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Abstract

Simulations of Innovative Solutions for Energy Efficient Building Façades

by

Aashish Ahuja

Doctor of Philosophy in Engineering-Mechanical Engineering

and the Designated Emphasis
in

Computational Data, Science and Engineering (CDSE)

University of California, Berkeley

Prof. Khalid M. Mosalam, Co-chair

Prof. Tarek I. Zohdi, Co-chair

The last decade has witnessed a heightened interest in making buildings more sustainable, which
has been fueled largely by the relative increase in energy costs and advancements in manufacturing
technology. Lighting consumes a substantial amount of the building energy consumption, making
it necessary to look for alternative technology that depends more on natural lighting. A structural
element for façades called the Translucent Concrete (TC) panel has been developed for capturing
and delivering daylight into buildings that could reduce our dependence on artificial lighting and
save energy. It consists of optical fibers embedded in concrete that can channel diffused sunlight
into the office building workspace. The transmission of light is analyzed using a newly developed
ray tracing software that is coupled with an open source software RADIANCE to compute the
spatial illumination in a room. The information on distribution of illumination is applied to occu-
pancy profiles generated from Markov chain models and is finally combined with light switching
models to estimate the energy saved from using daylighting as an alternative to artificial lighting.
It is observed from calculations on a studied windowless room example that using TC panels with
a practical optical fiber volumetric ratio from constructibility view point can save at least 44% of
lighting energy, spent between 8 am - 6 pm annually. These results have been presented for a place
like Berkeley that due to its proximity to the Pacific Ocean experiences a Mediterranean type of
climate.

The utility of a south-facing wall consisting of TC panels would be enhanced if it can also reduce
the heating and cooling requirements of a room. Using the solar radiation channeled by optical
fibers can offset some of the heating requirements of the room. On the other hand, if the optical
fiber density in the TC panels is high, solar radiation leads to overheating and in this case cool-
ing loads consume large portion of the building energy. Moreover, the use of natural daylight in
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illuminating the office work space reduces heat dissipation from lighting installations and posi-
tively impacts cooling loads. Moreover, conduction through the walls allows heat to be removed
from the room during the morning but transmits heat from the ambient environment into the room
later in the afternoon and evening. A thermal analysis algorithm is developed to calculate the heat
transfer due to solar radiation, conduction through walls and heat dissipation from lighting instal-
lations. The thermal analysis is coupled with lighting analysis to search for an optimal optical fiber
volumetric ratio for the TC panels that would reduce the energy expenditure on lighting, heating
and cooling with respect to energy spent in a daylight-deprived room with opaque walls. The TC
panels are able to cut down energy expenditure by as much as 18% for a fiber volumetric ratio of
5.6% which is also consistent with the objective of maintaining structural integrity and making the
fabrication process practical for the construction case of the TC panels by having fewer embedded
optical fibers.
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Chapter 1

Introduction

The translucent concrete (TC) is envisioned as a novel building material which is capable of trans-
mitting sunlight from the exterior environment to the inside space of the building. It consists of
plastic optical fibers that are embedded in the concrete mix at the time of construction. The optical
fibers acts as light channels that are able to guide light through them. An innovation such as TC can
be used as a part of a building envelope (i.e wall and roof), since it satisfies requirements which are
usually set apart [44]: (a) Envelope behaving as a structural sub-system, (b) Construction proce-
dure is simple and scalable, and (c) Movable and mechanized parts are avoided. In this chapter, the
objective of pursuing the development of this new construction material is presented. This would
be followed by an elaborate discussion on the tools that have been developed as part of this thesis,
which can be used by engineers and architects to model and evaluate the different designs of TC
panels during the pre-construction and planning stages.

1.1 Building façade and building envelope
The building envelope is one of the most visible and technically complex aspects of architecture. It
is the enclosing membrane in vertical, sloped, horizontal or other geometric configuration that pro-
tects the indoor environment from external environmental impacts. It is also an interface between
the external environment and the indoor environment. Moreover, building envelope regulates the
energy consumption, consumption of resources like materials (e.g. sand, cement, wood, steel) and
water and environmental degradation [24]. Apart from its protective and regulatory functions, the
building envelope controls solar and thermal flow, as well as the moisture flow in and out of the
building. It also controls the effects of fire, wind and rain on buildings. The indoor environmen-
tal quality (IEQ) measures the productivity of the people working inside the building and their
exposure to building-health related problems. In fact to achieve a high value of IEQ, critical com-
ponents like indoor air quality, thermal comfort, lighting and acoustic effects should be regulated
properly. A well-built building envelope can control the inflow of pollutants, introduce daylight
and views and provide controls to the occupants for thermal and lighting comfort, thus, improving
the overall IEQ for the residents.
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Within a building envelope, the building façade acts as the most important component in modu-
lating the energy and environmental performance. With the increase in energy costs and demand
by countries worldwide to control building resource consumption and pollution, there is a height-
ened interest in making buildings more sustainable and energy efficient. Buildings (commercial
and residential) consumed almost 41% of the total energy and 74% of generated electricity that
was available for use in the United States in 2011 [11]. A large part of this energy consumption,
in the form of electricity, was solely utilized in artificially lighting the indoors of buildings. The
electric energy was derived primarily from thermal power plants which are not clean sources and
contribute to green house gas emissions. This makes it necessary to search for alternative technol-
ogy that depends more on natural lighting. Figure 1.1a details the sources of energy consumption
in the USA. Figure 1.1b gives the distribution of energy in a commercial building [11].

(a) Sources of energy use (b) Energy consumption in commercial buildings

Figure 1.1: Energy consumed by USA in 2011 [11].

1.2 Daylighting using TC
The utilization of sunlight to illuminate the interior spaces of buildings is beneficial as it provides
the human occupants with a healthy environment and contributes to energy savings by decreas-
ing the electricity used for artificial lighting. Today, exterior glazing is the only solution to allow
natural daylight to pass through the building’s envelope. Also, we see that the amount of external
glazing used in a building, measured by window-to-wall ratio (WWR), is increasing in new and
retrofitted buildings. A number of industry codes in the United States like ASHRAE 90.1-2010 and
ASHRAE 189.1-2013 were proposed to limit the amount of glazing citing low insulation value,
high solar heat gains, and the potential for glare within the space. Other reasons to limit glazing
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but not discussed in this dissertation could include issues related to building safety and falling haz-
ard of glass curtain walls under extreme loads by earthquakes [41]. These proposals to reduce the
WWR were voted down and subsequently dropped (twice in ASHRAE 90.1 and once in ASHRAE
189.1) as they limited the occupant’s view to nature and daylight and constrained the architect’s
design intent.

Since the demand for natural daylighting inside the buildings is well established, building design-
ers are also beginning to seek means other than windows to capture, transport, and deliver natural
light into the interior spaces of buildings. For example, designers have recently started using flex-
ible solar light pipes for transmitting light into inner rooms of the building. The interests in using
alternative sources of lighting, have led to the development of a concept called ‘Translucent Con-
crete’ (TC). This counterintuitive notion is the idea that light conduits, for example optical fibers,
can be embedded in the concrete to allow light to pass through them. The TC panels are envi-
sioned to coexist with windows in a building which will neither restrict the occupant’s view to the
outside environment nor hamper an architect’s ability to design buildings which are aesthetically
appealing. Moreover, as we will see in Chapter 8, diffused light emitted by the optical fibers in
the panel has the ability to reduce glare and save up to 50% lighting energy with a reasonable fiber
volumetric ratio of ∼ 6%. This innovation has the potential to redefine the way people think of
concrete walls, from that of opaque and bland element of the envelope, to one that is transporting
and providing natural daylight into the interior space of an otherwise artificially lit room. Thus,
together with existing building components, the TC panels might be able to save energy and also
offer a comfortable indoor environment to its occupants.

1.3 Previous work on TC
In 2001, the Hungarian architect Aron Losonczi invented LiTraConTM , the first commercially
available form of TC [39]. It was a combination of optical fibers and fine concrete, combined in
such a way that the material was both internally and externally homogeneous. It was manufactured
in blocks and used primarily for decoration. The current price of a LiTraConTM 100 mm thick
block is approximatelyAC2140/m2 (ex-works), which makes it prohibitively expensive and difficult
to commercialize. During the Shanghai 2010 EXPO, Italy modeled its pavilion out of TC using
about 4,000 blocks. The blocks were rather heavy to be used as a façade sub-system in buildings.
Another product featured plastic fibers arranged in a grid, namely Pixel Panels, developed by
Bill Price of the University of Houston. These panels transmitted light in a pattern resembling
thousands of tiny stars in the night sky. University of Detroit-Mercy also developed a process
to produce translucent panels made of Portland cement and sand and reinforced the panel with a
small amount of chopped fiberglass. These panels, which were only 2.5 mm thick at their centers,
were thin enough to be translucent under direct light. A number of companies are also producing
translucent concrete with different production systems. Some manufacturers are:

• Florak Bauunternehmung GmbH, Heinsberg/Germany
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• LBM EFO, Berching/Germany

• LUCEM GmbH, Stolberg/Germany

• Luccon Lichtbeton GmbH, Klaus/Austria

The primary focus of the TC technology has previously been on its aesthetic appeal and its applica-
tion in artistic design. Recently, He et al. [16] published a study on smart TC which experimentally
explored the light emission properties of TC in the laboratory. Interestingly, there has also been
some active research in the development of other light transmitting façades. As an example, a
recent study on a novel translucent façade made of organic materials like sucrose was published in
[14].

1.4 Organization of chapters
The flowchart in Figure 1.2 gives a layout of the organization of chapters in this dissertation. The
first part is devoted to modeling the interaction of sunlight with TC panels and quantifying the dis-
tribution of light as it exits from these panels. In the second part, using the concepts from statistics,
the energy saved as a result of reduction in the dependence on artificial lighting is estimated. In the
last part, a finite difference model is proposed to calculate heat conduction through the different
layers of the TC panel. Two case studies are implemented that use the concepts presented in the
three different parts of developed theory of analyzing TC panels and links them together. The last
part includes conclusions from the study and alludes the readers to future research that is being
conducted to further improve the overall capabilities of TC panels.
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Figure 1.2: Organization of chapters.
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1.5 Summary
In this chapter, the following concluding remarks can be inferred:

1. Buildings contribute to 41% of the total energy that is consumed in the United States.

2. Harvesting sunlight for illumination of indoor spaces provides a passive strategy for reducing
artificial lighting.

3. A new building façade material is proposed called Translucent Concrete (TC) that can chan-
nel light using optical fibers embedded in the concrete matrix.

4. The following chapters will discuss the numerical methods to evaluate the TC panels as an
innovative solution for energy efficient building envelope.
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Chapter 2

Geometrical Ray Tracing

Ray tracing methods begin by representing wavefronts as an array of discrete rays. Geometrically,
one proceeds by tracking each ray as it changes trajectories. On encountering a surface, the in-
tersection point is either determined analytically (in case the surface geometry is simple such as
a sphere or a polygon) or using some numerical method, like Newton’s method. Next, Fresnel’s
law is applied at the intersection point and the outgoing ray (reflected or refracted) is calculated.
Ray-tracing methods, in general, are suited for the computation of scattering in systems that are
difficult to mesh/discretize. It is assumed for the applicability of the method that the length scale of
the surface features are large enough relative to the optical wavelength of sunlight (280 nm ≤ λ ≤
4000 nm) [68].

2.1 Eikonal equation for light waves
The theoretical derivation of the “Ray Theory” and the formulation of Eikonal equation for any
wavefront is presented in Appendix A. In this chapter, a numerical method to march rays in space
by discretizing the ray tracing equation is presented. The formulation of a ray of light wave is
given as

d(nŝ)

ds
= ∇n (2.1)

where n(x, y, z) is the refractive index of the medium at a space coordinate (x, y, z) and the direc-
tion of light ray is given by the unit vector, ŝ. Let ŝ be described in terms of its direction cosines,
[cosα, cos β, cos γ], with [α, β, γ] being the angles between the direction of ray path and [x, y, z]
axes, respectively. Differentiating left hand expression in Equation (2.1) gives:

n
dŝ

ds
= ∇n− ŝ

dn

ds
(2.2)

The directional derivative of dn/ds in direction ŝ is written as

dn

ds
= ŝ.∇n (2.3)
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Combining Equations (2.2) and (2.3) and rearranging the terms give

dŝ

ds
=

1

n
(∇n− (ŝ.∇n)ŝ) (2.4)

where
∇n =

[∂n
∂x
,
∂n

∂y
,
∂n

∂z

]
= [nx, ny, nz] (2.5)

Equation (2.4) is separated into components which are written as:

d(cosα)

ds
=

1

n

{
nx −

(
∇n.ŝ

)
cosα

}
(2.6)

d(cos β)

ds
=

1

n

{
ny −

(
∇n.ŝ

)
cos β

}
(2.7)

d(cos γ)

ds
=

1

n

{
ny −

(
∇n.ŝ

)
cos γ

}
(2.8)

To integrate Equations (2.6), (2.7) and (2.8), the forward Euler scheme is used. The equations are
discretized along the path length, ds, to give:

d(cosα)→ (cosα)k+1 − (cosα)k (2.9)

d(cos β)→ (cos β)k+1 − (cos β)k (2.10)

d(cos γ)→ (cos γ)k+1 − (cos γ)k (2.11)

ds→ ∆s (2.12)

where k denotes the integration step, and ∆s is a finite integration step. The discretized form is
expressed as

(cosα)k+1 =
1

n

{
nx −

(
∇n.ŝ

)
cosα

}
k
∆s+ (cosα)k (2.13)

(cos β)k+1 =
1

n

{
ny −

(
∇n.ŝ

)
cos β

}
k
∆s+ (cos β)k (2.14)

and to determine (cos γ)k+1, the property of directional cosines can be used:

(cos γ)k+1 =
√

1− (cosα)2
k+1 − (cos β)2

k+1 (2.15)

Finally, the ray position at any instant can be expressed in the following form:

xk+1 = xk + ∆s(cosα)k+1 (2.16)
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yk+1 = yk + ∆s(cos β)k+1 (2.17)

zk+1 = zk + ∆s(cos γ)k+1 (2.18)

Thus, the time spent by light ray in the optical system is evaluated as:

Tk+1 = Tk +
∆s

u
= Tk +

∆s

c/n
(2.19)

where u is the wave speed in the medium of propagation and c is the absolute speed of light in
vacuum. Note that n = u

c
.

