
improvement of the method is, thus, the application of a sky function for the
distribution of the diffuse incident light.
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3. System evaluation

The previous chapter reviewed the optical properties of different materials
and systems and described measurement techniques to evaluate these. Optical
measurements are an important part in all solar energy research. By determin-
ing the transmittance and reflectance of a system, it is possible to estimate
how well it is going to function during operation. Due to the multiple pa-
rameters involved in the characterization, the resulting data sets are generally
large. It is, therefore, frequently necessary to express these data in a more
condensed format to simplify the comparison of different products. Further-
more, to evaluate the actual performance of a system, the optical properties
must be combined with weather data and sometimes other site specifications.
In this chapter, optical and weather data are used to evaluate the performance
of energy efficient windows and roof-mounted daylighting systems.

3.1 Overview of metrics for performance evaluation

When several factors or multiple data points are combined into a single pa-
rameter this is referred to as a metric. Metrics are intended as measures of
quality and are used in all types of fields. A metric can be specific and express
the performance of a single component, such as the insulating properties of
a window. A metric can also be general and for example indicate that a low-
energy concept is fulfilled, such as in certification of passive houses. The focus
here is on metrics used to evaluate the performance of fenestration and day-
lighting systems, and a division is made between specific component metrics
and more general performance metrics.

3.1.1 Component metrics

As the name implies, component metrics are used to describe the performance

of a component. The metrics are frequently based on physical properties, and
in combination with weather data, they can give an indication of the com-

ponent’s energy implications. Previously, building standards were commonly
based on component specifications. The energy performance was, for exam-

ple, prescribed by providing the acceptable thermal leakage for each com-
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ponent [178]. Advantages of prescriptive building standards are that they are

easy to interpret and control, but their inflexibility may inhibit the use of inno-

vative products. Today, many building standards have shifted towards a per-

formance based approach where the energy objectives are given in terms of

specific energy use for the whole building. This makes the design more adapt-

able to new technology, but it is generally more difficult to evaluate. Although

component metrics are used to a lesser extent in building standards, they are

still valuable as a basis for energy calculations and product comparisons.

3.1.1.1 Spectral averages

When comparing the optical properties of glazing, the use of wavelength de-
pendent parameters becomes inconvenient, and spectral averages are therefore
frequently employed. The spectral average is obtained by integrating the op-
tical parameter and a spectral distribution over the desired wavelength range.
The spectral distribution is chosen depending on whether the visible, solar,
or thermal spectral average is sought. The direct solar transmittance, Tsol , can
thus be determined according to

Tsol =

λ2∫
λ1

T (λ )Φ(λ )

λ2∫
λ1

Φ(λ )

, (3.1)

where T (λ ) is the measured transmittance of the component and Φ(λ ) the
spectral distribution of solar radiation. If Tsol is determined according to
the ISO 9050 standard [179], then the integration is carried out between
λ1 = 300 nm and λ2 = 4045 nm and solar spectral distribution chosen
according to standard ISO 9845 [79]. When calculating the visible
transmittance, Tvis, then the spectral distribution, Φ(λ ), is the product of the
standard illuminant, D65, and the photopic sensitivity of the human eye,
V (λ ), according to

Tvis =

λ2∫
λ1

T (λ )D65V (λ )

λ2∫
λ1

D65V (λ )

. (3.2)

The integration limits are per default restricted by the extent of the eye’s sensi-

tivity curve [80]. Tvis can be used to determine the intensity of the transmitted
light, but does not give any information regarding its color properties. Similar

spectral averages can be calculated for reflectance and absorption by substi-
tuting T (λ ) in equation 3.1 or 3.2 with R(λ ) and A(λ ). Although it is possible
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to calculate Avis, it carries little physical meaning since the light never leaves

the sample.

3.1.1.2 U-value

The thermal properties of a system are determined by the the heat transport
through its components. This thermal leakage can take place through three

physical processes, radiation, convection, and conductance.

Radiation is the exchange of long wavelength radiation between surfaces and
their surroundings. A material’s ability to radiate energy is called its emissiv-
ity, which is a wavelength dependent property. Heat transfer through radiation
is the most significant heat loss mechanism for thermal leakage through a con-
ventional uncoated double- or triple-pane window. Reducing the heat transfer
through radiation can hence significantly improve the thermal properties of
the window. This can be achieved by coating the glass with a thin film, whose
emissivity is lower than that of the glass. These coatings are called low emis-
sivity or low-e coatings and the properties of these are discussed further in
section 3.2.2.1.

Convection is the heat transfer due to movements in the air or gas surrounding
the system. The exterior of the window is, in other words, cooled by convec-
tion when the wind is blowing. However, heat transfer through convection also
occurs in between panes as a result of temperature induced gas movements.
It is possible to reduce the losses due to convection by using a heavier gas,
such as argon, krypton, or in extreme cases xenon, in between the panes in
an insulated glass unit (IGU). For high performance triple glazed windows
with center of glass U-values below 0.53 W/m2K krypton is generally used
as a fill gas, but it is significantly more costly than the more commonly used

argon [180].

Conduction is the heat transport in the material due to vibration of atoms and
molecules. It is similar to electric conduction and the heat transfer in electric
conductors is also better than in insulating materials. In a window, essentially
all of the conduction losses occur in the frame and the difference can be signif-
icant depending on material choice. The thermal conductivity of an aluminum
frame is for example approximately 1000 times higher than that of a wooden
frame [181]. Because of the improvement of thermal properties of the glaz-
ing part of the window, reducing the conductivity of the frame has become of
greater importance.

The heat losses through the processes mentioned above can be combined to
determine the thermal conductance of the window. This parameter is referred
to as the U-value and gives the thermal conductance per unit area and tem-
perature difference in the unit W/m2K. The U-value of the glazing can be
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calculated according to

1

Uglass
=

1

he
+

1

hi
+

N

∑
1

1

hs
, (3.3)

where he and hi are the thermal conductance values of the exterior and inte-
rior surface, respectively, and hs the thermal conductance of the N gas spaces

between the panes. The total U-value for the window, is calculated by weight-
ing the U-values for the different window components to their corresponding
areas according to

Utot =
UglassAglass +UedgeAedge +Uf rameA f rame

Atot
. (3.4)

In reality, the U-value is weather dependent, but for classification purposes a
static U-value for a temperature difference of 15K between the exterior and

interior surfaces has been chosen. The details of the U-value calculations are
presented in standard EN 673 [182].

Reduced heat loss through the window affects the pane temperature and win-

dows with low U-values can experience condensation on the exterior pane

during some weather conditions [183]. The exterior condensation is a proof of
a well insulated window, but is frequently undesirable due to the obstruction

of the view. The problem can, however, be reduced by coating the outer most
pane with a hydrophilic coating which reduces the occurrence of individual

water droplets [184].

3.1.1.3 Total solar energy transmittance

The total solar energy transmittance is also referred to as the g-value, solar
factor, or the solar heat gain coefficient (SHGC). It is the amount of energy
entering the building through the system. When applied to a window, the g-
value is equal to the sum of the total transmittance and the amount of radia-
tion that is first absorbed by the panes and then reemitted inwards. It is thus a
unitless value between 0 and 1, where higher g-values correspond to a larger
heat transfer through the window to the room. The calculation procedure to
obtain the g-value is described for windows in for example the ISO 9050 stan-
dard [179]. Although, the g-value is determined for normal angle of incidence
in the standard it is actually angle dependent. The angle dependence of the
g-value vary with the number of panes and coating type and can be expressed
using a polynomial equation [185]. The knowledge of the g-value is unfor-
tunately not as well spread as the U-value, despite the fact that it can have a
significant effect on the building’s energy balance.
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3.1.1.4 Daylight Penetration Factor

The daylighting penetration factor (DPF) is used to describe the amount of
light entering a building through a tubular daylighting system. Two separate
methods of determining the daylight penetration factor have been proposed.
The first was introduced by Zhang and Muneer [186] and developed further
by Zhang et al. [187]. It defines the DPF as the ratio between the interior illu-
minance at one point and the external global horizontal illuminance. Although
the focus of the work was to derive a semi-empirical model to calculate the
DPF from sky clearness index, sun angle, and pipe geometry, the definition
has also been used to describe light guide performance [188].

The second definition was presented in the CIE Technical Report, Tubular

Daylight Guidance Systems. The report essentially defines the DPF as a flux
ratio and uses the tabulated utilization factor, the total flux output from the
system, and the total flux that enters the guide to determine the DPF [189].

Although, different methods are used to determine the DPF in the two cases,
the underlying definition is similar and is based on the ratio between interior
and exterior light conditions. A problem of using this approach as a compo-
nent rating is that a constant DPF can give largely different interior illumi-
nances depending on the exterior conditions. Employing a standard overcast
sky would solve this problem but induce another set of issues as discussed in
relation to daylight factor (section 3.1.2.1).

3.1.2 Performance metrics

For daylighting, performance metrics are generally used to quantify the oc-
currence of a given light level or risk for glare. The light intensity threshold
depends on the activities in the space and are provided as illuminance val-
ues in lighting standards [190]. The performance metrics described here are
differentiated from component metrics by their broader perspective such as in-
clusion of weather data, evaluation in a space, or the combination of multiple
component metrics.

3.1.2.1 Daylight factor

The daylight factor (DF) has been used in its current form since the late 1940s,
and it is likely the most widely used daylight metric in the world [191]. It is

defined as the ratio between the internal illuminance and the external hori-

zontal illuminance under a standard CIE overcast sky. The use of a standard

overcast sky means that the daylight factor does not include weather data and

is hence independent of important parameters such as location, building orien-

tation and time of year. Furthermore, since the calculations do not account for

93



sun position or intensity, architectural designs that include light redirecting el-

ements or are based on solar angles do not affect the daylight factor. Although,

the metric is criticized and has clear limitations, it is easily grasped and can

provide an experienced practitioner with cues to the daylighting situation.

3.1.2.2 Daylight Autonomy

Contrary to the daylight factor, the calculation of daylight autonomy (DA) is
based on time dependent weather data. It evaluates the annual performance

for a space and is defined as the percentage of occupied times when daylight
alone can achieve the required illuminance [191]. Recommendations of min-

imum design illuminance can be obtained for various spaces from standard

documents [190]. The metric inspired the development of continuous daylight
autonomy (DAcon) and maximum daylight autonomy (DAmax) [192]. Instead

of hard thresholds, DAcon gives partial credit to values below the design illu-
minance requirements. This approach is sensible considering that our vision

is not binary and it is likely that light levels just below the illuminance thresh-
olds are just as satisfying. The threshold for maximum daylight autonomy is

defined as 10 times the design illuminance, and it is intended as an indication
of direct sunlight or risk of glare.