Remark: The travel times of different light rays calculated using the discretization presented
above can also be used to assess the dispersion properties of the optical medium.

The value of∇n can be estimated using finite differences as follows:

∇n = [nx, ny, nz]

=
[n(x+ δx, y, z)− n(x, y, z)

δx
,
n(x, y + δy, z)− n(x, y, z)

δy
,

n(x, y, z + δz)− n(x, y, z)

δz

] (2.20)

The values of [δx, δy, δz] are chosen to be very small, usually an order of magnitude smaller than
the value chosen for ∆s.

2.2 Reflection
As the ray of light travels in space, it interacts with different objects and travels from one medium
to another. In the process of interacting with surrounding objects/media, a part of light is reflected
and the remaining part is refracted. In this section, the geometrical representation of reflection is
introduced followed by the details on refraction of light in the next section.

The law of reflection states that an incident ray makes the same angle with the normal to the
surface as the reflected ray. To model this on a computer, we define the reflection vector, Re of a
normalized incident vector I. The two rays subtend the same angle with a given surface normal N.
The vectors R, I and N all lie in the same plane so Re can be expressed as a linear combination
of I and N.

Re = αI + βN (2.21)

From Figure 2.1, it is observed that the relation between the cosines of angles formed between I,N
and Re,N, expressed as dot products of each pair of vectors, can be written as

−I.N = Re.N (2.22)
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Substituting the value of Re from Equation (2.21) in Equation (2.22) gives

−I.N = N.(αI + βN)

= αN.I + βN.N

= αN.I + β

(2.23)

where N.N = 1. If α = 1, we obtain β = −2(N.I). The final reflection vector is given as

Re = I− 2(N.I)N (2.24)

Figure 2.1: Reflection of light from a totally reflective surface. I,N and Re all lie in the same
plane.

2.3 Refraction
The modeling of light transmission, like reflection, involves generating a new ray and tracing it
through the optical medium. The light entering from one medium to another bends and travels in a
new direction. The speed of light in a medium is dictated by the material’s refractive index. Light
travels the fastest in vacuum and slows down in denser mediums.

For some incident ray traveling along vector I in a surface with a refractive index, ηi, and normal,
N, the relationship of the angle of incidence, θi, to the angle of refraction, θt, is given by:

ηi sin θi = ηt sin θt (2.25)

Since there are infinite number of refraction vectors that can make an angle of θt with the normal,
−N we also add the constraint that the refracted vector, Rf is coplanar to both the surface normal
and the incident vector and thus, is written as their linear combination.

Rf = αI + βN (2.26)
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From the Snell’s law, it is derived (as shown in Figure 2.2)

η2
i

(
1− cos2 θi

)
= η2

t

(
1− cos2 θt

)
η2
i

(
1− [N.I]2

)
= η2

t

(
1− [−N.Rf ]

2
) (2.27)

Substituting for Rf from Equation 2.26 in Equation (2.27) gives:

η2
i (1− [N.I]2) = η2

t (1− [α(N.I) + β]2) (2.28)

Since Rf .Rf = 1, it can also be deduced:

2αβ(N.I) + β2 = 1− α2 (2.29)

Solving Equations (2.28) and (2.29) to find the values for α and β returns

α =
ηi
ηt

β = −
(ηi
ηt

)
(I.N)−

√
1 +

(ηi
ηt

)2

[(I.N)2 − 1]
(2.30)

Finally, substituting the values of α and β from Equation (2.30) in Equation 2.26, one gets the
refracted vector as:

Rf =
ηi
ηt
I−

[(ηi
ηt

)
(I.N) +

√
1 +

(ηi
ηt

)2[
(I.N)2 − 1

]]
N (2.31)

Figure 2.2: Light follows Snell’s law as it travels from one medium (ηi) to another medium (ηt).
Here, ηi < ηt.
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2.4 Fresnel relations
A light ray incident on a boundary separating two media produces a reflected wave and a transmit-
ted (refracted) wave. The vectors for calculating the reflected and refracted rays have been given
in Equations (2.24) and (2.31), respectively. Fresnel relations uses Maxwell’s equations to define
the ratios of light energies that are reflected and transmitted.

The light wave is an electromagnetic wave that has an electric field component, E, which is perpen-
dicular to the magnetic field, H. A light wave is either p-polarized or s-polarized. A p-polarized
light has an electric field polarized parallel to the plane of incidence (given by E||), while in a
s-polarized light, the electric field is perpendicular to this plane (given by E⊥). Light waves, like
sunlight, are unpolarized due to the presence of equal ratios of p-polarized light and s-polarized
light. The amount of incident sunlight reflected from the interface of two media is calculated
by considering both cases of polarization [68]. The electric, E|| and magnetic field, H|| of a p-
polarized light are expressed as

E|| = E|| cos(k.r − ωt)e1

H|| = H|| cos(k.r − ωt)e2

(2.32)

where e1 and e2 are orthogonal to the propagation direction, k. The spatial position of the wave is
given by r, the angular velocity by ω and time by t. Using Snell’s Law from Equation (2.25), the
transmitted electric field is related to the incident and reflected field as shown in
Equation 2.33 and Figure 2.3.

E||i cos θi − E||r cos θr = E||t cos θt

H⊥i +H⊥r = H⊥t
(2.33)

Figure 2.3: The electric and magnetic field components of a p-polarized light.

The magnetic and electric field amplitudes are related by H⊥ =
E||
vµ

which gives

E||i + E||r =
µi
µt

vi
vt
E||t =

µi
µt

ηt
ηi
E||t =

η̂

µ̂
E||t (2.34)
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where µ̂ = µt
µi

is the ratio of magnetic permeabilities for transmission and incident media and
η̂ = ηt

ηi
is the ratio of refractive indices for transmission and incident media and vi and vt are the

magnitudes of velocities of light in the incident and transmitted media. Equations (2.33) and (2.34)
are solved simultaneously to give the following relations for Fresnel’s reflection and transmission
coefficients

r|| =
E||r
E||i

=

η̂
µ̂

cos θi − cos θt
η̂
µ̂

cos θi + cos θt

t|| =
E||t
E||i

=
2 cos θi

cos θt + η̂
µ̂

cos θi

(2.35)

For the case of s-polarized light, the electric field is perpendicular to the plane of incidence. The
electric and magnetic field system of equations is given as

E⊥i + E⊥r = E⊥t

H||i cos θi −H||r cos θr = H||t cos θt
(2.36)

The second equation in Equation (2.36) is related to E⊥ as

E⊥i cos θi − E⊥r cos θr =
µi
µt

vi
vt
E⊥t cos θt =

µi
µt

ηt
ηi
E⊥t cos θt =

η̂

µ̂
E⊥t cos θt (2.37)

Solving for the Fresnel’s reflection and transmission coefficients from Equations (2.36) and (2.37)
gives

r⊥ =
E⊥r
E⊥i

=
cos θi − η̂

µ̂
cos θt

cos θi + η̂
µ̂

cos θt

t⊥ =
E⊥t
E⊥i

=
2 cos θi

cos θi + η̂
µ̂

cos θt

(2.38)

Using Snell’s law, the reflection coefficients, r|| and r⊥, in Equations (2.35) and (2.38) are ex-
pressed as

r|| =

η̂
µ̂

cos θi −
[
1− 1

η̂2 sin2 θi

]1/2

η̂
µ̂

cos θi +
[
1− 1

η̂2 sin2 θi

]1/2

r⊥ =
cos θi − η̂

µ̂

[
1− 1

η̂2 sin2 θi

]1/2

cos θi + η̂
µ̂

[
1− 1

η̂2 sin2 θi

]1/2

(2.39)

The total reflectance, R, of unpolarized light from the interface of two media is

R =
1

2
(r2
|| + r2

⊥) (2.40)

Finally, the fraction of unpolarized light transmitted is simply (1−R).
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2.5 Plastic Optical Fibers (POF)
Optical fibers have been extensively used for short distance and long distance communications.
The flexibility and ease of handling plastic optical fibers compared to glass optical fibers makes
them suitable for this research. An optical fiber generally consists of either two layers (core and
cladding) or three layers (core, cladding and jacket). The jacket acts as a protective layer for the
entire fiber. The light travels in the core of the fiber while the cladding works in unison with the
core to keep the light contained within the fiber. The optical fibers, for the TC panels constructed
in a lab in UC-Berkeley, only had the core and the cladding layers since the jacket layer does
not transmit light. Also the price of a batch of jacketless optical fibers was lower which helped
in reducing the material costs. The composition of these optical fibers contained a PolyMethylene
MethAcrylate (PMMA) core protected by a perfluorinated (PF) cladding of small thickness (Figure
2.4). In general the refractive index of the cladding is less than that of the core; a requirement
necessary to initiate Total Internal Reflection which is discussed in the next section. Also, in the
case of plastic optical fibers, refractive indices vary slightly over a range of wavelengths [25]. A
refractive index of 1.49 for the core and 1.40 for the cladding were provided by the manufacturer
of the considered type of fiber with a numerical aperture, N.A. =

√
η2
core − η2

cladding of 0.51. A
complete discussion on the modeling of refractive indices for the different kinds of fibers is given
in Appendix B.

Figure 2.4: A computational model of the TC panel with embedded optical fibers (optical fiber
illustration not to scale). The optical fiber has two layers: inner core and outer cladding.

Total Internal Reflection
Total Internal Reflection (TIR) is a phenomenon which occurs when a propagating wave strikes a
medium boundary at an angle larger than the computed critical angle measured with respect to the
normal to the surface. Necessary conditions for TIR are that the two involved media should be in
contact with each other and the refractive index of the medium from which the light wave tends
to exit should be greater than the index of the refracting medium. The critical angle for the POF
described above will depend on the refractive indices of the core (ηcore = 1.49) and the cladding
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(ηcladding = 1.40). The critical angle is calculated as:

θc = sin−1

(
1.40

1.49

)
≈ 70◦ (2.41)

A POF allows two types of light rays: meridonial rays and skew rays. Meridonial rays are rays that
are confined to the plane containing the axis of the POF and the point from where the ray originated.
Meridonial rays always pass through the optical axis. Skew rays, on the other hand, travel in a non-
planar spiral path and never cross the axis of the POF. Figure 2.5 shows the trajectories followed
by both types of rays. It is also observed from Figure 2.6 that the transmission of meridonial
rays is dependent on the N.A. of the optical fiber. For the type of fiber considered here, the
value of N.A. = 0.51. This implies that any meridonial ray will only be transmitted through the
fiber if the angle of incidence it makes with the fiber axis at its entrance is less than or equal to
sin−1(N.A) = 30.66◦. This constraint does not apply to skew rays and is also observed in Figure
2.6 where the skew rays were also transmitted beyond the transmission angle set by N.A..

(a) (b)

Figure 2.5: a) Meridonial rays cross the axis of fiber after reflection from the fiber wall. b) Skew
rays travel in a spiral path and do not cross the axis of the fiber.

(a) (b)

Figure 2.6: (a) Light ray incident at an angle θ with the face of an optical fiber (b) Percentage of
light that is transmitted for different incidence angles subtended with the entrance face of the fiber.
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The transmitted power in Figure 2.6b is the light intensity that exits the optical fiber normalized to
the incident power.

2.6 Loss of light in optical fibers
As light travels through the core, it suffers two types of intrinsic losses [69]:

1. Rayleigh scattering in the fiber from the random density fluctuations caused by irregular
microscopic structure of the fiber. This loss is inversely proportional to the fourth power
of the wavelength. For a PMMA core, the relation for loss factor is mentioned in [31] as

αR = 13×
(

633
λ

)4

dB/km.

2. Light absorption from electronic transitions between the excited and the ground state (Ur-
bach’s rule). Loss factor, in this case is expressed as αe = 1.58×10−12 exp(1.15×104

λ
) dB/km

from [32].

Light absorption leads to heating up of the optical fiber, whereas the radiation dissipated via the
scattering process is rejected from the optical fiber. The significant terrestrial radiation (280 nm-
4000 nm) is broken into 3 spectra: Ultraviolet (UV) range (280 nm-380 nm), visible light (380
nm-780 nm) and infrared (IR) range (780 nm-4000 nm) of solar radiation. The intrinsic trans-
mittance of a PMMA optical fiber with rays having an average optical path length of L (in km) is
calculated by applying Equation (2.42) as given in [34] to each spectrum of terrestrial radiation.

T (L) =

∫ λ2

λ1
Eo(λ) exp(−(αR + αe)L)dλ∫ λ2

λ1
Eo(λ)dλ

(2.42)

where the solar spectral distribution as a function of the wavelength (λ) is defined as Eo(λ) =
C1

λ5[exp(C2/λ)−1]
with C1 = 8.097×10−21 Wm2 and C2 = 2.497×10−6 m. The outcome of applying

2.42 is to calculate the attenuation in the intensity of each ray as a function of the length travelled
by the ray in an attenuating medium like an optical fiber.

Modeling roughness in optical fibers
The roughness is quantified by the deviations in the direction of the normal vector of a real surface
from its ideal form. Roughness plays an important role in determining how light will interact with
the fiber. During the construction process of the TC panels, the fibers are cut and sanded. This
causes the top and bottom surfaces of the fibers to be produced unevenly. The surface roughness
at the two ends of the fiber can change the incidence angle of a light ray. The interaction of light
ray with surface asperities is modeled as a random variable with two states, say 0 and 1, and upon
having say ‘1’, a new normal is randomly and uniformly generated which is considered to be
orthogonal to the irregularity. This simulates the condition that the light ray encounters an asperity
on the fiber surface half of the time and the normal to the asperity can be directed in any direction.
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2.7 Summary of Algorithm
The entire algorithm of geometrical ray tracing is summarized in Figure 2.7

Steps to perform Ray Tracing

1. Define the position and velocity of N light rays in the medium at time t = 0.

2. Advance the light rays in the medium by using Equations (2.16), (2.17) and (2.18)

3. Update time using Equation (2.19)

4. If a ray encounters a new medium

i) Solve for the point of intersection of the ray with the interface of the two media. Let the
intersection point be (x1, x2, x3)

ii) Compute the normal to the interface surface. For a surface, Φ, describing the interface,
the normal is given as N = ∇Φ(x1,x2,x3)

‖∇Φ(x1,x2,x3)‖L2

iii) Compute the reflected ray (Re) and refracted ray (Rf ) with respect to the normal using
Equations (2.24) and (2.31). (The incident ray (I), reflected ray (Re), refracted ray (Rf )
and normal (N) should all lie in the same plane)

iv) Determine if there is a possibility of TIR by comparing incidence angle with critical
angle from Equation (2.41):

• If there is TIR: Light is totally internally reflected. Calculate Re using Equation
(2.24).
• If TIR is not achieved: A fraction of light is refracted while the remaining fraction

is reflected. Calculate Re using Equation (2.24) and Rf using Equation (2.31).

v) Calculate the losses incurred by the light rays inside the medium due to scattering (αR),
absorption (αe) and interface roughness.

5. Update all ray front positions using Equations (2.16), (2.17) and (2.18).

6. Repeat steps (4) and (5) until all the rays have reached their destination.

Figure 2.7: Algorithm for ray tracing method.

Example
The method presented in Figure 2.7 was applied to the case of a Translucent Concrete (TC) panel
which consists of two materials, concrete and optical fibers. The sequence of light propagation
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in the TC panel is shown in Figure 2.8. The optical fiber is a transparent medium while concrete
is opaque. As can be observed from the figure, a fraction of light rays (represented by arrows)
interacting with concrete is reflected from the surface. The remaining fraction is absorbed by
concrete. On the other hand, optical fibers allow light rays to enter into the tube and travel through
the tube by TIR.

Figure 2.8: Ray tracing in a TC panel (1) The rays are travelling towards the TC panel (2) The
rays intersect with the top of the panel (3) A fraction of the rays enter into the optical fibers while
the rest are reflected away from the TC panel (4) The rays that enter into the optical fibers are
channeled through it while the remaining rays travel further away from the panel.

2.8 Summary
In this chapter, the following remarks can be made:

1. Geometrical ray tracing is derived from the Eikonal equation for light.

2. A forward Euler method is developed to march rays in space as they travel in different media.

3. When a ray strikes the face of an optical fiber, it reflects some of its light and refracts the
remaining fraction of light energy. This phenomenon can be quantified using Fresnel Rela-
tions.

4. Rays propagate inside an optical fiber using Total Internal Reflection (TIR).

5. The TIR condition is dependent on the critical angle of the selected optical fiber.

6. Loss of light occurs inside fiber due to scattering, absorption and roughness of the fiber.

7. A ray tracing algorithm considering all above points is developed and applied to an example
of a Translucent Concrete (TC) panel with embedded optical fibers.
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Chapter 3

Solar Radiation Models

The ray tracing algorithm for a TC panel is coupled with a solar radiation model to estimate the
amount of sunlight that is transmitted by the panel. This requires precise measurements or calcu-
lations of the components (direct and diffused) of sunlight that are incident on the surface of the
TC panel. A number of empirical, analytical and measurement-based methods have been devel-
oped in the past that tries to compute these components. The empirical relations are only specific
to a certain region in the world and the analytical methods are useful in situations where one
does not have data for sunlight that is incident on the surface of Earth. Since empirical meth-
ods are easy to implement, they are still widely used. Some of them include the H-model [18],
S-model [61], B-model [6] which are applied to calculate clear-sky global solar irradiance. The
analytical methods are sophisticated formulations that require a number of parameters to calculate
the global solar irradiance incident on a surface. The two popular analytical methods are Leckn-
ers spectral model [35] and Gueymards Simple Model for the Atmospheric Radiative Transfer of
Sunshine-SMARTS2 [12]. For locations with weather stations, the weather file (also called Typ-
ical Meteorological Year file) can provide statistically representative information for the sunlight
incident during the entire year. The measurement-based methods extract the hourly data for sun-
light irradiances/illuminances from the weather file and differentiate the values into its components
(direct and diffused radiation). The following sections detail a measurement-based method called
the ‘Perez Model’ which is interfaced with the ray tracing algorithm for calculating the light trans-
mission of a TC panel. The Perez Model has been frequently found to be the most robust model
among all the different types of measurement-based methods.

3.1 Radiation from the Sun
At the top of the Earth’s atmosphere, the light from the Sun is incident as a nearly parallel beam
of rays referred to as the extraterrestrial solar irradiation (Getr). The Getr fluctuates over the year
due to Earth’s varying distance from the Sun. The best mean estimate of Getr is 1366.1 W/m2

which has been derived from 25 years of collected data [13]. The variation in the Getr over the
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year depends on the position of the Earth in its elliptical orbit around the Sun. It is given as

Getr = 1366.1
(

1 + 0.034 cos
2π(N − 2)

365

)
W/m2 (3.1)

where N is a Julian day between [1, 365]. Equation (3.1) can also be applied to calculate the ex-
traterrestrial solar illuminance by replacing the mean value of 1366.1 W/m2 for Getr with a mean
illuminance value of 133100 lx. The illuminance (units: lx) is the amount of visible light flux
incident on a unit surface area and the irradiance (units: W/m2) is defined as the total light power
striking on a unit surface area. From this point onwards, the terms, illuminance and irradiance
will be used interchangeably and the reader is requested to differentiate between the two quantities
based on the context or the units used.

Outside the Earth’s atmosphere, the distribution of the solar flux with respect to the wavelength is
termed AM0 meaning no atmosphere is present. The solar radiation is affected by absorption and
scattering processes that occur as it travels through the Earth’s atmosphere. This mass of atmo-
sphere is referred to as AM1.5. The complex effect of AM1.5 separates the beam of sunlight into
different components that are discussed in Section 3.2. The spectral distribution for sunlight after
transiting the atmosphere is presented in Figure 3.1, which is used later in radiation calculations
for the TC panel.

Figure 3.1: Spectral distribution for solar radiation in AM0 and AM1.5 [13].

Remark: The AM1.5 calculations are standard curves that have been adopted by the American
Society for Testing Materials (ASTM) for testing terrestrial solar cells.
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3.2 Solar radiation incident on the Earth’s surface
The solar radiation incident on the Earth’s surface consists of direct and diffused components. The
direct component is that part which directly reaches the Earth’s surface from the Sun. The diffuse
component is generated by scattering solar radiation from the small molecules of Hydrogen (H2)
and Nitrogen (N2) in the atmosphere. The following quantities associated with solar radiation are
measured:

1. Direct beam irradiance/illuminance (Gn) which is the energy flux (in W/m2 or lx) of the
solar radiation incoming from the Sun on a surface that is perpendicular to the rays.

2. Direct horizontal irradiance/illuminance (Gb) is the component of Gn that is projected on
a flat horizontal plane. Since the incidence angle of the Sun’s beam striking the horizontal
ground is given by the zenith angle, θz, therefore

Gb = Gn cos θz (3.2)

3. Diffuse irradiance/illuminance (Gd) represents the energy flux coming from the entire sky
dome on a horizontal surface, which excludes the direct beam coming from Sun’s beam.

4. Global irradiance/illuminance (G) is the sum of direct horizontal (Gb) and diffuse (Gd) com-
ponents of the sunlight irradiance. For a panel that is tilted at an angle β with respect to the
horizontal, G is expressed as follows

G = Gb
cos θ

cos θz
+Gd (3.3)

where θ is the incidence angle between the sun direction and normal to the panel surface.

The incidence angle, θ, for an arbitrarily oriented surface with a surface azimuth angle, µ
and solar azimuth angle, az is expressed as:

cos θ = cos θz cos β + sin θz sin β cos(µ− az) (3.4)

For the case of a south facing panel, µ = 180◦ which reduces θ in Equation (3.4) to:

θ = cos−1(cos θz cos β − sin θz sin β cos az) (3.5)
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(a) θ is the angle between normal to the panel and the sun (b) Side View

Figure 3.2: Setup for a tilted TC panel.

Weather stations in the United States record the direct beam irradiance/illuminance (Gn = Gb/ cos θz)
component of sunlight which is also the direct horizontal flux of the sun at zenith. Accordingly,
Equation (3.3) is modified to yield:

G = Gn cos θ +Gd (3.6)

The total irradiance/illuminance (G) on a tilted surface also includes an additional component
due to radiation reflected from the ground (Gr). This reflected radiation does not account for a
significant part of the sunlight striking the surface and is hence, ignored in Equation (3.6).

3.3 Literature review
The measurement-based methods differ in nature by the way in which they calculate the diffuse
component. The simplest model was proposed back in the 1960s by Liu et al. [37] which was
referred as to the isotropic sky model. It assumed that all diffused radiation was uniformly dis-
tributed over the sky dome. The incident diffused irradiation, Gd, was only dependent on β which
decided the part of panel that will be blocked from the view to sky. As can be seen from Equation
(3.7), when β = 90◦, the value of Gd = 0.5Gd(0) meaning that the surface of the vertical panel is
only exposed to half of the sky.

Gd = Gd(0)
(1 + cos β)

2
(3.7)

where Gd(0) represents the diffused solar irradiation incident on the horizontal plane and its value
is specified in the weather file [8].

The Hay model [15] proposed some improvements by adding a circumsolar component to the
isotropic sky model. This was the first model that introduced anisotropy in diffused radiation. The
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circumsolar component is assumed to come from the sun being a visible disk of light source rather
than just a point source in the sky. The diffused irradiation, Gd, was calculated as the weighted
average of the extreme states, clear sky and overcast sky. As shown in Equation (3.8),Gd depended
on θz which varied due to the latitude of the location.

Gd = Gd(0)

[
1 + cos β

2
(1− Fa) +

cos θ

cos θz
Fa

]
(3.8)

where Fa = Gb/Getr is the factor to quantify the fraction of diffused radiation that is circumsolar.
For a clear sky (Fa > 0.5), the model assumed that the majority of the solar energy came from
the Sun’s position while in overcast sky (Fa → 0), the model assumed that the solar radiation was
uniformly distributed in the sky. Thus, Hay’s model reduced to the Liu and Jordan model in the
case of an overcast sky.

A further improvement in the solar radiation model considered horizon brightening and used the
same factor Fa as described in Equation (3.8). This model proposed by Reindl et al. [57] is
expressed in Equation (3.9). It provided slightly higher diffused irradiances than the Hay’s model.

Gd = Gd(0)

[
1 + cos β

2
(1− Fa)

(
1 +

(
1− Gd(0)

G(0)

)1/2

sin3 β

2

)
+

cos θ

cos θz
Fa

]
(3.9)

where G(0) is the global solar irradiation on a horizontal plane. More recent models have been
proposed by Muneer [45], Olmo et al. [49], Noorian et al. [48], Ibrahim et al. [22]. However, on
the whole, in numerous locations of the world, the Perez Sky model (discussed in the next section)
is frequently found to be the best performing model [52].

3.4 Perez Sky model and the modified form
Under the Perez Sky model assumption [53], the diffuse solar radiation (Gd) on a tilted surface is
calculated as the sum of the following components (Figure 3.3):

1. Isotropic radiation which is uniformly distributed over the sky vault.

2. Radiations from circumsolar disk and horizon brightening which cause anisotropic distribu-
tions of diffused light.



24

Figure 3.3: Description of Perez circumsolar radiation and horizon radiation band.

The circumsolar disk subtends a half angle of 25◦ around the sun produced from forward scatter-
ing by aerosols and multiple Rayleigh scattering. A bright band of 6.5◦ elevation develops near
the horizon because of sunlight retroscattering. The contribution of each component (isotropic,
circumsolar or horizon brightening) in the final equation for diffused light depends on the sky
brightness factor, ∆, atmospheric clearness, ε, and zenith angle, θz. Hence, Gd for a tilted surface
is expressed as:

Gd = Gd(0)
[
(1− F1)

1 + cos β

2
+ F1

cos θ

cos θz
+ F2 sin β

]
(3.10)

where
F1(ε) = f11 + f12∆ + f13θz, F2(ε) = f21 + f22∆ + f23θz (3.11)

and

∆ =
mGd(0)

Getr

, ε =
Gd(0) +Gn(0)

Gd(0)
(3.12)

The coefficients fij in Equations (3.11) are listed in Table 3.1.

Table 3.1: Coefficients for circumsolar irradiation (or illumination) and horizon brightening devel-
oped for the 25◦ circumsolar model [53].

ε bin Upper limit of ε f11 f12 f13 f21 f22 f23

1 1.056 -0.011 0.748 -0.080 -0.048 0.073 -0.024
2 1.253 -0.038 1.115 -0.109 -0.023 0.106 -0.037
3 1.586 0.166 0.909 -0.179 0.062 -0.021 -0.050
4 2.134 0.419 0.646 -0.262 0.140 -0.167 -0.042
5 3.230 0.710 0.025 -0.290 0.243 -0.511 -0.004
6 5.980 0.857 -0.370 -0.279 0.267 -0.792 0.076
7 10.080 0.734 -0.073 -0.228 0.231 -1.180 0.199
8 > 10.08 0.421 -0.661 0.097 0.119 -2.125 0.446
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In the above relations, m is the atmospheric air mass coefficient which is the direct optical path
length through the Earth’s atmosphere, expressed as a ratio relative to the path length vertically
upwards, i.e. at zenith. For clarity, in Figure 3.4 the light coming from the Sun’s position S1 will
suffer lesser scattering and absorption due to optical mass as compared to light that emanates from
a point S2 which is farther from point P on Earth.

Figure 3.4: Optical mass, m, is dependent on the path length through the atmosphere. Since
PS2 > PS1, light will suffer higher scattering and absorption along PS2.

To estimate, m, the formulation proposed by Kasten and Young [33] was used leading to the
following expression:

m =
1

cos(θz) + 0.50572(96.07995− θz 180
π

)−1.6364
(3.13)

Modified Perez model for illuminance calculations
The TC panel contains cylindrical optical fibers that exhibit a limited acceptance cone ,i.e light
is lost if rays fall outside the acceptance angle of this cone, for light transmission (Figures 2.4
and 2.6). This loss of light is in addition to the light reflection at the top and bottom surfaces and
losses during transit within fiber. Thus, all components of incident global illuminance (G) cannot
be transmitted through the fiber equally. The ratio of each component (direct, isotropic, etc.) that
is transmitted through a TC panel is calculated using geometrical ray tracing (Chapter 2). These
ratios are included in the modified form of Equations (3.6) and (3.10) to give Equations (3.14)

G′ = DnGn cos θ +G′d

G′d = Gd(0)
[
Di(1− F1)

1 + cos β

2
+DcF1

cos θ

cos θz
+DhF2 sin β

] (3.14)

whereG′ andG′d represent the global and diffused illuminances, respectively, collected on a surface
adjoining and parallel to the TC panel. Dn,Di,Dc andDh are the averaged TC panel transmittance
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ratios for their respective global illumination components. Finally, G′ and G′d are multiplied by the
area of the TC panel to give the total luminous flux (in lm) value. This is the light that is delivered
into a room by a TC panel. A detailed algorithm given in Figure 3.5 combines the geometrical ray
tracing discussed in Chapter 2 with the modified Perez Sky model to estimate the total luminous
flux (or energy flux) transmitted by the TC panel.