3.1.2.3 Useful Daylight Illuminance

The useful daylight illuminance (UDI) is split into three parts and determines
the percentage of occupied times when the work plane illuminance is insuf-
ficient (< 100 lux), useful (100–2000 lux), and expected to cause discomfort
(> 2000 lux) [193]. It is a climate based metric that, like the DA-metrics,
evaluates the spatial component of daylight and requires the use of a three
dimensional model.

3.1.2.4 Acceptable Illuminance Extent

While, both UDI and DA give annual performance for a space, they do

not specify at what time of the day or year the illuminance requirements
are achieved. The acceptable illuminance extent (AIE) was proposed by
Kleindienst and Andersen [194] and combines the use of an upper and a
lower threshold with a temporal map. The thresholds define the acceptable
illuminance, and the temporal map shows the percentage of the space that is
within this interval for each time step of the day and the year. In conjunction
with the upper and lower thresholds, ’buffer zones’ can be defined. Within the
buffer zones, partial credit is given, similar to continuous daylight autonomy.
With AIE, however, the option exists to define absolute maximum and
minimum limits for illuminance credit. Temporal maps lend themselves well

to visual interpretation, and the inclusion of spatial information is intended
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as support for informed design modifications. The acceptable illuminance

extent is intended to be used early in the design process and is implemented

in the design tool LightSolve [195].

3.1.2.5 Window energy balance

A model for calculating the energy balance of a window was proposed

by Roos and Karlsson [196]. The model was developed further by

Karlsson et al. [197] who extended the calculation procedure from annual
mean values to hourly data. The value of the model is that it accounts for
the building type when determining the energy balance of the window. The
U-value and the g-value are included to describe the window properties and
the building type is represented by the balance temperature, Tb. The balance
temperature of the building is the outdoor temperature above which no active

heating is needed. In the model based on annual data, the accumulated values
of incident solar irradiation, S, and degree hours, G, are used as weather

parameters. The heating energy balance is hence expressed according to

E = ḡS(Tb)−UG(Tb) (3.5)

where ḡ is the annual mean value of the total solar energy transmittance. For
the hourly based calculation method, the incident solar irradiation is divided
into its direct, diffuse, and retroreflected components and the degree hour cal-
culation includes a thermal inertia for the building [197].

3.2 Evaluation of energy efficient windows

The development of large area coating technologies has transformed windows
from an energy drain to a potential energy resource in a building’s energy
supply system [198]. The number of coated glazing products available on the
market has increased significantly during the past decades. More recent devel-
opments include novel technologies with variable transmittance. In appended
papers V and VI, the insulating and solar energy properties for seven differ-
ent coating technologies are reviewed. It can be argued that the glazing is the
most important part of the window, and the papers and this section are hence
limited to the optical properties of the glazing. A comprehensive review of the
entire window and its physical properties can, however, be found in existing
literature [180, 199, 200].
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3.2.1 Motivation of work

Although large scale thin film deposition is a well developed technology and

windows with coated glazings are a mature market, 86% of exsisting windows
in the EU are single-pane or outdated uncoated double-pane windows [201].
Important work, thus, lies in integrating energy efficient windows on the mar-
ket. Windows’ long life spans make replacements infrequent and increases the
importance of selecting the most suitable product for the particular building

and location.

The implementation of an energy labeling system is one approach to bring
awareness to the products’ energy use. The method has been hugely success-

ful for electrical appliances and has resulted in more energy efficient products
[178]. Windows should be labeled in a similar fashion, but due to the many

parameters involved, the rating calculation method is more complex. In 2001,
a project group with members from eight European countries was initiated to
developed a European Window Energy Rating System [202]. The goal was to

establish a framework for window rating that would facilitate a direct com-
parison of windows within the EU. The rating was aimed for consumers and

designers alike and should reflect the energy performance of the window.

In the UK, the work resulted in a rating based on the energy loss or energy gain
through the window. A rating scale from A to G, where the most energy effi-

cient windows are categorized as A-windows is used. The label is similar to
the EU label used for appliances, and the consumers were hence familiar with
its design [203]. In Denmark, a three grade scale, A to C, was introduced. The

rating was based on the energy balance of the window determined for a typical
Danish climate [204] combined with a reference house [205]. An extension of

the labeling scheme to include a five scale rating and the division of Europe
into three climate zones was later suggested [206]. A similar calculation ap-

proach was suggested in Italy and the algorithm included simplified climatic
data and the U-value, g-value, and air infiltration for the window [207].

Outside the EU, window energy rating schemes based on energy balance cal-
culations are already in place in, for example, the US, Canada, New Zealand,
and Australia [208, 209, 210]. Furthermore, a recent ISO-standard specifies a
calculation procedure to determine the energy performance of a fenestration
system based on solar heat gain, thermal losses, and air infiltration, where the
calcuation is performed separately for the heating and cooling seasons [211].

In Sweden, a voluntary window rating system was introduced in 2006 as a

result of the European working group [212]. Although the program was not
mandatory, it has been adopted by approximately 85% of window manufactur-

ers [178]. Interviews have shown that the labeling system can increase aware-
ness of the energy efficiency of windows [213]. Regrettably, the current rating
system only considers the U-value of the window [212] and, therefore, does
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not evaluate its energy performance. The effect is that a top rated window

may be worse from an energy perspective than a window with the lowest rat-

ing [214]. An argument for the simplified approach was that it was better to

introduce a system with imperfections and refine it over time than to do noth-

ing at all [212]. Energy rating systems have now been introduced in several

other countries, and an ISO standard describing the calculation procedure is

in place [211]. It is time to start refining the Swedish rating system.

The aim of the work presented here is to illustrate the extent of coated glazings
available on the market, their range of thermal and solar heat gain properties,

and the performance variations for windows in different climates. Given the
Swedish rating system for windows, it is also of interest to stress the impor-
tance of the g-value for the energy balance of windows.

3.2.2 Energy efficient windows

Energy efficient windows can be divided into two main categories; those op-

timized for heating dominated climates and those optimized for cooling dom-

inated climates. The windows in these two categories are frequently referred

to as low emissivity (low-e) and solar control, respectively. The denotation

is a little misleading, given that most of today’s solar control windows also

have low emittance, and the greatest difference between the two groups is the

amount of transmitted solar energy. In addition to these categories, new types
of windows with switchable properties are being introduced on the market.

Their variable properties make them something of “window chameleons” that
can change their optical properties depending on the current condition or vi-

sual requirements.

3.2.2.1 Low-e windows

A low-e window is characterized by a low U-value and a high g-value. This
is achieved by coating one or several of the panes with a low emittance coat-
ing. In a multiple pane unit, the coating should be applied to the exterior of
the interior pane to maximize the solar energy transmittance. Traditionally,
no coatings are applied to the middle pane in triple glazed IGUs in order to
avoid cracking and other problems associated with thermal expansion. How-
ever, it has been shown that the risk of damage is relatively small, and coated
glass is now also used for the central pane in windows with extremely low
U-values. The coatings should have a high transmittance in the visible and
near-infrared wavelength range and a low emittance (i.e. high reflectance) for
long wavelength radiation. This criterion is satisfied by thin silver films and
doped metal oxides, such as tin oxide (SnO2) coatings, as shown in the the
solar range in figure 3.1. Tin oxide coatings are pyrolytically deposited during

the float line process. They are frequently referred to as hard coatings thanks
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to their high durability, and thus do not have to be protected in an insulated

glass unit (IGU). They have higher g-values than silver based films, but they

can give the window a somewhat hazy appearance due to light scattering in

the film [215]. For silver based low-e coatings a single silver film is frequently

used. It has a lower emittance than a tin oxide coating, but it needs to be pro-

tected in a sealed IGU to avoid deteriorating [216]. When the low-e coatings

were first introduced, the emittance reduction from 0.84 (uncoated float glass)

to approximately 0.15 (doped tin-oxide) resulted in significantly improved U-

values. With today’s technology it is possible to obtain emittance values below

0.05, and in recent years there appears to be a race to obtain the lowest possible

emittance values. The effect of this development on the energy balance of the

window was studied by Karlsson and Roos [217]. The authors concluded that

other parameters such as building type, climate, and orientation have greater

effects on the energy balance of the window than small changes in emittance.
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Figure 3.1: Spectral properties for one clear, three coated, and one absorbing glazing

product. The hard low-e has a SnO2 coating, the soft low-e has a single silver film, and

the Soft SC is a solar control coating based on double silver films. Data from [218].

3.2.2.2 Solar control windows

Solar control windows are used in cooling dominated climates, and the most
important property is hence a low g-value. Although a low U-value is also
beneficial, especially in actively cooled buildings, it is not as critical as in
cold climates due to the lower temperature difference between the interior and
exterior. A low g-value is obtained by reflecting as much of the solar spectrum
as possible, ideally while maintaining a high visible transmittance. Spectrally
selective coatings have therefore been developed. These have a high transmit-

tance in the visible part of the spectrum, and are highly reflective in the near-
infrared and infrared wavelength ranges. Many spectrally selective coatings

are based on multiple thin silver films separated by dielectric coatings [180].
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Before the introduction of spectrally selective coatings, absorbing coatings

were used to reduce the g-value. The downsides of absorbing coatings are that

they do not lower the U-value and they reduce the visible transmittance. The

wavelength dependent properties for a spectrally selective and an absorbing

solar control coating are shown in figure 3.1. The solar energy transmittance

can also be reduced by retrofitting a solar absorbing film on an existing win-

dow. When these films were first introduced on the market, the durability suf-

fered from poor quality and incorrect installation. They subsequently received

a poor reputation. However, the quality of today’s adhesive films are better.