Figure 3.5: Algorithm for calculation of the total flux emitted from a TC panel. The velocities
(Vdir, Viso, Vcircum, Vhori) refer to the speed and direction of N groups of light rays that are pro-
jected towards TC from their source of generation, i.e. direct, isotropic, circumsolar and horizon
brightening, respectively.

Extension to Heat Radiation and Absorption

The same relations presented in Equations (3.14) and the algorithm in Figure 3.5 can be utilized
with slight modifications to calculate the heat radiated and absorbed by the optical fibers inside
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the TC panel which leads to its gradual heating during the day. The heat absorbed is modeled as a
source of heat distributed uniformly along the optical fiber length. This heat is conducted within
the TC panel and convected into the room depending on the boundary conditons. The total amount
of heat absorbed by the fibers is given as follows:

Ef = Edirect + Ediffused (3.15)

where,

Edirect = χnGn cos θ

Ediffused = Gd(0)
[
χi(1− F1)

1 + cos β

2
+ χcFc

cos θ

cos θz
+ χhF2 sin β

] (3.16)

where the coefficients χr (r = n, i, c, h) in the heat absorption Equation (3.16) are obtained slightly
differently from the corresponding D coefficients used for illuminance (Equation (3.14)). Illumi-
nance only pertains to the visible region of the light spectrum whereas in heat calculations, one has
to consider the absorption of light rays for the enitre spectrum. The radiation transmitted by the
TC panel can be written using Equation (3.17) with coefficients τr (r = n, i, c, h) that modulate
the transmission of solar energy by optical fibers.

qrad = τnGn cos θ +Gd(0)
[
τi

(
1− F1)

1 + cos β

2
+ τcF1

cos θ

cos θz
+ τhF2 sin β

]
(3.17)

The coefficients τr are related to Dr (r = n, i, c, h) as

τrGr̄ = (TUVGr̄,UV + TvisGr̄,vis + TIRGr̄,IR)Dr (3.18)

where Gr̄ can be either Gn or Gd(0) depending on the type of solar radiation (direct or diffused)
being considered (i.e. r̄ = n if r = n and r̄ = d if r = i, c, h). The values TUV , Tvis and TIR
are the transmittance ratios for the UV , visible and infrared spectrum, respectively.The flowchart
in Figure 3.6 gives the procedure to obtain the χr (r = n, i, c, h) coefficients in order to calculate
Equation (3.16).
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Start
Designate a unit

intensity to each ray

For direct and diffused
(Isotropic, etc.) rays

Calculate intensity
after reflection from
fiber top, Eqs. 2.39

Multiply intensity to
transmittance ratio

for each spectra (UV,
Visible, IR)

Calculate intensity
for light rays that
do not follow TIR

Spectral absorption =
Power absorbed by

fiber computed from
subtracting light intensity

at entrance with
intensity at exit

For each ray

Multiply spectral
absorption with
corresponding

terrestrial radiation

χi = Add(Absorption
coefficients of UV,

Visible and IR)

For every direct & diffused
(Isotropic, etc.) component

Calculate
heat absorbed

using Eq. (3.16)
Stop

Figure 3.6: Algorithm to calculate the heat absorption by the TC panel.

3.5 Summary
The topics discussed in this chapter can be summarized as follows:

1. The solar radiation passes through the atmosphere and becomes attenuated due to the pres-
ence of gases in the air.

2. Solar radiation incident on earth consists of direct and diffused components.

3. The direct radiation originates from the Sun and is the dominant component during a clear
sky. The diffused component is produced from scattering of light as it passes the atmosphere.
Diffused light is more observable during cloudy skies.

4. The diffused radiation is further split into the isotropic and the anisotropic components (Cir-
cumsolar radiation and horizon brightening).

5. The ratio of the components of diffused light for a given location and sky condition can be
computed using the Perez Sky model [53].

6. Two algorithms developed for computing the amounts of light transmitted and heat radiation
absorbed by the TC panel based on the sky conditions are presented.
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Chapter 4

Illumination Calculations using Radiance

RADIANCE is a widely used open source software developed by Lawrence Berkeley National
Laboratory (LBNL) for visualizing lighting in a defined space. It has highly-accurate ray tracer
engine that can predict illumination, visual quality and appearance in innovative design spaces. In
this chapter, RADIANCE is used to evaluate the illumination distribution of light that is emitted
from a wall composed of TC material. To model the optical fibers in TC, RADIANCE requires
its luminaire properties which are unfortunately not available in the software. The properties are
evaluated using the ray tracing software developed as part of this thesis (Chapter 2) which is cou-
pled with the directionality of light that is transmitted from the optical fibers. These values are
then entered into RADIANCE for calculating illumination of the modeled space due to the TC
panels.

4.1 Luminaire in lighting
A luminaire is defined as a lighting unit consisting of a lamp or lamps combined together with the
parts designed to distribute the light. For a luminaire with a given shape and material properties,
we can calculate its lighting parameters, which include:

i). Luminous intensity distribution (Ic) (Units: candela or cd): It is the distribution curve rep-
resenting the variation of luminous intensity of a lamp or luminaire in a plane through the
light center. The distribution curve is usually measured by a photometer with moving cell
along the various C-planes (Figure 4.1). A C-plane is defined as a surface along which light
measurements are taken. The C-plane is divided into a number of γ angles. Figure 4.2 shows
an example of a flat luminaire with its C-planes and γ angles.
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Figure 4.1: A moving photometer for calculating luminous intensity distribution.

Figure 4.2: The measurements of a luminaire are taken along its C-planes and γ angles. In the
figure, we consider the (C0-C180 plane) and (C90-C270 plane).

ii). Luminous flux (Φ) [Units: lumen or lm]: This quantity is either calculated directly using
Integrating Spheres or calculated from the lighting intensity distribution of the luminaire (Ic).
The total luminous flux (Φ) means that the part of the flux, ∆Φ, is distributed among several
solid angles, ∆ω, spread across multiple C-planes. Thus, in general, we can represent Φ over
n ∆ω’s which are added for m C-planes to give the following:

Φ =

Cm−1∑
C0

n∑
i=1

∆Φ∆ωi (4.1)

The luminous intensity for a solid angle is given as Ic(∆ωi) which is defined as the luminous
flux, ∆Φ, emitted into a solid angle, ∆ωi as expressed below:

∆Φ∆ωi = Ic(∆ωi).∆ωi (4.2)
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where Ic(∆ωi) is the average luminous intensity.

Solid angle, ∆ωi, can be expressed by the angle subtended in the C-plane and is calculated
as follows:

∆ωi =
2π

360
[cos γi − cos(γi + δγi)]∆C (4.3)

where ∆C is the distance measured in rad between the C-planes (i.e. distance between C0
and C90 is 90◦) and δγ is the increment in elevation angle within a C-plane.

iii). Light output ratio (luminaire efficiency) (η): It is the ratio of luminous flux, Φ, emitted by the
luminaire to that emitted by the filament (Φ0) of the luminaire. It is expressed as follows:

η =
Φ

Φ0

(4.4)

4.2 Evaluation of an optical fiber as a luminaire
Ray tracing is utilized to track the displacement of rays after they exit the fiber. It is assumed that
the calculations for the intersection of rays with the sphere are being executed in the far field of
the optical fiber, where the interference of rays is negligible and the illumination distribution has
the form of the intensity distribution. Hence, a sphere in the far field [38] with a radius bigger
than at least five times the diameter of the fiber is constructed around the fiber. The RADIANCE
software can model customized luminaires and define the luminous intensity distribution for calcu-
lating illuminance at different points inside the room. The optical fiber is a point source that emits
diffused light according to the transmission curve illustrated in Figure 4.3, calculated using ray
tracing (Chapter 2). It is noted that the normalization in Figure 4.3 is with respect to the maximum
light transmitted for any polar angle, Ψ.

Figure 4.3: Normalized light distribution exiting from the fiber into the room.
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Definition of a light source
Let us construct a large sphere (with sphere radius > 5× fiber dia.) around a single optical fiber
in the TC panel such that the exit end of the fiber is located at the center of the sphere. Further, let
the total luminous flux output from the fiber be Φ lm. The sphere which encapsulates the optical
fiber is divided into 180 δγ angles of the (C0-C180) plane such that each section subtends an
elevation angle, δγ, of 1◦ and an azimuth angle of 2π. The light output, Φ, of the fiber crosses the
surface of sphere at several locations. Thus, each section is only exposed to a fraction of this light
output which is conveniently expressed according to Wandachowicz [63] as:

Φ =
179∑
i=0

∆Φi =
179∑
i=0

Ic(∆ωi)∆ωi (4.5)

where Ic(∆ωi) is the average luminous intensity emitted into a solid angle, ∆ωi expressed in Equa-
tion (4.3) can be simplified as follows:

∆ωi = 2π(cos i− cos(i+ 1)) (4.6)

From the specific transmission curve in Figure 4.3, a dependence between the different ∆Φi can be
established. The largest fraction of light rays exiting an optical fiber passes the section formed by
angles {11◦, 12◦}. Let the corresponding light flux passing through this section be ∆Φ11 = v11Φ
where v11 = 1. Then, proportionally, ∆Φ0 = v0Φ̄, ∆Φ1 = v1Φ̄, and ∆Φi=90,91,...,179 = 0, i.e the
sphere mentioned above is actually a hemi-sphere for the case of an optical fiber, since light is only
radiated by the fiber tip to all γ-planes between 0◦ and 90◦. Equation (4.5) is thus reduced to

Φ = Φ̄(v0 + v1 + ...+ 1 + ...+ v89) (4.7)

Φ̄ =
Φ∑89
i=0 vi

(4.8)

∆Φi =
viΦ∑89
i=0 vi

(4.9)

and using Equation (4.6), assuming luminous intensity, Ic(∆ωi), is uniform in each C-plane, we get

Ic(∆ωi) =
∆Φi

∆ωi
=

viΦ

∆ωi
∑89

i=0 vi
(4.10)

The RADIANCE tool ies2rad converts luminaire data file to the equivalent scene description.
This means by using the algorithm described earlier (Figure 3.5) to calculate the light output from
optical fibers along with Equation 4.10, we can treat the fiber end as a luminaire and prepare its
luminous intensity distribution table. The RADIANCE software uses two files to define the
geometry and material, and the luminous intensity distribution of the optical fibers. The code for
both files is given in Appendix C, which is used for defining optical fibers as a luminaire.
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4.3 Algorithm for illumination calculations
The illumination on a workplane is calculated in RADIANCE using the algorithm shown in
Figure 4.4. The first two steps of the algorithm were described in the previous chapter. The
luminous flux values collected over the year are stored in a tabulated form using the .csv format
and loaded into RADIANCE. A room is prepared in the software environment with one or
more walls designed using TC panels. Each optical fiber in the panel is modeled as a separate
luminaire which emits light into the room following the trend given in Figure 4.3. After assigning
material properties to the surfaces of the room, the illumination is estimated at different points on
the workplane located at the typical 0.8 m above the floor level (ASHRAE 90.1-2007).

Figure 4.4: Algorithm for calculating illumination due to TC panels using RADIANCE.

4.4 Summary
The topics discussed in this chapter can be summarized as follows:

1. The directional distribution of a light source is measured using an equipment called the
photometer.

2. For optical fibers, directional distribution is modeled to vary along the γ angles within the
C − plane but assumed to remain constant along the C-planes.

3. A normalized light distribution curve for a fiber is presented in Figure 4.3.

4. Illumination can be calculated in a space by modeling optical fibers as point sources and
using the luminaire properties specified in Appendix C.
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Chapter 5

Occupancy Models

5.1 Introduction
An occupant in a building interacts with the building controls to heat, cool or ventilate the envi-
ronment to enhance thermal comfort or indoor air quality. Similarly, but to a lesser extent, the
occupants adjust lighting systems to improve their visual comfort. They may also use electrical
appliances causing internal heat gains and consumption of electricity. In other words, a model
capable of reproducing patterns for the presence of occupants in a building and their associated
behavior (Chapter 6) is of utmost importance in simulating the behavior of occupants within a
building and their effects on the buildings’ demands for different types of resources such as energy
(e.g. electricity or natural gas) or water. In this chapter, a randomized model for occupancy is sug-
gested using the Markov chain method applied to real occupancy data which is used in predicting
the lighting requirements of the room.

5.2 Literature review
An occupancy model consists of daily profiles of occupants for a 24 hour period. The profiles vary
between different types of buildings (residential or commercial). The simplest occupancy models,
like the one in [1], use an average weekday and weekend daily profile for all the occupants in the
building. This assumption fails to capture the temporal variations, such as differences in behavior
between weekdays and unpredicted presence on the weekends.

Since the use of lighting is linked with the presence of users, Reinhart [59] introduced a sim-
ple improvement to the occupant presence model included in the algorithm proposed by Newsham
[47]. [59] called his model as the Lightswitch-2002. It is stochastic meaning that whenever a user
is confronted with a control decision, a stochastic process is initiated to determine the outcome of
the decision. The model simulated occupancy profiles corresponding to a user with working hours
from Monday to Friday 8 am to 6 pm with a one hour lunch break at noon and two 15-min breaks
in the morning at 10 am and the afternoon at 3 pm. All arrivals, departures and breaks are ran-
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domly scheduled in a time interval of ± 15 min around their official starting times to add realism
to the model. Since the model did not consider any holidays, vacation days, sick leaves or business
trips, the number of occupancy hours reported are higher than the measured occupancy hours. The
mean occupancy profile derived from a total of 10 stochastic profiles for a weekday is represented
in Figure 5.1

Figure 5.1: Weekday profile of the annual mean occupancy probability.

The above model by Reinhart [59] did not recognize some of the phenomena common to the real
world such as the appearance of occupants on weekends, their arrival before 7:45 am, the departure
after 6:15 pm and the possibility of having lunch in office space. Moreover, in a university lab, the
occupants are mainly students who leave the space regularly for classes or meetings. Reinhart’s
model [59] failed to simulate the absence of occupants outside the breaks which made it unsuitable
for the case study considered in a later chapter.

Wang et al. [64] tried to propose occupancy models that could capture the intermediate absence and
presence of occupants during a random day in the office using the occupancy logs from 35 single
person offices published in [28] and [60]. In this work, the researchers used a non-homogeneous
Poisson process model (the rate parameter varied with time) with different exponential distributions
to simulate the occupancy-to-vacancy and vacancy-to-occupancy sequence for a single person of-
fice. From these models, it was possible to conclude that the intervals of vacancy (i.e. the time
lengths during which the occupant is absent) were exponentially distributed. The parameter, β, in
the exponential distribution (= 1

β
e−

y
β ) varied from office to office which also changed the corre-

sponding mean vacant interval for each office; y was the random variable representing length of
vacancy interval. The research by Wang et al. [64], unfortunately, could not validate the exponen-
tial model for intervals of occupancy. In addition, the model also tried to simulate the first arrival
to the office, the last departure from the office and the lunchtime break based on the assumptions
that these events are distributed normally (also assumed by Reinhart [59] in his model), which
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were found not to be true [51]. Another drawback of this model was that like all its predecessors,
it supposed that all weekdays were alike and that offices were always unoccupied during weekends.

In comparison to all its predecessors, the newly proposed Markov chain model uses a profile of
probability of presence, rather than an adjusted fixed profile, as an input to a Markov chain. In this
way, it is able to produce intermediate periods of presence and absence distributed exponentially
with a time-dependent coefficient as well as the fluctuations of arrivals, departures and typical
breaks. A complete explanation of this model is given in the next section.

5.3 Markov chain occupancy model
The occupancy model proposed by Page et al. [51] is one of the most popular models based
on utilization of Markov chain Monte Carlo methods. Their model was validated and calibrated
against two years of data acquired from twenty zones of an office building. The authors of the
model claim that though the algorithm was tested with data from an office building, it can be
applied to any type of building and any pattern of occupant presence.

Theory
The Markov chain model for occupancy uses the idea that the probability of presence at a time step
only depends on the the state of presence at the previous time step. In other words the probability
that an occupant is present now only depends on whether he/she was present one time step ago and
not on whether he/she has been present over the past long period of time. This statement can be
expressed mathematically by the following conditional probability:

P(X(tn) = jn|X(tn−1) = jn−1, ..., X(t1) = j1) = P(X(tn) = jn|X(tn−1) = jn−1)

= Tij(t)
(5.1)

where the random variable, X(t), during all finite sequences of times t1 < ... < tn ∈ I has
states j1, ..., jn ∈ {0, 1}. This situation corresponds to considering the state of occupancy as a
Markov chain with probabilities of transition Tij . The probability that an occupant should arrive
at the office at 9:00 am or at 5:00 pm are not the same. Therefore, the values of Tij need to be
time dependent which can be captured by inhomogeneous Markov chain (with discrete states and
discrete time steps). In order to determine the time dependence of these probabilities of transition,
the following inputs to the model are required: the profile of probability of presence over a typical
week and a parameter of mobility that gives an idea of how frequently people move in and out of
their office zone. The reader is directed to Appendix D for details on Markov chain.

Formulation
The model generated a time series of zeros (absence) and ones (presence) that can render the
arrival, departure from offices and also short instances of intermediate absence and presence in
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between. The profile that is produced is stochastically generated and does not simply reproduce
the input pattern.

The Markov chain occupancy model only needs two states since the occupant can be expected
to be either present or absent. Thus, the value of occupancy at the next time step should only
depend on the state we are in now and the probability of transition from the present state to either
the same state (0 to 0; 1 to 1) or its other state (0 to 1; 1 to 0). The transition state matrix in this
case is expressed as follows:

T =

[
T00 T01

T10 T11

]
(5.2)

where T is the transition matrix and T00, T01, T10, T11 are transition states given as random variables
that take discrete values. The relations between the transition states are stated as follows:

T00 + T01 = 1; T10 + T11 = 1 (5.3)

A better understanding of the states of a Markov chain model for occupancy is given in Figure 5.2.

Figure 5.2: Time-inhomogeneous Markov chain model for occupancy.

From the average presence profile that is provided as an input1, one can find the probability,
P(tn), of an occupant being present at a time, tn, in a particular space.

P(tn) = P(tn−1)T11(tn−1) + (1− P(tn−1))T01(tn−1) (5.4)

The terms in Equation (5.4) can be rearranged to give Equation (5.5):

T01(tn−1) =
P(tn)

(1− P(tn−1))
− T11(tn−1)

P(tn−1)

(1− P(tn−1))
(5.5)

Another condition is needed to calculate the transition states in Equation (5.5). This is given by the
mobility factor, µ, of the occupant. The mobility describes how often the user oscillate between

1The input presence profile can be either derived from collected data of occupants or by using standard occupancy
profiles available from National Renewable Energy Laboratory (NREL [10]) or DOE-2 [17].
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states of presence and absence. It is defined as the ratio between the probability of change of state
over that of no change.

µ(tn−1) =
T01(tn−1) + T10(tn−1)

T00(tn−1) + T11(tn−1)
(5.6)

The parameter µ(t = 0) is the average mobility that is used at the beginning of the day and is
calculated from the data. The value of µ is updated as the simulation proceeds.

From Equations (5.5) and (5.6) and the inputs P(tn) and µ, a complete profile for T01(tn−1) and
T11(tn−1) can be derived.

T01(tn−1) =
µ− 1

µ+ 1
P(tn−1) + P(tn) (5.7)

T11(tn−1) =
P(tn−1)− 1

P(tn−1)

[
µ− 1

µ+ 1
P(tn−1) + P(tn)

]
+

P(tn)

P(tn−1)
(5.8)

Equations (5.7) and (5.8) should return values in the range {0, 1}. For cases which include regular
events like arrival and departure at specific times, taking lunch break in an allotted interval, etc., the
value of P(tn−1) might be much smaller or greater than P(tn). This could cause transition state, Tij ,
to have values which are not admissible. In such a situation, where we have deterministic changes
instead of random movements into and out of the office zone at hand, the following conditions are
fixed as specified in Algorithm 1 below.

Algorithm 1 Pseudo-code for deterministic Tij
1: procedure FOR THE CASE OF T11

2: if (P (tn) == 0.0 ) then return T11 = 0.0
3: else if ( P (tn) == 1.0 ) then return T11 = 1.0
4: else
5: if ( P (tn−1) == 1.0 ) then return T11 = P (tn)
6: else if ( P (tn−1) == 0.0 ) then return T11 = 0.0

1: procedure FOR THE CASE OF T01

2: if (P (tn) == 0.0 ) then return T01 = 0.0
3: else if ( P (tn) == 1.0 ) then return T01 = 1.0
4: else
5: if ( P (tn−1) == 1.0 ) then return T01 = 0.0
6: else if ( P (tn−1) == 0.0 ) then return T01 = P (tn)

5.4 Procedure
Figure 5.3 shows how the Markov chain works in generating an occupancy profile. We start with a
‘0’ probability for an occupant at time t = 0 for a new day. At the next time step, which could be an
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interval of few minutes to hours depending on the sparsity of the data, a number is randomly drawn
between ‘0’ and ‘1’ for each state (presence or absence) and compared with values of transition
(i.e. T00, T01, T11, or T10), to select the event that occurs in the next step. For cases leading to
T11 or T01, we consider the occupant to be present (marked as ‘1’) in the new time step. For the
remaining cases, T00 or T10, the occupant is marked as ‘0’ or being absent. The state of presence
of each occupant of one zone and the states of occupancy of different zones being considered are
independent so this algorithm can be repeated as many times as the number of total occupants,
respecting, of course, the inputs particular to each occupant simulated.

Figure 5.3: Occupancy model algorithm based on Markov chain.

5.5 Summary
Chapter-5 is summarized as follows:

1. Reproducing occupancy patterns in an energy model is highly important since many other
models e.g. use of HVAC systems, lighting, water usage, are dependent on such occupancy
models.
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2. Earlier research either used simple models for occupancy or introduced very simple random-
izations.

3. For this research, a more accurate method called the Markov chain occupancy model is used
to estimate occupancy.

4. The Markov chain model for occupancy uses the idea that the probability of presence at a
time step only depends on the state of presence at the previous time step.

5. The data for occupancy are utilized to generate two parameters: a) profile of probability of
presence over a typical week and b) the mobility of the occupant.

6. The two parameters are fed into the Markov chain model to stochastically generate occu-
pancy profiles for a non-leap year starting from any day of the week and for all occupants in
an office space.
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Chapter 6

Light switching models

Studies have been made in the past to analyze how people, in their natural working environments,
interact with lighting controls. From these studies, a number of light switching profiles have been
developed that capture the average behavior of the occupants. The estimation of artificial lighting
use with reasonable accuracy is important to determine the energy balance of a prospective build-
ing early in its design, or in assessing the cost effectiveness of automatic lighting controls for an
existing building. Till a few decades ago, the model for lighting use was based on one or more
of a number of crude assumptions, i.e. lights are ‘on’ continuously throughout the building, there
will be no lighting use during summer months, or occupants behave like photoelectric switches
ensuring that light will be ‘on’ only when the daylight illuminance on their desks or in the ceiling
is below the design level set by the building codes and standards. With the adoption of behavioral
methods for tracking lighting use and several long term field studies being conducted [5], [58],
[36], [21], [20] to validate the occupant’s interaction with lighting controls, a number of reliable
light switching models have been developed to follow the observed patterns of occupant’s behavior.

In this chapter, some of the popular light switching models for manual controls are introduced.
These models are used in estimating the amount of energy that can be saved from daylighting
harvesting.

6.1 Lighting actions
In general, a light switching algorithm is used to measure the probability of the occurrence of any
event which is related to interaction of an occupant with lighting controls. The principal reason
for any modulation is that people are concerned with the visual comfort at their work area which
might hamper their work productivity. Moreover, from a practitioner’s point of view, algorithm can
be combined with simulated annual daylight and occupancy profiles to predict a building’s annual
lighting demand at early stage of construction and also justify the use of automated controls over
manual ones. There are four types of lighting events that are undertaken by an occupant in a room.
These actions include:
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1. Switch-on at arrival

2. Intermediate switch-on

3. Intermediate switch-off

4. Switch-off at departure

In the following sections, the first three lighting events will be discussed in detail. It is noted that
switch-off at departure is considered in a simplified practical manner as discussed at the end of
this section. A summary of observations based on previous field studies on manual lighting is
presented in Table 6.1.

Table 6.1: Lighting behavior observed from previous field studies.

Manual control of artificial lighting Reference
1) People usually pertain to either of the following two behavioral classes [40]
• people who switch on the lights for the duration of the working day

and keep it on even in times of temporary absence
• people who use electric lighting only when indoor illuminance

levels due to daylight are low.
2) All lights in a room are switched on or off simultaneously. [21]

3) Switching mainly takes place when entering or vacating a space.
[21], [40],

[54],
[58]

4) The switch-on probability on arrival for artificial lighting exhibits a [21], [40]
strong correlation with minimum daylight illuminances in the work
area.

5) The presence of an occupancy sensor influences the behavioural [54]
patterns of some people. On the average, people in private offices with
occupancy control are only half as likely to turn off their lights upon
temporarily departure than people in working area without sensors

The light switching algorithms proposed here will be used to quantify the savings in energy that is
aggregated over the entire year by considering daylighting transmitted by a wall constructed from
TC panels. In this case, only manual lighting controls, instead of automatic/dimming controls, are
used to give an absolute assessment of the electrical lighting that can be saved from using the TC
panels. Further, from prior studies it was inferred that people switched-off lights when the work
place was vacated in the evening but did not switch off light during short breaks, e.g. lunch or tea
breaks. It is also suggested to turn-off lights or use natural sunlight in case the lighting intensity
on the workspace from lamps is higher than that which is appropriate for a specific activity [46].
Some reasons for this behavior could be reluctance from the occupants to take action when the
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controls are located away from the workstations or disinclination to disturb or distract others in
multi-person offices. In this model, it was assumed that the lights had occupancy sensors which
switched off the lights every time the occupant left his work desk. This was again done to calculate
the energy savings due to the installation of the TC panels in the room from the perspective of an
active user (active user is one who takes conscious decisions to switch-on/switch-off electrical
lights while considering daylighting).

6.2 Switch-on at arrival
The switch-on at arrival event corresponds to the probability that the occupant will turn on the
lights when he/she enters the room. This event is considered to be the most important criterion for
energy savings due to lighting and a number of studies have validated this importance. Boyce et
al. [5] reported that around 79% of all switching decisions made by the users during the day were
executed during the beginning of the day when people came to office. They conducted this field
work in an office building situated in Albany, New York. Another study by Reinhart and Voss [58]
deduced that switch-on events upon arrival accounted for 86% of all switch-on events. They mon-
itored the activities of the users in a building in Weilheim near Stuttgart, Germany. Interestingly,
both of the aforementioned studies and other studies by Love [40], Bourgeois et al. [4], concluded
that the switch-on at arrival event was highly correlated with the observed minimum workplane
illuminance. Hunt [21] suggested a probability function to relate the amount of desk illuminance
to the likelihood of an occupant switching ‘on’ the light. The function has been widely used since
and has also been cited in some of the studies mentioned previously in this section.

The study by Hunt [21] used time-lapse photography to collect data on lighting actions from several
schools and offices for six months. From the data it was possible to fit the experimental data very
closely to a mathematical expression. The fitted curve equation proposed by Hunt [20] is as follows

y = a+ c/(1 + exp{−b(x−m)}) (6.1)

where y = switching probability, a = -0.0175, b = -4.0835, c = 1.0361, m = 1.8223 and x =
log10(minimum daylight illuminance in lx) subject to restrictions on y such as

y = 1.0 for x ≤ 0.843

y = 0.0 for x ≥ 2.818
(6.2)

Equation (6.1) is plotted for a range of illumination received on a working plane and presented in
Figure 6.1.
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Figure 6.1: Probabilistic curve for switch-on at arrival.

6.3 Intermediate switching-on and switching-off
Intermediate light switching means the act of interacting with artificial lighting at occasions other
than upon arrival to or before departure from the office. The determination of a probability func-
tion for intermediate switching events has been cumbersome for researchers in the past since the
frequency of interaction of occupants with lighting controls over the day is usually low. The most
recent and extensive research on this topic was undertaken by Lindel of and Morel [36] who ana-
lyzed almost two years of data (mid-November 2002 to mid-January 2005) from the LESO (Solar
Energy and Building Physics Laboratory) building in EPFL, Lausanne, Switzerland.