3.2.2.3 Windows with variable properties

The most recent advancement in window coating technology is coatings that
can vary their optical properties. These chromogenic materials can change

their transmittance when exposed to, for example, light; photochromics, gas;
gasochromics, heat; thermochromics, and electric potential; electrochromics
[219, 220]. For large area applications, the electrochromic materials have been
favored because of their ease of control and specular properties [221]. Elec-

trochromic coatings can switch between a highly transparent and either a dark
or reflective state and the switchable properties can be achieved using multiple
technologies [222, 223]. In paper V, three different electrochromic windows
are compared to a selection of solar-control and low-e windows. Out of the
three studied electrochromic technologies, only one, an all solid state elec-
trochromic film, has been introduced to the market for window applications
[224, 225]. The other two systems, a plastic electrochromic foil and a metal
hydride system, are still under development. The electrochromic foil has been
introduced for visors in motorcycle helmets [226], and the production has
been scaled up for skylight and window applications [227]. Recently a full
scale skylight with the electrochromic foil was installed in a shopping cen-
ter in Uppsala, Sweden. The light weight and ability to laminate the foil to

an existing pane makes it especially suitable for retrofitting to existing win-

dows. The metal hydride is based on a significantly different technology, using

a hydrogen gas reservoir for its switching. Proof-of-principle for the system

has been shown, but the technology is still under research and development

to achieve better switching stability [228]. The three electrochromic coatings

are hence at different stages of their development, and the aim of paper V is
to provide an overview of the potential of their dynamic range compared to

static coatings. It has been shown that electrochromic windows can reduce
glare [229], and careful selection of the control strategy can also reduce the

building energy use [230, 231].
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3.2.3 Selecting energy efficient windows

Given the number of coated and uncoated glass panes available on the market,

the possible window combinations become nearly limitless. The optical prop-
erties of a vast number of glazing products are available in the International
Glazing Database (IGDB), which is administrated by Lawrence Berkeley Na-
tional Laboratory [218]. The optical data can be used to obtain important win-
dow parameters, including visible transmittance, U-value, and g-value, that

can guide the customer in selecting the most suitable window. Figures 3.2 and
3.3 show the interdependence of U-value, g-value, and visible transmittance,

Tvis, for eight selected double pane window configurations. The windows were
selected to represent a range of coating technologies and the properties for the

respective windows are given in table 3.1.

Figure 3.2: U-value versus

g-value for eight double

pane argon filled windows.

The clear and the dark states

of the electrochromic win-

dows are connected with ar-

rows.

Figure 3.3: Visible trans-

mittance versus g-value for

eight double pane argon

filled windows. The clear

and the dark states of the

electrochromic windows are

connected with arrows.

In the figures, the dark and light state of the electrochromic windows have
been connected with arrows to visualize their dynamic range. Figure 3.2 shows

the U-value versus g-value for the selected window configurations. It can be
seen that all windows containing a low-e coating have a U-value of 1.7 W/m2K

or less, and that the g-values range from 0.1 to 0.8 depending on the type of
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Name Outer Pane Inner Pane U-value g-value

Hard low-e Clear glass SnO2-coating on sur-

face three

1.65 0.71

Soft low-e Clear glass Single silver coating

on surface three

1.50 0.62

Soft SC Double silver coat-

ing on surface two

Clear glass 1.38 0.38

Abs. SC Absorbing glass Clear glass 2.57 0.32

SS clear Clear solid state EC

film on surface two

Clear glass 1.63 0.48

SS dark Dark solid state EC

film on surface two

Clear glass 2.52 0.09

Foil/float C Clear EC foil on sur-

face two

Clear glass 2.52 0.6

Foil/float D Dark EC foil on sur-

face two

Clear glass 2.52 0.38

Foil/low-e C Clear EC foil on sur-

face two

Low-e on surface

three

1.64 0.56

Foil/low-e D Dark EC foil on sur-

face two

Low-e on surface

three

1.64 0.32

MH trans. Clear metal hydride

EC film on surface

two

Clear glass 2.07 0.21

MH refl. Reflective metal hy-

dride EC film on

surface two

Clear glass 1.95 0.05

Table 3.1: Pane configurations, U-values (W/m2K), and g-values for windows in fig-

ures 3.2 and 3.3.
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coating or optical state of the elctrochromic film. The effect of a low-e coat-

ing is apparent when comparing the U-value for foil/float to the U-value of

foil/low-e. As indicated in figure 3.3, the ratio of visible transmittance to g-

value cannot exceed 2:1, due to the spectral distribution of the solar radia-

tion. A high visible transmittance, or in the case of electrochromic windows

a wide range in visible transmittance, is generally desirable. As previously

mentioned, windows with low g-values should be chosen in cooling domi-

nated climates in order to minimize solar energy transmittance. As a general

rule, high g-values are desirable for heating dominated climates. However, the

optimal window also depends on the insulation level of the building and win-

dow orientation. For a well insulated building and a south facing window the

risk of overheating during the summer months is significant, and a window

with a lower g-value could be preferable.

Although the U-value, g-value, and visible transmittance describe the
physical properties of the window and provide guidance to selecting the most
energy efficient window, they do not account for location, building type, or
window orientation. To estimate energy use, some type of energy simulation
is needed. It can be anything from a rough estimate using hand calculations
to advanced building energy simulation computer models. WinSel is a simple

energy simulation software that has been developed for this purpose at
Uppsala University [181]. It is designed for window selection and uses hourly

weather data (global and diffuse solar radiation and temperature) to calculate

the annual energy balance per square meter of window area. Input parameters

for the window are the g-value and the U-value, together with parameters

correcting for the angle dependence of the g-value [185]. The building is
simulated with its balance temperature, Tb, and thermal mass dependent time

constant as input parameters. The balance temperature is the exterior tem-
perature when neither cooling nor heating is required to maintain the desired

indoor temperature [232]. The balance temperature is used to determine the
cooling and heating season; making it possible to separate the total energy

balance into a cooling and a heating energy balance. The heating season is
defined as all hours of the year when the outside temperature is below the bal-

ance temperature of the building. The definition of the cooling season uses a
temperature swing, which allows the indoor temperature to increase a certain
number of degrees above the set indoor temperature before cooling is needed.

Three of the windows presented in table 3.1, namely hard low-e, soft SC,

and the electrochromic window SS, were evaluated using WinSel. The
simulations were carried out for three locations, Stockholm, Brussels, and

Rome, and south and north orientations. The electrochromic window was
simulated both as a static window in its clear (SS clear) and dark (SS dark)

states, and with variable transmittance (SS variable). In the variable case,
a control strategy was chosen so that the window darkens when the direct
incident solar radiation exceeds 200 W/m2 and lightens at intensities lower
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than 400 W/m2. This does not represent an optimized control strategy, but

is intended to illustrate the effect of variable properties. Regarding the choice

of the threshold values it can be noted that sunshine duration is defined as

direct irradiance values over 120 W/m2 [233]. The range was furthermore
considered realistic in a study that evaluated control strategies using a
simplified balance temperature approach [234].

Figure 3.4 and 3.5 show the cooling energy balance for a building with a

balance temperature of 12◦C and the window positioned on the north and
south façades, respectively. The negative values indicate that it is necessary

to remove heat from the building, i.e. use active cooling, in order to maintain
the set indoor temperature.
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Figure 3.4: Comparison of the cooling

energy balance for five double pane

windows on a north facing façade.

Tb = 12◦C.
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Figure 3.5: Comparison of the cooling

energy balance for five double pane

windows on a south facing façade.

Tb = 12◦C.

The cooling need is, as expected, higher for Rome and Brussels than for
Stockholm and a significant difference can also be noted between a south and
a north facing window. For all static coatings, the cooling load is higher for
a window on a south façade compared to a window on a north façade. The
relative difference is greatest in Stockholm where approximately 44% less

energy is needed for cooling on a south façade compared to a north façade
when using a hard low-e coated window. This may be attributed to a lower

solar altitude during the mid-day of the cooling season in Stockholm, which
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results in more direct solar radiation on a vertical window. The absolute

difference (in kWh/m2) between the two window orientations is, however,
greater for Rome and Brussesls. Contrary to the static windows, the variable
transmittance window, SS variable, has a lower cooling energy need for
a south than a north facing window. Obviously, the control strategy plays
an important role, and the extreme states, SS clear and SS dark, have been
included to show the possible range. It is probable that the cooling energy
use for a variable window can be reduced further by optimizing the control
strategy for the south and north facing façade, respectively.

In paper VI, three control strategies, two daylighting strategies, and one en-
ergy optimization strategy, were tested. All control strategies were better than
a static solar control window (Soft SC) during the cooling season, but only the
energy strategy outperformed the static solar control window during the heat-
ing season. In this case, the energy strategy may, however, result in interior
conditions that are too dark and some of the benefit may hence be lost due to
electric lighting use. It is important that both the visible and energy aspects
are considered when developing the control strategy in order to obtain sus-
tainable reductions in energy use. Optimization of control strategies is beyond
the scope of both paper V and VI, but there is no doubt that the window per-

formance is greatly affected by the choice of control strategy [230, 231, 235].

In figure 3.6 and 3.7 the heating energy balance is shown for a south and a
north facing façade, respectively. Similar to the cooling energy balance, nega-
tive values indicate that additional heating is needed to maintain the set indoor
temperature. Positive values show that more heat is gained from incident solar
radiation, than is lost through thermal leakage. On the north façade, the inci-
dent solar radiation is not sufficient to offset the thermal losses, resulting in
a heat deficit in all but one case. The benefit of a larger g-value for the heat-
ing energy balance is noticeable when comparing the hard low-e and soft SC
windows.
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Figure 3.6: Comparison of the heating

energy balance for five double pane

windows on a south facing façade.

Tb = 12◦C.

The total energy balance, presented for a south façade in figure 3.8, shows that

the hard low-e is significantly better from an energy perspective in Stockholm,
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somewhat better in Brussels, and the worst option in Rome when compared to

the other window options. Although this is a result of the climatic differences,

a similar effect can be seen when comparing different building types. To

illustrate this, the total energy balance for a hard low-e and a soft SC window

is compared for three different balance temperatures in figure 3.9. The calcu-

lations are performed for a south facing façade in Stockholm. A low balance

temperature indicates that the building is well insulated, resulting in a shorter

heating season and a window with a low g-value is hence more beneficial.
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Figure 3.7: Comparison of the heating

energy balance for five double pane

windows on a north facing façade.

Tb = 12◦C.
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Figure 3.8: The total energy balance for

five double pane windows on a south

facing façade. Tb = 12◦C.
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Figure 3.9: The total energy balance as a

function of the balance temperature for

two double pane windows on a south

façade in Stockholm. One of the win-

dows has a hard low-e coating and the

other a soft SC coating.
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3.2.4 Conclusions

In papers V and VI the optical and thermal properties of a selection of window

configurations were presented and the interdependence of U-value, g-value,
visible transmittance, and pane temperature was shown. Energy simulations
were carried out for a representative selection of window combinations, using
a simple energy simulation program. The aim was not only to illustrate the vast
number of window types available on the market and provide an overview of

different coating technologies, but also to show the importance of both the
U-value and the g-value on a window’s energy balance. A possible view into

the future was also provided by presenting the dynamic properties of three
electrochromic coatings. One electrochromic window was selected for energy

balance calculations. Although no attempt was made to optimize its control
strategy, the potential of adapting the optical properties to the daily and/or
seasonal changes was shown using best and worst scenarios combined with
simple controls.