The intermediate switching-on event was shown to be dependent on the illuminance threshold
of the users. As soon as the illuminance reduced below the threshold, the switch-on probability
sharply rose to a level between 1% and 4%. From field studies, this threshold was found to be
between 100 lx and 200 lx. The data for intermediate switch-on probability is presented in Figure
6.2. Since the users did not let illuminance drop to zero, none of the studies were able to conclude
whether the probability should rise to unity for vanishing illuminance. Therefore, p = 1.0 for zero
illuminance will be taken as an assumption for energy calculations.

Figure 6.2: Intermediate switch-on (for illuminance=0, p=1.0 is assumed) [36].
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The probability of an intermediate switching-off event is observed to be much lower than an in-
termediate switching-on event (Figure 6.2). This indicates that the users switched off their lights
mostly on their way out of the office while keeping the lights switched on for the rest of the day.
From Figure 6.3, it can be shown that the intermediate switch-off probability is rather flat at around
0.1% and is independent of the illuminance value.

Figure 6.3: Intermediate switch-off (for illuminance=0, p=1.0 is assumed) [36].

From the studies above it became apparent that users usually interacted with the controls available
to them while they were moving inside their office. Users did not leave their seats to adjust their
settings unless the situation is clearly uncomfortable.

Remark: The reluctance of users to change the light settings while they are sitting means that the
controls should be placed in a location that is close and convenient to the user, who will otherwise
not use them.

6.4 Summary
The topics discussed in this chapter can be summarized in the following points:

1. There are four primary light switching events: Switch-on at arrival, Intermediate Switch-
on, Intermediate Switch-off and Switch-off at Departure. The first three are relevant to this
research since it is assumed in the model that the lights have sensors that switch the lights
off at departure.

2. The switch-on at arrival event corresponds to the probability that the occupant will turn on
the lights when he/she enters the room.

3. Switch-on at arrival is considered to be the most important and commonly used criterion for
energy savings due to lighting.
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4. Intermediate light switching on and off means the act of interacting with artificial lighting at
occasions other than upon arrival to or before departure from the office.

5. The results proposed by Lindel of and Morel [36] were used in this study to evaluate the
intermediate switching on and off actions of the occupants.
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Chapter 7

Heat conduction in the TC panels

The TC panel consists of concrete and plastic optical fibers that are both known to conduct heat
when exposed to a temperature difference. The optical fibers, moreover, channel heat and radiate
it into the room. They use the same principles for heat radiation as were used to transmit light.
The total heat that enters/leaves the room increases the heating/cooling loads for the HVAC sys-
tem. Hence, it is important to estimate these loads which will be required in sizing the heating
and cooling equipments inside the room. In this chapter, a numerical method for conduction is
described to calculate the total heat flux exchange that occurs through the TC panel subject to
boundary conditions existing inside the room and in the outside environment.

7.1 Finite difference method for conduction
The heat transfer in a TC panel due to conduction of heat is given as follows:

ρcp
∂T

∂t
= ∇.(λ∇T ) (7.1)

where ρ = ρ(~r) is the mass density of the TC panel, cp = cp(~r) is the specific heat at constant
pressure, λ = λ(~r, T ) is the heat conductivity of the TC which can be temperature, T , dependent,
~r = (x, y, z) gives the coordinates of any point in the TC panel, time is expressed as t.

For a 1-D system in the x-direction, Equation (7.1) is written as

ρcp
∂T

∂t
=

∂

∂x

[
λ(x)

∂T

∂x

]
(7.2)

To solve Equation (7.2) numerically, an explicit finite difference for heterogeneous materials as
given in [55] was proposed. The properties of heterogeneous materials (i.e. concrete and optical
fibers) used in the construction of the TC panel can be easily accounted for in this scheme. A
special mesh is generated to cover the volume of the domain. First, grid nodes are placed at the
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center of grid elements as shown in Figure 7.1. Then, to fulfil the transient condition for equality
of temperature at the interfaces between grid elements, new intermediate grid points for Ti+1/2,
Ti−1/2, ... are introduced that lies on the interface between grid elements as represented in Figure
7.1.

Figure 7.1: Grid elements with different material properties denoted by different patterns in the
grid elements.

Within each grid element the properties are homogeneous such that the second derivative of the
temperature at the center of grid element is expressed as follows:

∂2Ti
∂x2

=

Ti+1/2−Ti
∆x
2

− Ti−Ti−1/2
∆x
2

∆x

=
2(Ti+1/2 − 2Ti + Ti−1/2)

∆x2

(7.3)

At the interface of two grid elements with different material properties, the following condition
holds:

λi
∂Ti
∂x

∣∣∣∣
Ω

= λi+1
∂Ti+1

∂x

∣∣∣∣
Ω

(7.4)

where Ω denotes the interface and index i gives the grid point where there is a jump in the thermal
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conductivity.

λi
Ti+1/2 − Ti

∆x
2

= λi+1

Ti+1 − Ti+1/2

∆x
2

Ti+1/2 =
λiTi + λi+1Ti+1

λi + λi+1

(7.5)

Similarly Ti−1/2 can be written as:

Ti−1/2 =
λiTi + λi−1Ti−1

λi + λi−1

(7.6)

For grid elements far away from the interfaces of different materials, the standard central difference
scheme is applied to grid points inside the elements.

∂2Ti
∂x2

=
Ti+1 − 2Ti + Ti−1

∆x2
(7.7)

The iterative solution procedure starts with calculating Ti+1/2 and Ti−1/2 from the temperatures
calculated in the previous time step by Equations (7.5) and (7.6). Since Ti+1/2 of a grid element is
equal to Ti−1/2 of the next element, they do not need to be calculated separately.

Thus, the new explicit finite difference scheme applied to a single grid element at time step, ti+1

for the solution of a 1D problem is defined as follows:

ρicpi
T n+1
i − T ni

∆t
= λi

2(T ni+1/2 − 2T ni + T ni−1/2)

∆x2
(7.8)

where at the nth time step, T ni+1/2 and T ni−1/2 are calculated using Equations (7.5) and (7.6) and
∆t = ti+1 − ti.

To model a TC panel, a 3D discretization of the heat equation (Equation (7.1)) is formulated. For
a grid element with homogeneous thermal conductivity, λ = λI, the heat equation is given as

ρcp
∂T

∂t
= λ

(∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+
∂λ

∂x
.
∂T

∂x
+
∂λ

∂y
.
∂T

∂y
+
∂λ

∂z
.
∂T

∂z
(7.9)

The terms in Equation (7.9) can be rearranged to give the following:

ρcp
∂T

∂t
=
(
λ
∂2T

∂x2
+
∂λ

∂x
.
∂T

∂x

)
+
(
λ
∂2T

∂y2
+
∂λ

∂y
.
∂T

∂y

)
+
(
λ
∂2T

∂z2
+
∂λ

∂z
.
∂T

∂z

)
(7.10)

The discretized form of Equation (7.10) is analogous to Equation (7.8), where λ is constant within
a grid element, i.e. ∂λ

∂x
= ∂λ

∂y
= ∂λ

∂z
= 0, which can be expressed as

ρi,j,kcpi,j,k
T n+1
i,j,k − T ni,j,k

∆t
= 2λi,j,k

(
T ni+1/2,j,k − 2T ni,j,k + T ni−1/2,j,k

∆x2

T ni,j+1/2,k − 2T ni,j,k + T ni,j−1/2,k

∆y2
+
T ni,j,k+1/2 − 2T ni,j,k + T ni,j,k−1/2

∆z2

) (7.11)
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Indices {i, j, k} denote the spatial discretization in the {x, y, z} directions, respectively, and ∆x,∆y,∆z
are the corresponding spatial step sizes. Interface conditions between grid elements are now de-
fined as follows:

Ti±1/2,j,k =
λi,j,kTi,j,k + λi±1,j,kTi±1,j,k

λi,j,k + λi±1,j,k

(7.12)

Ti,j±1/2,k and Ti,j,k±1/2 are defined similarly to Equation (7.12).

7.2 Heat conduction in a TC panel
The TC panel will be exposed to heat due to: a) temperature differences existing between the
ambient environment and the indoor conditions and b) the solar radiation incident on the wall.
This will lead to rise in the temperature of the TC panel during the day and also transfer some of
that heat due to conduction and radiation. The scenario of thermal exchange between the TC panel,
the ambient environment and indoors can be represented in Figure 7.2.

Figure 7.2: Heat exchange between TC panel, outside ambient and indoor room conditions. Illus-
trative image of a section of the TC panel and modes of heat transfer.

The TC panel can be divided into a number of smaller ‘Representative Volume Elements (RVEs)’
such that each element preserves the volumetric ratio of fibers as was modeled in the original TC
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Figure 7.3: RVE of a TC panel with 4× 4 fibers arranged in a regular pattern.

panel composite. An example of a RVE in a TC panel containing 16 fibers (arranged in a 4 × 4
pattern) is shown in Figure 7.3.

Boundary conditions

Figure 7.4: Isometric view of the RVE.

An isometric view of a RVE derived from Figure 7.3 is given in Figure 7.4. The faces are marked
as A,B,C,D,E, F . The following boundary conditions are applied:
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1. Faces C through F experience periodic boundary conditions which signify that the RVE is
part of a larger TC panel and wall. Thus, the RVE is replicated throughout the space and is
a periodic image of all the other RVEs that make up the TC panel.

2. FaceA overlooks the interior of the room. It is exposed to the room air and also has radiation
exchange with the rest of the surfaces inside the room. It is assumed that the RVE is sur-
rounded by surfaces (other walls, ceiling, floor) that act like a hemispherical cap around the
RVE and subtends a half angle of 90◦ which results in a view factor of F12 = sin2 90◦ = 1.
(The view factor, F12 is the fraction of energy exiting an isothermal surface 1 by emission ,
that directly impinges and is absorbed on surface 2. View factors depend only on geometry.)
The RVE exchanges radiation with room at mean radiant temperature, Tmean, which is cal-
culated from the weighted average of the surface temperatures for the three walls i.e. those
without TC panels, ceiling and roof adjacent and opposite to the considered south-facing TC
wall. The heat balance across face A can be represented as follows:

−λ∂T
∂z

∣∣∣∣
FaceA

+ hroom(Troom − TA) + εσ(T 4
mean − T 4

A) = 0 (7.13)

where TA = TA(x, y) is the temperature of face A of the RVE, hroom is the convection
coefficient inside the room with set-point temperature for cooling and heating given as Troom,
ε = 0.95 is the emissivity of all the surfaces inside the room and σ = 5.6703 × 10−8

W/(K4m2) is the Stefan-Boltzmann constant. The discretized form of Equation (7.13) is
expressed as follows:

−2λi,j,k
∆z

(Ti,j,k+1/2−Ti,j,k) +hroom(Troom−Ti,j,k+1/2) + εσ(T 4
mean−T 4

i,j,k+1/2) = 0 (7.14)

The terms are rearranged to give Equation (7.15) which is solved for Ti,j,k making use of
Equation (7.12) written for Ti,j,k+1/2 instead of Ti±1/2,j,k using Newton’s iterations.

εσT 4
i,j,k+1/2 +

(
hroom +

2λi,j,k
∆z

)
Ti,j,k+1/2 +

(
− 2λi,j,k

∆z
Ti,j,k−hroomTroom− εσT 4

mean

)
= 0

(7.15)

3. Face B interacts with the ambient environment. The concrete part of RVE absorbs solar
radiation in the form of direct and diffused sunlight while the entire RVE exchanges heat
with surroundings using convection. The heat exchange for face B is given as

λ
∂T

∂z

∣∣∣∣
FaceB

+ hamb(Tamb − TB) + qsolar = 0, for concrete (7.16)

λ
∂T

∂z

∣∣∣∣
FaceB

+ hamb(Tamb − TB) = 0, for optical fibers (7.17)

where TB = TB(x, y) is the temperature of face B of the RVE, hamb is the ambient con-
vection coefficient and qsolar is the solar radiation incident on the concrete part of face B.
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Since the optical fiber guides solar radiation, the heat, qsolar, is not absorbed by the face of
the fiber. In the discretized form, Equation(7.16) can be written as follows:

2λi,j,k
∆z

(Ti,j,k−1/2 − Ti,j,k) + hamb(Ti,j,k−1/2 − Tamb)− qsolar = 0 (7.18)

Equation (7.17) can be discretized similarly.

Rearranging the terms in the discretized forms for the concrete and fiber parts of face B
gives:

Ti,j,k−1/2 =


qsolar+hambTamb+

2λi,j,k
∆z

Ti,j,k
2λi,j,k

∆z
+hamb

for the concrete part
2λi,j,k

∆z
Ti,j,k+hambTamb

2λi,j,k
∆z

+hamb
for the fiber part

(7.19)

4. Some limitations exist in the current model with respect to calculating the radiative heat
exchange with exterior surroundings (e.g. sky, ground, other buildings) and in calculating
the heat absorbed by the ceiling, walls and floor of the room, which releases heat later in
the day. Though the contribution of these quantities to the net heat transfer is small, their
calculations would require complicated formulations which are better dealt with modeling
in software like EnergyP lus.

7.3 Summary
The topics discussed in this chapter can be summarized as follows:

1. A new explicit finite difference method for solving the heat equation in heterogenous mate-
rials was proposed.

2. The new scheme reduced to standard finite difference method for nodes far from the inter-
faces between different materials.

3. A procedure to apply the finite difference scheme to Representative Volume Element (RVE)
of a TC panel was detailed. Boundary conditions applied to different faces of the RVE due
to heat exchange with the indoor and outdoor environment were also explained.
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Chapter 8

Results and discussions

The preceding chapters detailed the techniques that were used as part of this thesis. This chapter
applies those techniques to specific applications to estimate the lighting and heating properties of
a TC panel and also estimates the energy that can be saved depending on the daylight transmitted
from the TC panel and the location where the building is situated.

8.1 Case study A: Estimating the savings in lighting energy
In this example, the energy savings incurred over the day were calculated for time periods of 8
am to 6 pm local time (considering daylight savings). A lab room was modeled in RADIANCE
with a floor area of 3 m × 2.895 m with a ceiling height of 3.2 m. A workplane is constructed at
0.8 m above the floor level over which illumination is calculated. The South-facing wall of the lab
above the workplane height is constructed with TC panels as shown in Figure 8.1. A total of 80
TC panels (panel size is 0.30 m × 0.30 m × 0.10 m) is used to span the required wall area. The
surfaces in the room are white and on average reflect 60% of the total light incident on them as
stated in the literature by Ouden and Steemers [50].