The energy simulations also illustrated the complexity in choosing an optimal
window because of the many variables involved, such as U-value, g-value,
building type, and window orientation. To make the comparison of different
windows easier for designers and customers, these factors should be summa-
rized into an energy rating that can easily be interpreted by laymen. Several
countries have already introduced rating schemes based on the energy balance
of the window as described in section 3.2.1. The energy balance approach
is also applied in a recent ISO standard that outlines a calculation method
based on thermal loss and solar heat gain through the window. Sweden has
traditionally had a high window standard as a result of the cold climate and
governmental subsidy programs. To improve further the integration of energy
efficient windows, the use of a rating system that decipher the energy perfor-
mance is, however, advisable.

3.3 Evaluation of roof-mounted daylighting systems

Windows are the most important daylighting system, and their ability to bring
light and heat to the interior while providing the inhabitants with an exterior
view has already been discussed. The daylight penetration depth is, however,
relatively limited, and the daylit zone rarely extends more than 1.5 times the
head height of the window (measured from the floor to the top of the window)
into the room [236]. Depending on the geometry of the building, significant
areas may, hence, rely completely on electric lighting for their illumination.
There is a potential for reducing the electricity use in these areas by introduc-
ing daylight through core daylighting systems. The principle of light redirec-
tion varies between systems, and an overview of a selection of core daylight-
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ing systems is provided in section 3.3.2. In section 3.3, the performance of

four roof-mounted daylighting systems is evaluated in a Swedish climate.

3.3.1 Motivation of work

The concept of guiding light to the interior of the building is not new, but

the feasibility has increased thanks to advancements in optical materials. The

material improvements include the development of highly reflective dielectric

films, more efficient diffusers, optical fibers with low attenuation, and angular

selective materials [237]. Despite improved efficiencies, a survey of registered

architects indicated little or no experience with the use of core daylighting

systems in their designs [238]. Several respondents mentioned budgetary con-
straints as a common limitation, but knowledge gaps were also an issue; over

80% expressed a desire to learn more about the performance of core daylight-
ing systems.

For windows, available component metrics, such as Tvis, U-value, and g-value,

can be used to compare the visible, thermal, and heat gain performances of dif-
ferent products. As discussed earlier, these parameters can be combined with

weather data to provide the approximate energy performance of the window.

Furthermore, the daylight admission through windows can be evaluated using
backward ray tracing techniques and expressed in terms of daylight autonomy

or useful daylight illuminance. For core daylighting systems, the situation is
different. There is a lack of parameters for comparing the performance of dif-

ferent systems [174]. Although daylight metrics can be used to express annual
illuminance levels, determining the admitted intensity is more difficult since

most systems can not be simulated using backward ray tracing. The daylight
penetration factor (see 3.1.1.4) is occasionally used to express the light admis-

sion of tubular daylighting systems. However, it has been shown to be a poor
metric for evaluating the perceived light intensity [239], and it is unclear if it
is a meaningful measure for other types of daylighting systems [240].

Evaluation of the admitted light intensity and its spatial and temporal distri-

bution is perhaps more important for core daylighting systems than windows
due to their limited or non-existent views to the outside. The benefits of day-

light are commonly attributed to its combination of high intensity and spectral
distribution, its variation over time and space, and its connection to the ex-

terior world. Whether the light distributed from a core daylighting system is
perceived as daylight, although it lacks some of daylight’s normal attributes

has not been clearly established. One field study indicated that the users did

acknowledge the light from a tubular daylighting installation as a source of

daylight and also showed that a majority of the users were satisfied with the

lighting conditions. The results of the field study were, however, equivocal

and not able to distinguish the daylight benefits of the window from those of
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the tubular daylighting system [241]. A later study indicated that the intensity

of the delivered light was important and that users were reluctant to consider

light delivered by a tubular daylighting system as daylight unless the inten-

sity was high or the space included a window that provided a connection to

the exterior. The study also suggested that the shape of the interior aperture

played a role in the perception of the light from the system. Square apertures

were viewed more positively than circular and considered brighter for similar

illuminance. The authors suggested that the square aperture’s resemblance to

electric luminaires contributed to the more favorable rating [239]. For day-

light, intensity variations are natural but they may be perceived quite differ-

ently when disconnected from view. Furthermore, for focusing daylighting

systems natural variations are amplified. Mayhoub and Carter [240] indicated

that this could be a potential problem, but they did not quantify occurrence

or discomfort thresholds. Here, two metrics for quantifying the amount and

fluctuation of light from a core daylighting system are defined and used to

evaluate the performance in a Swedish climate.

3.3.2 Overview of light guiding systems

In this section, an overview of three different types of light guiding systems

is provided. Common characteristics for the systems are that they all include

components for light capturing, light distribution, and light emission. How-

ever, the technical design of the components vary for different systems. These

differences influence the performance of the systems and their applicability to

different climates.

3.3.2.1 Tubular daylighting systems

Tubular daylighting systems are, after skylights, the most common
roof-mounted daylighting system. The generic system has a plastic dome
collector, a reflective pipe for distribution, and a diffusing emitter that spreads
the light into the room. A significant body of research on tubular daylighting
systems exists, which includes proposals of prediction methods (see section
2.4.3), results from full-scale measurements [56, 188, 242, 243, 147], and a
CIE report on the design and photometry of systems [189]. Enhancements
of the separate components are possible, and an overview of suggested
improvements is presented here.

Improvements to the collector dome are aimed at increasing the transmittance
of the dome material or deflecting the light to reduce the number of reflections
in the pipe. Edmonds et al. [244] suggest the use of a fixed laser-cut panel, ori-

ented toward the equator, to redirect incident light into a more parallel direc-
tion prior to entry into the pipe. A light deflecting sheet with a 20◦ tilt relative

to the pipe opening is reported to increase the transmittance of direct light for
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solar altitude angles up to 60◦. However, for higher solar altitudes, reduced

transmittance is noted. The time when the laser-cut panels are beneficial is in-

creased by using a pyramidal or rotating mount [162, 163]. Reflective deflec-

tors or Fresnel lenses [245] are also used to redirect incident light. An evalua-

tion of a collector dome with a reflective side deflector reports a 22% increase

in beam illumination, but a 5% lower efficiency for overcast conditions [56].

It should be noted, that light deflectors, in general, improve the system perfor-

mance for beam illumination at low solar altitudes but reduce the admittance

of diffuse light [54, 163, 188]. It is, hence, important to consider both the lati-

tude and predominant sky type for the given location. Additional suggestions

of dome improvements include the use of light diffusing materials to reduce

high intensity light spot on the exit diffuser. Although a more uniform light

distribution was shown, diffusing domes have not been widely adapted [146].

Although early designs suggested the use of prismatic vertical light guides
[246], most commercial systems available today use reflective ducts. The
interior reflectance varies between 95–98%, and the performance is, logically,
improved with higher reflectance values [56, 147]. Circular cross-sections
predominates the commercial market, but splayed light pipe geometries
have been suggested as a way to increase the throughput for low solar
altitudes [247].

For prediction methods, a uniformly light-scattering diffuser is generally
assumed to simplify the calculations. However, in reality many manufacturers
of tubular daylighting systems offer a range of diffusers for distribution of
light into the room. Results indicate that a diffuser that exhibits anisotropic
light scattering can provide an interesting sparkle to the space, which
increases the perception of brightness [248]. A comparison of a flat Fresnel,
curved frosted, and flat frosted diffuser shows that the Fresnel diffuser is
especially beneficial for clear conditions with only modest disadvantages
for diffuse incident light. For the flat diffuser the overall performance is
approximately 10–12% better than for the curved diffuser [56]. Furthermore,
to better utilize the incident light a two-component diffuser with a diffuse
central and clear rim area has been proposed [249].

3.3.2.2 Façade mounted systems

For façade mounted systems, the light collector is positioned on a vertical

wall, generally above the window, and a reflective duct is used to direct light
into the room. The dimensions of the duct are generally limited in order to

fit into the plenum space above the interior ceiling. Most façade mounted

systems utilize the direct beam illumination, and the collector is then oriented

toward the equator. The light emitting aperture that distributes light into the

room is generally large compared to electric luminaires and covered by a

light diffusing film.
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Figure 3.10: Photo taken in College

Station, Texas, USA in a 3:4 mock-up

of a room with the Horizontal Hybrid

Solar Light Pipe installed.

An early description of a horizontal

light guiding system is presented by

Beltrán et al. [47]. The light collector
of the system is designed for redirection
of beam illumination, and the tilts of
the three reflector surfaces (one central
and two side collectors) are optimized
for Los Angeles, California. A 9.1 meter
reflective pipe with a trapezoidal cross
section is used to guide the light into the
interior of the space. The light emitting
aperture at the far end of the pipe is
4.5 meters long and covered with a
translucent diffusing film. The system
was evaluated quantitatively using the
energy simulation program DOE-2.
Annual evaluations for Los Angeles, CA
indicate that the system can achieve a
work plane illuminance above 200 lux
for 7 hours per day for the whole

year [47]. The design of the system was
later adapted for College Station, Texas, and combined with electric lighting.

The Horizontal Hybrid Solar Light Pipe is evaluated using a 1:4 scale
model [250] and a 3:4 mock-up of a 2.6 meter wide, 9.0 meter deep, and

3.0 meter high space. A photo of the 3:4 mock-up is shown in figure 3.10,
and illuminance measurements from the same space during clear conditions
in June are shown in figure 3.11. During the measurements the exterior
illuminance was stable at approximately 108 klux. The illuminance data were
recorded directly underneath the output aperture, and both the window and
walls were covered with black fabric.
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Figure 3.11: Illuminance measurement in 3:4 mock-up of the Horizontal Solar Light

Pipe conducted at 12:30 under clear conditions on June 5. The length and width are

presented as measured in the space and the light sensors were positioned 77 cm from

the floor, which corresponds to desk height.
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A similar trapezoidal light pipe design is employed by Canziani et al. [251].

The collector of the proposed system uses a movable central reflector whose

tilt is adjusted according to the position of the sun. The system is evaluated

using forward and backward ray tracing, and the work plane illuminance is

calculated for Venice, Italy on the equinoxes. The illuminance of a side lit

room with two systems positioned side-by-side is compared to a reference

room. The presented results show that the illuminance at noon increases from

150 lux to 350 lux at the back of the room, 11 meters from the window.

Hien and Chirarattananon [252] describe a system with a west oriented collec-

tor that uses an external adjustable heliostat to redirect sunlight into the sys-
tem. The system is evaluated experimentally in a 5.75 meters deep by 2.85 me-
ters wide windowless room located in Bangkok, Thailand. Daytime average
daylight penetration factors between 0.3–0.8 are reported for the back of the
room, and large illuminance variations are noted for partly cloudy conditions.

Figure 3.12: Exterior view of a full-scale in-

stallation of an Anidolic light guiding system

in Lausanne, Switzerland.

The use of a non-imaging,

anidolic, collector system was
proposed by Courret et al. [253].

The collector is optimized for
admission of diffuse skylight

and is designed as a parabolic
concentrator [254]. An exterior
view of the collector system in a
full-scale installation is shown in
figure 3.12. The collected light
is emitted into an approximately
3.5 meter long and 0.5 meter
high reflective duct with rect-
angular cross section. Another
parabolic mirror is used to reflect

the light onto the light emitting
aperture that is positioned between 3.5 meters and 4.5 meters into the room.

Monitoring of a north facing test room in Lausanne, Switzerland shows that

the daylight factor is 1.7 times higher in the back of the room, compared to

a reference room without an anidolic system. Given that the system is op-

timized for sky light it is necessary to shade the collector from direct light
to avoid glare and over illumination of the interior space. Different shading

strategies are proposed; the original design utilizes an exterior roller shade,
and Page et al. [255] evaluated the potential of an electrochromic cover glass.

The electrochromic film was not able to eliminate completely the occurrence
of glare during clear conditions, but the approach was still considered promis-

ing especially if the dynamic range and switching speed of the electrochromic
glazing are improved.
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A Solar Canopy Illumination System that uses an array of small tracking mir-

rors, two Fresnel lenses, and curved reflectors to redirect light into the distri-

bution system is presented by Rosemann et al. [256]. The system is comple-
mented with fluorescent lamps mounted in the tapered rectangular pipe used
for light distribution. The system is evaluated experimentally using a 10 meter
long, 3 meter wide, and 2.7 meter high test facility. The measurements indi-
cate that a work plane illuminance of more than 500 lux is achievable from
10 am until 3 pm on a sunny day in June. However, at lower solar altitudes
the mirrors are not able to track the sun. In addition to the test facility, the
system has also been demonstrated in a building installation in Burnaby, BC,
Canada [257].

3.3.2.3 Fiber optic systems

For fiber optic daylighting systems, the direct component of the incident light
is focused onto a bundle of optical fibers and guided to the luminaire. Most

optical fibers have a plastic or glass core surrounded by a cladding with a
lower refractive index. Light that enters the fiber end within a given solid

angle can hence propagate through the fiber by total internal reflections [258].
Using optical fibers, it is possible to guide light long distances and the small
diameter of the fiber is advantageous for retrofits.

One of the early designs of fiber optic solar illuminators is the Himawari Solar
Lighting System. Depending on the size of the system, the collector consists
of 12–198 tracking Fresnel lenses that focus the visible light onto the ends

of glass optical fibers. The manufacturer reports that a 15 meter long optical
fiber bundle, consisting of six optical fibers, can deliver 1920 lumens when

illuminated at 98,000 lux of direct sunlight. The optical fiber has a light emis-
sion angle of 58◦, which results in an average illumination of 500 lux for a 2.2

meters diameter circular area located 2.0 meters from the light output. The
optical fiber is generally incorporated into specifically developed luminaires
to improve aesthetics of the light source [51].

The fiber optic system Parans Solar Light is a commercial product that simi-

larly to the Himawari system uses Fresnel lenses to focus the light. The Parans
system features a solar collector with Fresnel lenses that is capable of 360◦
tracking of the sun. The light from the collector is distributed through six
fiber optical cables where each cable is composed of six acrylic optical fibers.

The reported luminous flux is 530 lumens for one 15 meter long optical cable
when the solar illuminance is 100,000 lux. The system features three types of

luminaires. The first two diffuse light into the room and can be combined with

either one or two optical cables; the third is a spot light that employs one fiber

optical cable [52].

The Sunflower System is named after the flower shaped collector mount that

holds eight aspherical plastic lenses. Each collector focuses the light onto a
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bundle of seven plastic optical fibers where each fiber core has a diameter of

1.5 mm. The light output from a 30 meter long optical fiber bundle is deter-

mined to be 450–540 lux at a distance of 0.5 meters [259]. An installation

of five sunflower systems is reported to illuminate museum showcases. The

installed systems give rise to 280 lighting points that are combined with light

emitting diodes to provide the required 100–120 lux of illumination [260].

The Hybrid Solar Lighting system developed at Oak Ridge National Labora-

tory, USA, uses a parabolic mirror to focus the light onto an optical element
containing a photovoltaic cell and optical fibers. The photovoltaic cell ab-

sorbs the near-infrared part of the spectrum and the visible light is distributed
through eight large core optical fibers [261] or 127 thin optical fibers [262].
Calculations suggest that the efficiency is approximately 50% for light di-
rected to the top story and that the losses increase by an additional 15–20%
for light delivered to the penultimate story [261]. It is reported that the sys-
tem is expected to deliver 50,000 lumens of light on a sunny day [262]. A T8
fuorescent luminaire is used as a complement to the fiber optic system. The
light from the optical fiber is guided through a cylindrical side-emitting rod to
match its spatial distribution to the light output from the lamp [263].

One of the aims with the Universal Fiber Optics project was to develop a
modular system where the individual components were easy to replace. The
system uses a tracking heliostat and a one meter diameter plastic lens to focus
the light onto a liquid optical fiber. Electric light sources, such as a metal
halide lamp and T5-lamps, are used in combination with the system to adjust
for sunlight variations. The light output from the optical fiber is combined with
the electric light source in a flat emitter [264]. The estimated light transmission
for a 15 meter long optical fiber is 70% and the transmittance of the emitter is
between 70 and 90% depending on the configuration. In a pilot installation the
peak output is appraised to be 15,000 lumens, and a work plane illuminance
of 800–900 lux directly under the emitter is expected [265].

3.3.3 Performance parameters for light guiding systems

Many aspects must be considered when selecting and installing a light guiding
system in a building. The quantity and quality of the delivered light are obvi-
ously central, but factors such as cost, safety, and the ease of installation and

maintenance are also important. Mayhoub [266] presented a selection process
for hybrid lighting systems that included nine different decision criteria. The

criteria were weighted based on subjective evaluations, but it was acknowl-

edged that these may have to be adapted depending on the situation at hand.

Here the evaluation is limited to the optical performance of the system and two

metrics are defined to describe the amount of light provided by the system and

its light fluctuating properties.
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3.3.3.1 Light provision factor

Key aspects when evaluating core daylighting systems are the distance the
light is displaced and the amount of light that is delivered. Naturally, the
amount of light varies depending on the time of the day and year, and the
the light provision factor is introduced to embody these variations into a met-
ric. The metric definition draws on the previously defined continuous daylight
autonomy where credit is given to illuminance values over a certain threshold
[191]. Here, the aim is to define the metric so that it evaluates the system rather
than the space and the literature is used to determine the threshold values.

The luminous flux may appear as a suitable photometric quantity for evalu-
ating the light output from a light source. The measure is, however, limited
when it comes to determining the brightness of a room. Rooms with identical
geometries and illuminated with the same luminous flux generate vastly dif-
ferent perceptions depending on if the walls are painted black or white [267].
Furthermore, the lumen is the light flux emitted in all directions, whereas both
the intensity and distribution of light are important for the evaluation of light
sources [268]. To determine the distribution of light from a source, two quan-
tities can be used; the luminous intensity for light emitted in a specific solid
angle or the illuminance for light reaching a specific surface area. Both quan-
tities require the definition of an additional parameter, either the extent of the
solid angle or the area being illuminated. Advantages of using the area-based
measure are its ease of measurement and use for threshold definitions in many
standards [190].

For offices, design criteria require an illuminance level of at least 500 lux on
the task and 300 lux for ambient lighting [190]. The ambient lighting require-
ment is generally the starting point for the design and additional light sources
are added to meet the need for task lighting [269]. The variations in light in-
tensity make core daylighting systems best suited for illumination of ambient
areas, a practice that should be considered in the metrics definition.

In an evaluation of three hybrid daylighting systems, Mayhoub and Carter
[240] used 50 lux as a threshold for full electric light and 300, 500, or 700 lux
as full daylight. The illumination levels between full electric and full daylight
were defined as hybrid lighting and it was assumed that electric light supple-
mented daylight when needed. It can be noted that an illuminance level of
20 lux is required to distinguish the features of a human face [190]. It is hence
reasonable to assume that daylight levels lower than 50 lux have limited visual
benefits for performing tasks, and illuminance values below this threshold are
defined as full electric. For the full daylight criterion, the 300 lux illuminance
level is most appropriate for an ambient lighting condition. Furthermore, for

tubular daylighting systems, it has been shown that the occupants are generally
satisfied with the amount of light and its color properties when 50% or more

originates from daylight [189]. The hybrid interval is therefore divided fur-
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ther into a hybrid daylight interval between 150–300 lux and a hybrid electric
interval between 50–150 lux.

Ideally, a component metric is evaluated for the system alone. However, the
use of an illuminance threshold requires the definition of an area onto which
the light falls and its distance from the light output. In the literature, a num-

ber of spaces have been defined for the evaluation of different core daylight-
ing systems. Mohelnikova and Vajkay [270] used simulations to evaluate the

tubular daylighting systems of different lengths. Each system was positioned
in the center of a room with a square cross-section and floor area of 16 m2

and the light intensity was evaluated 2.15 meters from the light tube aper-
ture. In a subsequent paper by the first author, a ray-tracing based calculation
approach was used to evaluate the illuminance 2.0 meters below the aper-
ture at horizontal distances of 0–3 meter from nadir [49]. Kaiyan et al. [271]
measured the illuminance one meter from the aperture of a fiber optic light
guide using a dark box. The measurements were made between 0.4 and 1.4
meters from the eye of the light output, and the authors noticed a rapid illu-
minance reduction when moving away from the center. A fiber optic system
was also evaluated experimentally by Han and Kim [272] using a room with
a floor area of approximately 24 m2, where the illuminance was measured

over an area with a width and a length of 1.8 meters. When Mayhoub and
Carter [240] evaluated different hybrid lighting systems, the illuminated area

per daylighting system was estimated to 7.1 m2 and the light intensities calcu-
lated. Paroncini et al. [188] used six light sensors to measure the illuminance
in a 1.0 meter wide and 1.3 meters long grid. The aperture of the tubular day-
lighting system was positioned on the length-wise edge of the grid, and the
measurements thus represent one side of the illuminated area.