Remark : The room being modeled here is windowless, which is not a true representation of
buildings in general. But we still see some windowless buildings like museums and superstores that
are easy to design and also protect the indoor environment and artefacts from weather fluctuations
and daylight.

Occupancy data
The Markov chain model was trained using the occupancy data collected for users working at a
particular laboratory space, namely, CREST (Center for Research in Energy Systems Transforma-
tion) Lab, Cory Hall, Berkeley. Three occupants, including two graduate students and one staff
member, were identified for whom at least three months of continuous occupancy data were avail-
able. The data were used to generate their averaged occupancy profile for each day of the week
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and estimate their mobility in the lab during the semester. It was observed that the students in the
lab were very mobile often leaving the lab to attend classes, meetings or breaks while the staff
member’s work was more sedentary. As an example, the average occupancy profile (i.e. the prob-
ability of the presence of an individual at a certain time of the day) of a student for the entire week
is shown in Table 8.1. From Table 8.1 we see the occupant arrives to the lab everyday after 9 am.
The occupant is away from the lab between 11 am and 1 pm every Tuesday and Thursday while
on Monday, Wednesday and Friday, the occupant spends most of the time in the lab. Another ex-
ample in Figure 8.2 shows the occupancy profiles of all the three occupants on a Monday. Similar
occupancy profiles were generated for other days of the week.

Figure 8.1: Wireframe model of lab with a South-facing vertical TC wall.

Table 8.1: Average occupancy profile for a graduate student during the week generated from more
than three months of occupancy data. The average mobility, µ at t = 0, of the occupant is 0.215.

8 am 9 am 10 am 11 am 12 am 1 pm 2 pm 3 pm 4 pm 5 pm 6 pm
Mon 0.00 0.44 0.56 0.67 0.56 0.56 0.78 0.56 0.44 0.67 0.56
Tue 0.00 0.33 0.33 0.00 0.00 0.00 0.11 0.22 0.00 0.00 0.11
Wed 0.00 0.22 0.56 0.44 0.22 0.11 0.44 0.56 0.56 0.67 0.44
Thu 0.00 0.11 0.22 0.00 0.00 0.00 0.22 0.44 0.11 0.67 0.89
Fri 0.00 0.11 0.44 0.56 0.56 0.44 0.78 1.0 1.0 0.78 0.44
Sat 0.00 0.00 0.38 0.5 0.38 0.38 0.5 0.38 0.38 0.38 0.63
Sun 0.00 0.13 0.25 0.63 0.50 0.50 0.63 0.38 0.38 0.5 0.63
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Figure 8.2: Average occupancy profiles for the three occupants on a Monday.

The occupancy data was collected using UC Berkeley’s indigenous network of wireless sensors
and actuators for monitoring AC energy usage. The entire architecture is called ACme [29]. The
network detected changes in the power requirements when a user connected his or her electrical
device (e.g. laptop, monitor, etc.) to the power source. This information was uploaded to a central
database and could be retrieved from the server. The collected data was carefully analyzed to filter
situations where the user left their device plugged in but unattended for long hours (e.g. a student
running an application on their computer overnight). One way to detect this was by observing the
fluctuations in hourly power demand over the interval, which in such cases, turned out to be small.
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Calculation of optimal TC panel tilt angle

(a) (b)

(c) (d)

Figure 8.3: Calculations of luminous flux for a fiber vol. ratio of 10.56% based upon daytime (8
am-6 pm) (a) and (b) Luminous flux availabilities as a percentage of a non-leap year such that a
flux value is exceeded. (c) and (d) Average luminous flux calculated for each hour of the whole
year.
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(a) ε bin #1 (b) ε bin #2 (c) ε bin #3

(d) ε bin #4 (e) ε bin #5 (f) ε bin #6

(g) ε bin #7 (h) ε bin #8

Figure 8.4: Variation of the luminous flux with solar altitude for atmospheric clearness, ε.

The optimal tilt angle for the TC panel is the angle which on average would transmit the maximum
light for the given year. This angle would depend on the prevailing sky conditions of the loca-
tion apart from the latitudinal and longitudinal values. In this research, the optimal tilt angle for
a south-facing TC panel in Berkeley, CA was computed. The illuminance and irradiance values
for Berkeley are adopted from the data values available in the TMY file for Oakland, CA which is
located about 30 km from the site and experiences similar weather conditions as Berkeley. The TC
panel has a regularly arranged grid of 121 optical fibers embedded in concrete that constitutes a
fiber volumetric ratio of 10.56% in the composite. The panel is simulated for multiple cases where
it is tilted at several angles (0◦ to 90◦ in intervals of 10◦) with respect to the horizontal plane. Fig-
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ures (8.3a, 8.3b) and (8.3c, 8.3d) use different metrics to compare the effects of the tilt angles over
the entire year . Figures 8.3a and 8.3b record the fraction of time when the flux transmitted by the
TC panel exceeds a certain value. Figures 8.3c and 8.3d take the average value of the luminous
flux at every half hour between 8 am and 6 pm. It was not possible to select the optimal tilt angle
from visual inspection of the graphs. Instead, the areas under the curves in Figures 8.3c and 8.3d
were calculated to conclude that a tilt angle, β∗ = 30◦, transmitted the maximum luminous flux for
the year in Berkeley [3].

Remark: From the calculations, it was also observed that the areas under the curves for tilt angles
between 20◦ and 40◦ were within 6% of the maximum luminous flux observed. The insensitivity
for the range of tilt angles between 20◦ and 40◦ allows engineers and architects some leeway in
installing the TC panels in different orientations with only minor compromise in performance re-
lated to light transmission.

The luminous flux values for the entire year for the optimal tilt angle (i.e. β∗ = 30◦ were arranged
in 8 bins (Figure 8.4) according to the atmospheric clearness factor, ε, defined earlier (refer to
Table 3.1), i.e. ε = 1 to 8. It is observed that for days with overcast skies (ε bin 1) , luminous
flux values were low and almost independent of the solar altitude. The dependence of flux on the
solar altitude was stronger as the sky became clearer and less turbid (ε bins 3 to 7). To plot a
nonlinear best fit curve through these data points, the robust LOWESS scheme was used with a
spread fraction of 0.35. The details for setting up the LOWESS scheme are described in Appendix
E. In general, Berkeley and the surrounding Bay Area experience very few days of highly clear
skies (ε bin 8) which was also represented in Figure 8.4h. Hence, the splitting of the points into
different bins provided us the contribution of isotropic radiation and anisotropic radiation to the
diffused radiation (Equations (3.14)) while the fitting presented a trend of the solar flux through
the TC panels to the altitude of the Sun in the sky (Figures 8.4a-h)

Pseudo-code and assumptions for energy savings estimator
The pseudo-code for energy savings estimator is presented in Algorithm 2. The algorithm begins
with the precondition that illuminance on the workplane for each occupant is available. Using
the Markov chain model, the algorithm generates a randomized annual occupancy profile. The
switching models based on illuminance values and the occupancy status (i.e. Present or Absent)
at the current moment decide whether the user prefers artificial lighting or sunlight. If they rely
on daylight, then the event contributes to energy savings before decision is made in the next time
step. The total number of such events occurring over the year are recorded and the same process is
repeated for 99 other random occupancy profiles for the same user. Total energy savings lump-sum
is simply the energy offset (in kWh) during the year when the occupant did not use electric light-
ing. The resulting presence profile is only based on the schedule followed by the occupants during
weekdays and weekends, which includes lunch breaks and flexible morning arrivals and evening
departures. The switch-off probability at departure was excluded from the lighting performance
model. It was assumed that the lights had occupancy sensors which switched off light automati-
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cally as soon as the occupant left the space. Moreover, each occupant was supposed to have access
to a manual lighting switch (for ‘on’ and ‘off’) which controlled the illuminance on their desk.

Luminaire Rating is the power consumed by electrical lighting to illuminate the desk of an occu-
pant. The expression for savings per occupant given in Algorithm 2 is averaged over 100 profiles
(There is no rule of thumb to choose the number of profiles but after applying the algorithm to
certain number of profiles, there is negligible change in the output) and converted to units of kWh
by dividing it by 2 since are calculated for half-hourly intervals [2].

Algorithm 2 Energy Savings Estimator
Require: Ray Tracing using ∼ 100,000 rays: Calculate Φ
Require: Workplane illuminance is calculated

1: save← 0
2: for 1 to 100 do
3: Generate: Annual Occupancy Profile
4: for (1 to 365 days) do
5: switch← 0
6: occi−1 (at 8 am)← 0
7: T = 8 am
8: while ( T < 6 pm) do
9: illum← WorkplaneIlluminance

10: occi ← CurrentOccupancy
11: if occi−1 and occi is 0 then
12: switch← 0
13: else if occi is 1 then
14: if occi−1 is 0 then
15: switch← SwitchOnAtArrival
16: if switch is 0 then
17: save++
18: else if occi−1 is 1 and switch is 1 then
19: switch← SwitchOnInter
20: if switch is 0 then
21: save++
22: else
23: switch← SwitchOffInter
24: if switch is 0 then
25: save++
26: T += 1/2 hr (Energy savings are calculated every half-hour)
27: Savings per occupant is calculated as:
28: LuminaireRating × save/100(kW )× 1/2(hr)
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Savings calculations
For saving calculations, two types of TC panels were considered. They either had a 121 (grid of
11 × 11) optical fibers (vol. ratio of 10.56%) or 49 (grid of 7 × 7) optical fibers (vol. ratio of
4.28%) that were arranged regularly in the concrete matrix. The ray tracing calculations returned
the luminous flux (units in lm) exiting from the end of optical fibers of a south-facing TC panel.
This data, in addition to the directional distribution of light from the end of fiber (presented in
Appendix C), was used to model several thousands of optical fibers as point sources of light in the
room.

Figure 8.5: Workplane and positions A, B and C.

The illuminance was calculated at positions A, B and C referring to the desk positions of the three
occupants shown in Figure 8.5. The computations were undertaken for one wall that was tilted at
a 90◦ angle (conventional vertical wall) and another wall with a tilt of 30◦ (case of maximum light
flux output) as given in Figure 8.6. Illuminance simulations were carried out daily for the entire
year using an interval of 30 min between 8 am and 6 pm (local time).
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Figure 8.6: TC wall tilted at 30◦.

Using the Markov chain model as described previously, several random profiles for the entire year
were generated for each occupant and loaded into the code that executed Algorithm 2. The energy
savings were calculated for each of the six combinations in positions that the three occupants could
assume (Table 8.2). In an office, the minimum amount of light on the working plane enforced by
the building code (Section 9, ASHRAE Standard 90.1.2007) is 400 lx. Three similar T8 Fluo-
rescent tubes rated 32 W each and consuming a total of 96 W were used to produce the required
illumination level. Thus, by constructing a TC wall, one could expect energy savings (kWh) for
the several cases discussed in Table 8.2. Occupants are numbered from 1 to 3, where occupant
1 and 3 are graduate students and occupant 3 is a lab staff member (shown in Figure 8.2). From
the results, it was observed that Cases 3 and 4 were slightly better suited for the lab. This refers
to the case when occupant 2 occupied position A, and occupant 1 or occupant 3 either filled up
position B or C. A TC wall tilted at 30◦ (TC #3 and #4) performed better than a vertical TC wall
(TC #1 and #2) by saving 26% more energy over the entire year. Though constructing a wall tilted
at an angle of 30◦ for a building might be impractical, it is expected that other solutions such as
optical fibers outfitted with concentrators and lenses would be able to capture sunlight at extended
times of the sun path. Some of these solutions have been discussed under Future Work in Chapter 9.

The TC wall containing panels with 49 optical fibers per panel had a fiber volumetric ratio which
was 60% lower than the panel containing 121 fibers. It was observed that the average savings
with a vertical TC wall with 49 fibers per panel was only reduced by about 22% (corresponding
to maximum savings of 43%). Also, the average savings increased nonlinearly with the number
of fibers. From Figure 8.7, it could be inferred that the change in the maximum energy savings
first increased and then shrunk as the number of fibers were increased in the TC panel. The error
bars in the figure show the deviation from the average that is observed due to the randomization
introduced in the occupancy profiles.
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Figure 8.7: Plot showing the increase in expected energy savings with the number of fibers in the
TC panel.

One of the major reasons for reduction in performance was due to the sufficient illumination pro-
vided by a TC wall with lower density of fibers. This allows the engineer to rule out construction
of TC walls with higher density of fiber citing no extra savings in overall electricity consumption.
The practitioner also needs to consider the effects of volumetric ratio of fibers on other properties
like structural integrity of TC and resistance to water permeability before making a decision.

Table 8.2: Savings in energy for different cases. Columns 2 and 3 represent the performances of
vertical TC walls containing panels with 49 and 121 fibers per panel, respectively; Columns 4 and
5 give performance results for TC walls tilted at 30◦ to the horizontal and containing panels with
49 and 121 fibers per panel, respectively. The last column shows the amount of lighting energy
used if the room only had opaque walls.

Positional arrangement
of occupants (1, 2 and 3)

TC #1
(kWh)

TC #2
(kWh)

TC #3
(kWh)

TC #4
(kWh)

Max. potential
energy savings

Case 1 (A, B and C) 65 100 107 129 154
Case 2 (A, C and B) 64 97 106 129 154
Case 3 (B, A and C) 67 101 107 129 154
Case 4 (B, C and A) 67 101 107 129 154
Case 5 (C, A and B) 64 99 106 129 154
Case 6 (C, B and A) 65 100 107 129 154

The results for potential energy savings using the occupancy model derived from experimental
data were compared against the savings accrued using the NREL model [10] for occupancy given
in Figure 8.8. The differences are shown in Figure 8.9. It was observed that the NREL occupancy
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model produced energy savings which were slightly lower than the results presented in Table 8.2.
This could be due to the assumption by NREL that there are very few people working during
weekends, which is not entirely true for a university lab where students also work on weekends.

Figure 8.8: Weekly occupancy profile proposed by NREL. The y-axis gives the probabilities of
presence for the occupant at a particular time of the day.