Based on these literature findings, a space with a footprint of 2.5×2.5 meters
was selected for the illuminance calculation. This area is smaller than the lat-
eral extent of most evaluations, but it is justified by the relatively low intensity
values recorded farther away from the center of output. In the literature, the
light intensity was measured at desk height for most systems, and for the met-
ric’s evaluations, the illuminance is determined 1.95 meters from the aperture,
i.e. 0.85 meters from the floor in a room with a floor to ceiling height of 2.8
meters, in accordance with lighting standards [273].

A consequence of using an area for the evaluation is that the reflectance of
the surrounding walls must be chosen. The two extreme cases are perfectly
reflective or perfectly absorbing walls, but it is also possible to assign typical
surface reflectance values. The advantage of using highly reflective walls is
that all light from the system is captured; a similar method is used for inte-
grating sphere measurements. By using absorbing walls, light reflected from
the walls is not included in the evaluation and a significant light contribution
may hence be excluded [166]. In an attempt to preserve the meaning of stan-
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dardized illuminance thresholds standard reflectance values were selected for

the ceiling (Rceil = 80%), walls (Rwall = 70%), and floor (R f loor = 40%).

To summarize, the illuminance from the core daylighting system is evaluated
for a 6.25 m2 area positioned 1.95 meters from the light output aperture where
the surrounding walls have reflectance values in accordance with standards.
The systems are here evaluated based on an office environment and occupied
hours are assumed to be from 8 am until 5 pm. The light provision factor is
determined as the percentage of occupied time when an illuminance of 300 lux
is achieved. Partial credit is given according to a linear scale for illuminance
values down to 50 lux. The percentage of occupied time when the illuminance
is within the four intervals, full electric, hybrid electric, hybrid daylight and
full daylight, is also determined.

3.3.3.2 Light fluctuation factor

Studies have shown that diurnal light variations in daylit buildings can cue
building inhabitants to the time of day and promote their general well-being

by creating interesting spaces [274, 275, 276]. Preference has also been noted

for electric light installations that follow the daylight cycle instead of achiev-

ing a constant light level [277]. Most daylight variation studies have been

conducted in the vicinity of a fenestration system that, in addition to light,

also provides an external view. Only a handful of studies have investigated

the user perception of daylight variations from core daylighting systems only,
but they indicate more pronounced discomfort levels when fluctuations occur

without a connection to the exterior world [278, 240]. The aim of the light
fluctuation factor is to quantify the occurrence of potentially uncomfortable

light variations from a core daylighting system. The threshold definitions for
uncomfortable fluctuations are drawn from the existing literature.

In addition to being dependent on the view, the degree of discomfort caused
by light variations is determined by the variations’ amplitude and frequency
combined with the adaptation level of the eye [279, 280]. For slow gradual
dimming, the desktop illuminance can be reduced by up to 50% without be-
ing detected [281], and even for faster dimming speeds, illuminance reduc-
tions of up to 20% are accepted by a majority of office workers [282, 281].
Non-periodic light fluctuations are unnoticed if the amplitude is between 0.92
and 1.06 of the initial illuminance, and the changes occur in increments of
10 seconds [280]. For larger amplitude changes, the fluctuations may cause
annoyance. Kim and Kim [283] concluded that increases of 1.8 and 1.5 times

an initial illuminance of 300 and 650 lux, respectively, would result in visual

discomfort. Similar findings were reported by Manav [284] who showed that

the visual environment was comfortable if the incremental illuminance change

was smaller than 250 lux for initial illuminances between 500 and 1000 lux

and the luminance ratio did not exceed 3:1.
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The number of illuminance changes that takes place is also important for the

general experience of the space. A study, on a daylight linked on/off electric

light strategy, suggested that more than 15 switching operations in one day

could be visually fatiguing to the inhabitants [285]. In a field test, Mayhoub

and Carter [240] expressed concerns regarding rapid variations from a core

daylighting system. The recorded illuminance showed that changes from 0 to

700 lux occurred up to five times during the course of 30 minutes. It is not

difficult to imagine that such drastic variations could cause adaptation fatigue,

and discomfort has been documented for smaller illuminance differences. In

a field study on tubular daylighting systems, illuminance measurements com-

bined with user interviews showed that variations between 450–820 lux and

re-occurring illuminance changes of 150 lux over a 5 minute time period were
distracting. It should be noted that the installed tubular daylighting systems
were the only daylight aperture in the space and that the control of electric
lighting was limited [278].

The human visual system is able to adapt to luminance impressions in the
range of approximately 12 log units (orders of magnitude). For most daylight
applications the eye operates in the photopic range for which fast neural adap-
tation makes it possible for the eye to effectively adapt to luminance changes
in the order of 2–3 log units [286]. This covers the range of light fluctua-
tions considered here, however, the sensation of visual discomfort is unique
from the adaptation ability. The experienced discomfort is, furthermore, not
strictly related to the visual impression; perceptual factors are also involved.
This is particularly well established for windows, where less dissatisfaction is
reported from windows with a good view [33, 34, 35]. Positive results have,
however, also been noted when core daylighting systems are combined with a
view out. Garcia-Hansen et al. [278] noted fewer issues related to luminance
contrasts and light variations when the tubular daylighting system was com-

bined with windows. Also Carter and Marwaee [239], observed users’ appre-
ciation of an exterior connection in a tubular daylit space, even if the actual

light contribution from the window was small. It should also be noted that
although the occurrence of one fluctuation may not be disturbing, the visual

fatigue is, to some extent, cumulative over longer time periods [287].

For the light fluctuation factor, the shortest time interval between evaluated
light changes is in practice limited by the resolution of the weather data. Given
that sudden intensity changes are more disturbing than slow gradual changes,
it is desirable to evaluate the light variations occurring over short time inter-
vals. Weather data are, however, rarely available for time increments shorter
than one minute. Changes in light intensities are, hence, evaluated with minute
long intervals. Based on the amplitudes for discomfort fluctuations presented
in the literature, the threshold for uncomfortable fluctuation was defined as lu-
minous ratio greater than 1:2 of previous time step. The light fluctuation factor
is thus determined as the percentage of time steps that exceed the defined lu-
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minous ratio. The threshold falls within the upper range of the discomfort rat-

ings in the Garcia-Hansen field study [278], where the ratio reflected a longer

time interval. It has been shown that light changes are more acceptable in the

presence of daylight and when they are due to an energy strategy [288]. The

selected ratio is therefore higher than those Kim and Kim [283] and Manav

[284] found uncomfortable for electric light variations. The fluctuation ratio

is, however, stricter than the fluctuations noted by Mayhoub and Carter [240]

as these are assumed to be beyond the onset of discomfort.

3.3.4 Performance in a Swedish climate

In this section, the performance of the daylighting systems, introduced in sec-
tion 2.4.3.2, is evaluated for four Swedish locations using the presented met-

rics for light provision and light fluctuation. The section is initiated with an
overview of the weather conditions at the evaluated locations, followed by a

brief recapture of the studied systems and the results from the evaluations.

3.3.4.1 Locations and their weather characteristics

The systems were evaluated for four Swedish locations, Lund, Visby, Stock-

holm, and Umeå. The locations were selected to represent a range in both

latitudes and predominant sky conditions. Out of the four locations, Lund is

located farthest south at a latitude of 55.7◦ and Umeå is located farthest north
at a latitude of 63.8◦. Stockholm and Visby are located at latitudes 59.4◦ and
57.6◦, respectively. More locations were selected in the south of Sweden since

this part represents the greatest population density.
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Figure 3.13: Annual sunshine du-

ration for the four Swedish loca-

tions Umeå, Stockholm, Visby, and

Lund. The year is divided into

four quarters q1 (21 December–

21 March), q2 (21 March–21 June),

q3 (21 June–21 September), and q4

(21 September–21 December).

For the evaluations, the year was divided into four equally long quarters based
on the approximate date of the equinoxes (March, 21 and September, 21) and

of the solstices (June, 21 and December, 21). These quarters are referred to
as q1 to q4, where q1 is the quarter from the winter solstices to the spring

equinox. To illustrate the difference in direct sunlight for the four locations,
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the annual sunshine duration is presented quarterly in figure 3.13. The sun-

shine duration is defined as the number of hours when the direct irradiance on

a plane normal to the sun is greater than 120 W/m2 [233], and is here deter-
mined based on hourly weather data. Although Lund is farthest south it has the
least number of sunshine hours during the year, due to its overcast conditions.
Visby is known for its sunny weather and, of the presented locations, it has the
most sunshine hours in a year. Umeå is located farthest to the north, but due
to the clear conditions and the definition of the sunshine duration for a plane
normal to the sun, the number of hours with direct sunshine are significant.
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Figure 3.14: Quarterly global irra-

diation for the four Swedish loca-

tions Umeå, Stockholm, Visby, and

Lund.

The difference in latitude between the four locations becomes more
pronounced when comparing their global irradiance for the winter season,
as shown in figure 3.14. Although the evaluations of the daylighting systems
are based on illuminance data, the location characteristics are here presented
using global irradiance. The reason for this is that global irradiance is more
widely used to illustrate weather differences, and many people therefore
have an intuitive sense for the parameter. Clearly, the solar irradiation is the
greatest for the second and third quarters, 21 March – 21 September, during
the boreal spring and summer. Given the low sunshine duration for Lund, the
relatively high global irradiance is primarily due to diffuse irradiation.

It is common that measured minute based data exhibit inconsistencies or mea-
surement gaps. Locating and managing these errors can be both difficult and
time consuming. To normalize the evaluations of the four locations, statistical
weather data from the program meteonorm were used [289].

3.3.4.2 Studied systems

The four light guiding systems consisted of combinations of three collector

domes, two light distribution systems, and two diffusers. The optical prop-
erties of the individual components were described in detail in section 2.4.3

together with the methodology for the ray tracing simulations.
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Three of the systems employ a mirror light pipe for the light distribution,

and these systems are referred to as conv./opal, innov./opal, and conv./prism..
These systems are differentiated by the collector dome and the aperture dif-
fuser that they employ, and they have been named accordingly. The conv./opal
system uses the conventional clear collector dome and the opal aperture dif-
fuser. The opal diffuser was also utilized for the innov./opal light guiding sys-
tem, but here the innovative prismatic light redirecting dome was used instead
of the clear collector. For the conv./prism. system, the conventional collector
dome was combined with the structured prismatic diffuser. The fourth system
is referred to as square/prism. and is differentiated from the rest by its square
collector and the white duct. The square/duct system uses the prismatic dif-
fuser to spread light into the room.

3.3.4.3 Results

In the following sections, the results from the evaluations are presented sepa-

rately for the light provision and the light fluctuation.

Light provision

As previously mentioned, the amount of delivered light is evaluated using the

light provision factor (LPF). The factor is determined for a predefined space

solely illuminated by the roof-mounted daylighting system that is being eval-

uated. Full credit is given for occupied hours when the illuminance is above

300 lux and partial credit is given according to a linear scale for illuminance

values down to 50 lux.

All four systems were evaluated for light distribution distances of 1.2 me-
ters and 2.4 meters, and the light guiding systems utilizing a mirror light pipe
were also evaluated for lengths of 4.8 meters and 6.0 meters. In figure 3.15,
the light provision factor is shown for all evaluated systems and four loca-
tions. In 3.15(a) the factor is averaged for the q2 and q3 quarters and in figure
3.15(b) for the q1 and q4 quarters. The difference in the scale of the y-axes
in the two figures is not surprising considering that q2 and q3 represent the
quarters on either side of the summer solstice, and similarly the q1 and q4

quarters surround the winter solstice. For the summer half of the year, the dif-
ference in the light provision factor is relatively small for the four locations.

Furthermore, for the performance of the mirror light pipe systems, a small ad-

vantage is observed for the conv./opal light guiding system. As shown in figure

3.15(b), this advantage becomes slightly more pronounced for the winter half

of the year, especially in comparison to the conv./prism. system.

As shown in figure 3.15, the light provision factor of the square/prism. sys-
tem is significantly lower than that of the mirror light pipe systems. For the

square/prism. system the annual light provision factor is between 15% and
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Figure 3.15: Average bi-annual light provision factor for the evaluated systems of

duct length 2.4 meters at four Swedish locations. In (a) for summer half of the year

and in (b) for the winter half of the year.

11% for the four locations, and it is obvious that a duct length of 2.4 meters

is too long to provide meaningful illumination. However, for a distribution

length of 1.2 meters, the square/prism. system has a light provision factor of
between 44% and 51% for the four locations. This is higher than for the other

light guiding systems, and can be compared to provision factors of 48% to
41% for the the second best conv./opal system. The fact that the square/prism.

system provides more light for the shortest distribution lengths is most likely
a result of its larger light emitting aperture in comparison to the pipe based

systems.

A comparison of the spacial illuminance of the two mirror light pipe systems,
conv./opal and conv./prism., that use the same collector domes but different
diffusers is shown in figure 3.16. The illuminance distribution is determined

1.95 meters from the aperture of the systems and reveals that the illuminated
light spot is slightly larger for the prismatic diffuser, but that its light intensity

drops more rapidly towards the edge of the room. It should be noted that the
scale is different in the two distribution figures, but the illuminance range is

such that the distribution pattern is maintained for normalized values.

In table 3.2, the percentage of occupied time when the illuminance is within
the full electric, hybrid electric, hybrid daylight, and full daylight intervals
is presented for two lengths of the the conv./opal light guiding system. The
evaluation is performed for Visby and Umeå, and the presented values are
annual averages. For the 4.8 meter long system, there is only a small difference

in percentage of occupied time in the hybrid intervals for the two locations.
However, the amount of time in the full daylight interval is 7.6 percentage

points lower for Umeå than for Visby. For the 6.0 meter long system, the
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(a) Opal diffuser (b) Prismatic diffuser

Figure 3.16: Average room illumination provided by a 4.8 meters mirror light pipe in

Stockholm during the second quarter (spring). In (a) for the conv./opal system with a

opal diffuser, and in (b) for the conv./prism. system featuring a prismatic diffuser.

percentage of time that is fully daylit is 1.7 and 2.2 percentage points lower
for Umeå and Visby, respectively. Only small reductions of between 0.2 and
0.7 percentage points are, however, observed for the hybrid daylight interval.

Interval
l = 4.8 m l = 6.0 m

Umeå Visby Umeå Visby

Electric [%] 44.9 36.8 46.6 38.5

Hybrid el. [%] 23.8 23.8 24.5 24.4

Hybrid day. [%] 19.7 20.2 19.0 20.0

Daylight [%] 11.6 19.2 9.9 17.0

LPF [%] 33.8 41.6 31.9 39.7

Table 3.2: Percentage of occupied time when the conv./opal light guiding sys-

tem results in a room illuminance in the electric (illum. < 50 lux), hybrid elec-

tric (50 ≤ illum. < 150 lux), hybrid daylight (150 ≤ illum. < 300 lux), and daylight

(illum. ≥ 300 lux) intervals. For both systems and locations, the annual light provi-

sion factor (LPF) is also presented.

Table 3.2 also presents the annual light provision factors for the studied sys-
tem lengths and locations. Given that the light provision factor is based on

partial credit for illuminance values below the threshold, it is less sensitive
to small illuminance variations than interval representations. For both system

lengths, the difference in light provision factor between the two locations is
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7.8 percentage points. Furthermore, the difference between the longer and the

shorter distribution systems is 1.9 percentage points for both locations.

Light fluctuation

The light fluctuation factor is between 0.6% and 0.7% for all studied systems
and locations. It is, thus, rare that the luminous flux from the system has a

variation that exceeds a factor of 1:2. It is possible that the defined range of

acceptable illuminance fluctuations is too generous and if the acceptable ratios

are reduced to 1:1.5 the occurance of disturbing light variations increases to

1–2% for the studied systems. In terms of light fluctuations, a clear advantage

of the studied systems is that they can utilize both direct and diffuse incident

light. If the light fluctuation factor is determined based on the transmittance
of the direct component of the incident light, it is between 8% and 9% for the

evaluated systems and locations.

3.3.4.4 Discussion and conclusions

For distribution lengths greater than 1.2 meters, the light provision factor was
significantly higher for the three mirror light pipe systems than for the duct
system. In terms of light provision, the performance of the three mirror light
pipe systems is almost identical, however, a small advantage can be noted for
the conv./opal system that utilizes a clear collector dome and opal diffuser.
The variation in light provision for different locations is almost identical for
the mirror light pipe system that employs a conventional dome and the system
that uses an innovative dome. This could be an indication that the weather dif-
ferences for the evaluated locations are sufficiently moderate so as not to be
differentiated by the two types of collector domes. It is, however, also plausi-
ble that the lack of difference is associated with the model of the innovative
dome. Although it was shown that the innovative dome redirects light, the
model has not been validated or optimized for the given locations.

It is encouraging that 50% or more of the design illuminance can be provided
by a 4.8 meter long light guiding system during 39% of the occupied time in
Visby and 31% of the occupied time in Umeå. Furthermore, it was shown that
none of the investigated systems exhibited problematic light fluctuations. For
these systems, it may be of interest to extend the investigation to include light
variations over longer time periods.
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4. Conclusions and future work

In the European Union, legislative measures have been taken to reduce energy
use and promote the integration of renewable energy sources. Potentially large
energy savings were identified in the building sector, and improved building
energy-efficiency was declared a top priority. The use of daylight for interior
illumination is a promising strategy to reduce building energy use. Successful
integration of daylighting systems does, however, require accurate knowledge
of the systems’s performance. This dissertation, uses a bottom-up approach
to evaluate the optical performance of a selection of daylighting systems. The
starting point for the system evaluation is hence the optical characterization of
included materials. The optical properties of different components are com-
bined to assess the performance of the complete system. It is essential that
accurate characterization methods are employed, and part of this dissertation
focuses on the development of optical measurement techniques.

The work on optical characterization techniques presents a method for more
accurate transmittance measurements of light scattering samples. The method
is developed for integrating sphere instruments, and its simplicity makes it
suitable for standard measurements. The principle of the method is to reduce
the discrepancy between the reference and the measurement scans, by posi-
tioning a diffusing material across the integrating sphere port. Multiple reflec-
tions between the sample and the diffusing material are accounted for using a
correction formula. The method is especially suitable for low-angle light scat-
tering samples, and the effect of known errors can be reduced significantly
when the method is employed. The formula used to correct for multiple re-
flections is more approximative for samples exhibiting high-angle light scat-
tering. Despite this, the benefit of the method has been shown when used to
characterize anisotropically light-scattering samples. These samples can give
rise to distinctly spotted illumination patterns and the benefits of a more uni-
form light intensity outweigh the error introduced due to the approximation in
the correction formula. Additional research to quantify the limitations of the
method is needed. Specific avenues of research include specification of suit-
able samples and a determination of the correction formula’s sensitivity to the
sample’s light scattering distribution.

The light diffusing method described above can improve normal-
hemispherical transmittance measurements. However, for many daylighting

applications, the knowledge of the light’s distribution in the space is of
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interest. This requires the knowledge of the spatial distribution from the

system. Here, a method for including detailed optical data when evaluating

the light distribution from a Venetian blind system is presented. The method

uses a combination of experimental techniques and ray tracing simulations.

The results indicate that simplified optical properties are not sufficient to

describe the light distribution from the Venetian blind system when the slats

exhibit both specular and diffuse properties. Further investigations on the

required resolution of the optical data are of interest and continued efforts to

extend the use of light distribution data in metrics and software are necessary.

Ray tracing is a promising approach to evaluate light scattering systems with
complex geometries such as core daylighting systems. These systems are gen-
erally difficult to characterize in standard spectrophotometric set-ups. There-
fore, a simplified and scaled version of a mirror light pipe system was used to
validate a ray tracing model experimentally. The highly reflective foil, which
lines the interior of the tubes, exhibits small reflectance dips. However, for the
systems investigated in the validation study, no dramatic effects were noted
on the color of the transmitted light. It is important that core daylighting sys-
tems are evaluated for both direct and diffuse conditions in order to assess
their performance in different locations. For the Swedish locations that were

evaluated, the system that favors the transmittance of diffuse light performed

slightly better than systems based on redirection of beam illumination. For

otherwise comparable systems the difference was, however, small and further-

more relatively consistent for the evaluated locations. It is possible that this is

a result of moderate weather variations, but it could also be an indication that

the model for the light redirecting system is not optimized. Two metrics were

introduced to evaluate the occurrence of light fluctuations and the annual light

contribution from the system. It was shown that light fluctuations were not a
problem for the investigated systems. The percentage of occupied time when

the studied systems achieve full design illuminance is relatively low. How-
ever, for all locations more than half of the illuminance requirement can be

provided by daylight from a 6.0 meters long system during at least 30% of the
occupied time. To increase the utilization of core daylighting systems, studies

that investigate the building inhabitants’s perceptions of the systems are de-
sirable. Furthermore, the development of a rating system that accounts for the
systems’s daylight as well as thermal performance is essential.

The dissertation also illustrates the range of energy efficient windows by

grouping them according to their coating technology. The influence of the
most common window parameters on the energy balance of the window is

studied using a simple simulation tool. The importance of including the solar
energy transmittance when evaluating a window’s energy performance is

noted. Several countries have developed window rating systems based on
energy balance calculations, and similar refinements of the Swedish window
rating system is recommended for future work.
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To summarize, this dissertation presents methods for evaluating the optical

and energy performance of daylighting systems. The determination of optical

properties is central, and methods for the characterization of complex light

scattering systems are proposed. It is, however, impossible to evaluate the

energy performance strictly based on optical properties, and the importance

of incorporating weather data is emphasized.
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5. Final comments and self-reflection

When asked the casual question “What do you do for work?”, my answer has
sometimes been delayed by a moment of thought. During those seconds of
consideration, I have quickly tried to assess the situation and the recipient of
my answer. I am certain that other researchers, that strive to provide accurate
and useful information, do the same thing. When asked the same question by
researchers, the assessment has generally been easier. However, here I have
sometimes struggled with the common preconception that doctoral studies are
carried out within a narrow field and governed by one research question. My
doctoral work did not follow this paradigm, and this dissertation has aimed to
connect the dots between my individual projects involving optical measure-
ment techniques and performance evaluations.

Although I can appreciate the beauty of pure research, the applied field has
definitely appealed to me. The methods presented in the dissertation range in
their applicability to industry or research. The measurement technique pre-
sented in papers I and II was developed with the glass industry in mind. The
simplicity of the concept makes it suitable for general use, but work remains
to establish the limitations of the method. Admittedly, the level of detail of
the methods presented in papers III and IV and in section 2.4.3 make them
more suitable for research applications. Although the methods are not cur-
rently conducive to general use, the resulting data are becoming more widely
applicable due to the development of optical databases for complex systems
and the acceptance of detailed optical data by simulation programs.

The work on evaluating the performance of windows and passive light guiding
systems, presented in papers V and VI and in section 3.3 contributes towards
the assessment of optical systems. The work on energy efficient windows com-
bines an overview of thin film coatings with their resulting window energy
performance. Although the solar energy transmittance is a well-established
parameter its implementation on the Swedish window market has been slower
than expected. A study framed more directly on window energy rating sys-
tems may hence be of value. The evaluation of passive light guiding systems
initiates a process towards the evaluation of complex daylighting systems at
high latitudes.

I believe that the presented projects are meaningful and valuable on their own,
and I purposely chose an unorthodox outline for my dissertation to make it

129



possible to read individual parts while still linking the different projects to-

gether. I also believe that a slightly wider perspective that focuses on more

than one research question can be beneficial. For me, the total value of the

projects is greater than the sum of their individual parts.
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6. Summary in Swedish

Titeln på den här avhandlingen är Dagsljussystem – Utveckling av metoder
för utvärdering och optisk karakterisering och i det här kapitlet ges
en populärvetenskaplig sammanfattning av de studier som presenterats i
avhandlingen.

6.1 Introduktion

Inom den Europeiska Unionen svarar bebyggelsesektorn för cirka 40 % av
den totala energianvändningen. Bebyggelsesektorn består till största delen av
bostäder och lokaler, och energibesparingar inom sektorn är högprioriterade.
Uppvärmning, varmvatten, ventilation och kyla är naturligtvis stora poster,
men även belysningen utgör en betydande del av energianvändningen.
Potentialen för kostnadseffektiva besparingar är betydande, och ett sätt att
reducera energianvändningen är att bättre tillvarata dagsljus för belysning.
Detta kan anses särskilt effektivt för lokaler, så som kontor, skolor och butiker
som i stor utsträckning utnyttjas under dygnets ljusa timmar. Användning av
dagsljus för belysning i byggnader kallas för dagsljusbelysning, och utöver
energibesparingar kan dagsljusbelysning även ha positiva effekter på hur vi
uppfattar inomhusmiljön. Detta tack vare den koppling som dagsljuset ger till
omvärlden och för att det har en neutral färg.

Det finns flera tekniska lösningar, system, för att ta tillvara på dagsljuset
och minska förekomsten av bländning och skarpa kontraster. Fönster är den

enklaste och vanligaste typen av dagsljussystem, men de kan bara belysa rum
längs byggnadens ytterkanter. På marknaden finns även mer komplexa system

som kan justera ljusnivån eller leda ljuset längre in i byggnaden. Ibland
kan ljuset ifrån fönster uppfattas som bländande och till dagsljussystem
räknas även lösningar som används för att minska ljusinsläppet, så som till
exempel persienner och markiser. För att framgångsrikt inkludera dessa
dagsljussystem i byggnader krävs det att deras optiska egenskaper är kända.
De optiska egenskaperna beskriver vad som händer med ljuset i systemet och
med hjälp av optisk karakterisering är det möjligt att kvantifiera mängden

ljus som släpps igenom, transmitteras, speglas tillbaka, reflekteras, och/eller
sugs upp, absorberas. I det här arbetet utvecklas metoder för att bestämma
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de optiska egenskaperna hos ett urval av dagsljussystem. Vidare utnyttjas de

optiska egenskaperna för att utvärdera produkternas prestanda.

6.2 Optisk karakterisering

Ljus som släpps igenom ett system eller ett material kan gå rakt igenom eller
spridas i olika riktningar. För vanligt fönsterglas går nästan allt ljus rakt

igenom glaset och bilden av vad som händer på andra sidan är därför skarp.
För strukturerat glas, som används i till exempel badrumsfönster, sprids ljuset

i olika riktningar och bilden blir därför otydlig. För att bestämma hur mycket

ljus som passerar genom ett ljusspridande material måste allt det spridda

ljuset samlas upp innan det detekteras. Till detta används ofta en så kallad

integrerande sfär. Den har en sfärisk geometri med vit högreflekterande
insida och minst en öppning och en detektor. Transmittansen bestäms genom

att mäta hur mycket ljus som kommer in i sfären när ett prov placeras i
ljusstrålen framför sfärens öppning och jämföra detta med en referensmätning

utan prov. Uppställningen för referensmätning och provmätning visas
schematiskt i figur 6.1 med hjälp av en genomskärning av en integrerande

sfär. Den schematiska figuren illustrerar också att ljusets spridning inne i
sfären är olika för referensmätningen och provmätningen. För vissa typer
av prov kan denna skillnad ge upphov till mätfel. Avhandlingen presenterar
en enkel mätmetod som minskar skillnaden mellan referensmätningen och
provmätningen, och därmed reduceras även mätfelet.

Figur 6.1: Schematisk bild av optisk karakterisering med hjälp av en integrerande

sfär, där sfären visas i genomskärning ifrån sidan. Till vänster för en referensmätning

utan prov och till höger för en provmätning med ett skrovligt ljusspridande prov.

Med en integrerande sfär bestäms den totala mängden ljus som ett prov släp-
per igenom eller reflekterar, men för att kunna förutsäga hur ljuset fördelar sig

i ett rum behöver även ljusets riktning vara känd. Även om det är möjligt att
mäta detta experimentellt, så är dessa mätningar ofta komplicerade och tids-

krävande. Detta särskilt om systemet har flera komponenter, som till exempel
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en persienn som består av flera vinklingsbara lameller. I sådana fall kan op-

tiska mätningar med fördel kombineras med datorsimuleringar, så kallade ray
tracing simuleringar. Ray tracing handlar om att spåra (trace) en stor mängd
ljusstrålar (rays) genom ett system eller material för att ta reda på deras in-
tensitet och riktning när de har passerat genom systemet. Figur 6.2 visar hur
ljusstrålar skickas igenom en persienn med flera lameller. I den här avhand-
lingen presenteras en metod som kombinerar optiska mätningar med simu-
leringar för att bestämma mängden och riktningen på ljuset som tar sig igenom
eller reflekteras ifrån en persienn.

Figur 6.2: Ray tracing av en persienn med

fem stycken vinklade lameller. De horison-

tella ljusstrålarna till höger i bilden faller

in mot persiennen och sprids sedan i olika

riktningar. Ljusstrålarnas olika färger rep-

resenterar olika intensitetsintervall, där rö-

da strålar har högst intensitet följt av or-

angea, gröna och blå strålar.

6.3 Utvärdering av dagsljussystem

För att dagsljus ska nå de inre delarna av en byggnad kan olika typer av
ljusledare användas. En typ av dagsljusledare samlar in ljuset med hjälp av en
genomskinlig kupol på taket och leder det genom ett speglande rör till rummet
i byggnadens inre, där sprids ljuset ut med hjälp av ett ljusspridande material. I
avhandlingen har dagsljusledaren också utvärderats för några platser i Sverige.
Utvärderingen visar att dagsljusledare av den här typen ger ett betydande
bidrag till den belysningsnivå som krävs.

Avhandlingen ger också en översikt av olika typer av energieffektiva fönster.
Utöver dagsljus får vi även ultraviolett-ljus (UV-ljus) och värmestrålning
ifrån solen. UV-ljuset gör oss bruna när vi vistas ute, men kan inte ta sig
igenom vanligt fönsterglas. Genom att belägga glasrutorna med 0,02–0,2
mikrometer tunna filmer (ett hårstrå är cirka 60–100 mikrometer tjockt) är

det också möjligt att påverka hur mycket värme som går ut genom fönstret
och hur mycket som kommer in ifrån solen. Översikten visar att det är viktigt

att båda dessa värmeflöden beaktas vid val av fönster. Vidare visar översikten
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att både den geografiska platsen, fönstrets orientering, och typen av byggnad

påverkar fönstrets prestanda. Dessa yttre förhållanden har därför betydelse

för vilket fönster som är mest energieffektivt.

6.4 Sammanfattning

Sammanfattningsvis kan sägas att avhandlingen utgående ifrån optiska

egenskaper utvärderar några olika dagsljussystem. En korrekt bestämning av
de optiska egenskaperna är nödvändig och i avhandlingen utvecklas därför

även metoder för optisk karakterisering.
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