Figure 8.9: Energy savings from different occupancy profiles: Experimental data and NREL. Both
the bar graphs are for a vertical wall and only the maximum values for savings have been compared.
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8.2 Case study B: Coupled thermal and lighting analysis
The TC panel is exposed to heat due to the solar radiation incident on the wall and the temperature
difference that exists between the outdoor environment and the indoor conditions. This leads to a
rise in the temperature of the TC panel during the day and also transfers some of that heat into the
room due to convection and radiation. The scenario of thermal exchange between the TC panel,
the ambient environment and indoors has been represented in Figure 7.2.

The thermal analysis for the situation described in Figure 7.2 is solved using a 3D explicit finite
difference method for heterogeneous materials described in Chapter 7. First, the new finite differ-
ence scheme is checked for second order accuracy in space and first order in time by comparing
its solution with a known solution for a test problem. An assumed temperature distribution of
θ(x, y, z, t) = x2 + y2 + z2 + t2 is chosen as a boundary condition on the six faces of a simple
cuboid with dimensions 7.5 cm × 7.5 cm × 20 cm. The initial condition for the nodes inside the
cuboid is given by θ(x, y, z, 0) = x2 + y2 + z2. With enforced boundary and initial conditions, the
heat equation is solved over the domain of the cuboid for a few seconds before the relative error be-
tween the theoretical solution and numerical one is computed. As expected, the numerical scheme
turned out to be second order accurate in space and first order accurate in time, i.e. O(h2 + t). This
is also represented in Figure 8.10.

(a) Rel. Error vs Grid size (b) Rel. Error vs Time step size

Figure 8.10: Order of accuracy for finite difference method with respect to the grid size, ∆x and
time step size, ∆t.

After validation of the numerical scheme, the representative volume element (RVE) chosen in
Figure 7.3 is used for conducting thermal and lighting analyses on a room with a south facing wall
comprised of TC panels.
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Heat sources in the room
A model room (shown in Figure 8.11) with a width and height of 3 m and a depth of 2.895 m is
prepared for analyzing the impact of heat and light on the HVAC requirements for the room.

Figure 8.11: Room model for conducting coupled thermal and lighting analyses in Berkeley.

The room is maintained at 22◦C which corresponds to the set-point temperature for heating and
cooling. The south facing wall (shown with a checkered face in Figure 8.11) is composed fully of
TC panels. The heat is radiated directly into the space of the room through optical fibers in the
panel. Heat is also conducted into/out of the space through the walls of the room. The ceiling and
floor of the room are insulated so there is no heat transfer through them. The room consists of three
installations of T8 Fluorescent lamps consuming 32 W each. The lamps are designed to provide
a constant illumination of 400 lux on workspaces of occupants. These lamps also dissipate 77%
of their total input power as heat into the room during times of operation [56], which can further
add to the cooling load of the HVAC system. Hence, it is important to control the daylight through
optical fibers in TC to provide sufficient illumination inside the room while also cutting back on
the heat gains.

Remark: The objective of this study is to compare the energy requirements imposed on a room
that has TC panels to a completely windowless room. The set-point temperature of 22◦C was used
since it corresponded to the temperature at which the highest occupant productivity was observed
by Seppanen et al. [62]. From discussion with Prof. Stefano Schiavon (Professor of Architeture,
UC Berkeley), this study by Seppanen et al. [62] was limited in the scope as it did not consider
well-known parameters as clothing levels and metabolic rate of occupants and the mean radiant
temperature. Further, the set-points for heating and cooling are usually 4◦C-6◦C apart as the
HVAC system is unable to continuously switch between modes of heat removal and heat addition.
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In future the same algorithm will be tuned to consider different set-points for implementing whole
building simulations.

Parameters for solving heat conduction through walls

Figure 8.12: The arrangement of different layers (concrete, extruded polystyrene (XPS) insulation,
drywall) in the walls of the room.

The walls facing North, East and West are opaque while the wall facing South can be translucent
or opaque. All the walls (including the wall with TC panels) are multi-layered and the layers are
arranged as given in Figure 8.12. The heat from the walls is exchanged inside the room using
convection and radiation. The interior space considered here is small but the algorithm is modular
to incorporate floor areas of any sizes. The geometrical dimensions and material properties for the
layers in the walls and the heat transfer coefficients used in the simulations are listed in Table 8.3.
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Table 8.3: Material properties and heat transfer coefficients for conduction.

Parameter Value/Expression
External Walls Concrete (0.1 m), XPS insulation (0.075 m), Drywall (0.0156 m)
Concrete mix
composition Water, Cement (0.5 water-cement ratio), Fly-ash, Fine aggregate

R-value of layered-wall 2.81 m2K/W (or 15.95 hr − ft2 −◦ F/Btu)
R-value of fibers 1 m2K/W (or 5.68 hr − ft2 −◦ F/Btu)

λconcrete 1.36 W/mK (From experiments at SERIS, Singapore [19])
λXPS 0.028 W/mK
λdrywall 0.276 W/mK [42]
λfiber 0.2 W/mK
ρconcrete 2180.79 kg/m3 (From experiments at SERIS, Singapore [19])
ρXPS 25 kg/m3

ρdrywall 752 kg/m3 [42]
ρfiber 1180 kg/m3

cp,concrete 750 J/kgK
cp,XPS 1500 J/kgK (http://goo.gl/IDKahl)
cp,drywall 1017 J/kgK [42]
cp,fiber 1450 J/kgK

hamb
5.7 + 3.8vs W/m2K

(vs is outside wind speed, [43])

hroom
8.29 W/m2K

(Recommended by ASHRAE)
Emissivity, ε 0.95

HVAC schedule 8 am to 6 pm daily

Total energy consumption from thermal and lighting analyses
Thermal and lighting simulations are conducted for the room shown in Figure 8.11. The finite
difference scheme presented in Chapter 7 is used to solve for heat conduction under appropriate
boundary conditions. The heat conduction in opaque walls is calculated using a 1D model since
the material properties are considered to be homogeneous in the plane of the wall, while for a TC
panel, a 3D model of its RVE is used (Figure 7.4). The occupancy models are used in conjunction
with light switching models to estimate the heat dissipated inside the room during the year due to
the use of artificial lighting. During the daytime, solar radiation channeled by optical fibers will
constantly heat up the space which is removed by the HVAC system to maintain the previously
specified constant comfort temperature of 22◦C.
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The simulation case shown here consists of a room with a south-facing TC wall made of panels
with fiber volumetric ratio of 1.4%. The heat dissipated inside the room from the use of artificial
lighting and transmission of solar radiation for each day of the entire year is shown in Figure 8.13.
In the figure, it is observed that for days when solar radiation into the room is low (due to presence
of cloudy skies), more artificial illumination is necessitated which becomes the major reason for
heat dissipation. On the contrary, the ratio of heat dissipated on weekends would be primarily
attributed to the solar radiation into the room due to lower occupancy levels which requires lesser
use of artificial lighting.

Figure 8.13: Daily cooling load for a room with fiber volumetric ratio of 1.4% in the TC panels.
The heat input is due to solar radiation that is transmitted through the optical fibers and the heat
dissipated by artificial lighting.

The cumulative heat dissipated due to electric lighting decreases as the volumetric ratio of optical
fibers in the TC panels increases. This trend is observed in Figure 8.14 where the utilization of
fluorescent lamps reduces due to sufficient illumination present during longer times of the day. The
rate of reduction in heat dissipation becomes more gradual as the number of fibers in the TC panels
increases beyond 100 (∼ 7.56% volumetric fiber density). This shows that the energy dissipated by
lighting installations can never reach zero owing to random light-switching behavior of occupants.
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Figure 8.14: Heat dissipated inside the room by fluorescent lamps for different volumetric ratios
of optical fibers in the used TC panels.

Finally, the contribution of heat conduction through the walls is also considered which gives the
total load on the HVAC system when combined with the loads due to solar radiation and heat
dissipation due to artificial lighting. The initial temperature of the walls before the start of sim-
ulation (i.e. at 8 am) is set to the outside temperature for the previous hour (i.e. at 7 am). The
parameters used in boundary conditions (e.g. wind speed (vs), Tamb, qsolar, etc.) are first set at the
start of the simulation and are then updated after every thirty minutes (by referring to the weather
file for that time of the day) 2. The simulations are repeated for all the days in the year to give
the cumulative amount of heating and cooling loads on the HVAC system. Figure 8.15 shows the
distribution of net daily heating or cooling loads experienced by the room. Figure 8.16 gives the
relative variations in cumulative heating and cooling loads, for a room with a south-facing wall
made up of TC panels with different optical fiber densities, when compared with a room with an
opaque south-facing wall.

2The half-hourly values are calculated from the weather file by taking the mean values of the paramters for the
current hour and the next hour.
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Figure 8.15: The net daily heating and cooling loads experienced by the HVAC system due to
conduction, heat dissipation by fluorescent tubes and solar radiation from optical fibers.

Figure 8.16: The cumulative heating and cooling loads experienced by HVAC system in a room
with a south-facing wall composed of TC panels compared to a south-facing opaque wall.

Surprisingly, it is the observed from Figure 8.16 that the heating loads are almost unchanged as
the fiber density ratio in TC panels is increased. This can be attributed to three reasons: 1) The
initial temperature of the walls at the start of the day is set to an ambient temperature at 7 am.
Therefore, the majority of heating for the day is provided during the first half-hour (8 am - 8:30
am) (Figure 8.17), 2) During the morning times the solar radiation transmitted through the optical
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fibers is low which is not sufficient to equalize the heat loss through walls, 3) The R-value of an
optical fiber is about 2.81 times lower than the remaining wall structure. As the fiber volumetric
ratio is increased, the heat in the room is further removed by conduction through the optical fibers.
Thus, a slight reduction in the percentage of heat removed due to conduction at start of day for
the entire year to the total heat conducted away is observed (Figure 8.17). On the contrary, higher
optical fiber density also causes overheating of room, especially during winter afternoons when
the Sun’s altitude is low and almost normal to the wall, which imposes greater cooling loads and
unfortunately, requires operating an air conditioning system even during winter months. This trend
is shown in Figure 8.18 for a room containing TC panels embedded with 256 fibers corresponding
to 22.3% fiber volumetric ratio. The contributions of heat flow into the room separately due to
conduction, solar radiation and heat dissipation from luminaires are given in Figure 8.19.

Figure 8.17: The percentage of heat removed at the start of the day for the whole year to the total
heat conducted away.

Figure 8.18: The daily heating and cooling loads experienced by the HVAC system in a room with
TC panels containing 256 fibers each.
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Figure 8.19: The contribution of each of the heating and cooling loads (expressed in kWh) to the
total HVAC load.

The energy that is spent by the HVAC to maintain a temperature of 22◦C inside the room can be
monetized to give an estimate of the changes in expenditure on utilities due to the introduction of
wall composed of TC panels. As an example case, consider an HVAC system with a high efficiency
gas furnace with 95% efficiency and an air conditioner with a Coefficient of Performance (COP)
of 4.0. Also, in the San Francisco Bay Area on average, building owners pay 23.3 ¢/kWh for elec-
tricity and 5.4 ¢/kWh towards natural gas 3. The expenditure on utilities for a room such as that
shown in Figure 8.11 with a south-facing wall composed of TC panels is normalized against the
energy expenditure for a room having only opaque walls. The results from comparisons are shown
in Figure 8.20 which signifies the initial reduction of expenditure on energy which subsequently
increases as the volumetric ratio of fibers increases. Thus, for a given COP of HVAC system and
price per unit of electricity and natural gas, we can estimate the density of fibers in the TC panel
to be 5.59% (64 fibers per panel) that will optimize the energy expenditure of a building. The
use of lower fiber density also supports the construction procedure of TC panels (Appendix F).
Optical fibers constitute the most expensive component in the entire mix in terms of material costs.
Moreover, construction costs are a function of the number of fibers that have to be laid parallel to
each other in the formwork. The use of low fiber density also generates less stress concentration

3Source: U.S. Bureau of Labor Statistics,
http : //www.bls.gov/regions/west/news− release/averageenergyprices sanfrancisco.htm
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regions in concrete that might eventually lead to the fracture of the TC panel. As a result, a fiber
density of 5.59% would be reasonable in containing the costs of the TC panel while functioning as
an innovative energy saving building material for the façade.

Figure 8.20: Total expenditure on cooling, heating and lighting the room space; Estimated savings
in energy due to replacement of a south-facing opaque wall with a wall made of TC panels.

A new building material called the Ultra-Lightweight Cement Composites (ULCC) is being de-
veloped currently in the Civil and Environmental Engineering Department at UC Berkeley. The
material achieves its low weight from the inclusion of cenospheres that are typically hollow inert
spheres produced as a byproduct of coal combustion. At the same time, the high structural strength
needed to support the loads in a building is also maintained. For a complete overview of the dif-
ferent types of ULCC mixtures, the reader is referred to research published in Wu et al. [66]. In
this example, we select the material properties (Table 8.4) for one type of ULCC mix referred to as
‘ULCC-1’ in the above cited paper. With the inclusion of cenospheres, the thermal conductivity,
λULCC and the density, ρULCC of the ULCC is lowered while the value of the specific heat, cULCC
is slightly increased. The cenospheres provide a large interface area that increases slippage and act
as a barrier to heat transfer which reduces the thermal conductivity of the mixture. In a TC panel,
the concrete layer is replaced by a layer of ULCC and a new set of simulations for conduction cal-
culations are implemented. The results in Figure 8.21 show the expenditure on heating and cooling
and the relative reduction in expenses after addition of cenospheres to the mix. Interestingly, the
expenses for heating do not change since most of the heating is required during morning when
the entire wall is below the comfort temperature of 22◦C. The redesigning of walls with ULCC
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Table 8.4: Material properties for ULCC and new wall composition.

Parameter Value/Expression
External Walls ULCC (0.1 m), XPS insulation (0.075 m), Drywall (0.0156 m)

ULCC
composition

Water, Binder (0.35 water-binder ratio), Cenospheres,
Superplasticizer, Shrinkage Reducing Admixture

R-value of layered-wall 2.99 m2K/W (or 16.98 hr − ft2 −◦ F/Btu)
λULCC 0.40 W/mK [7]
ρULCC 1303 kg/m3 [66]
cp,ULCC 788 J/kgK [66]

prevents the loss of heat to the ambient environment but is rather ineffective during the morning
as heat is lost from the steep temperature gradient existing between the drywall, XPS and ULCC,
and the indoor air. The expenses for cooling, on the other hand, are reduced by about 6-20 % de-
pending on the density of optical fibers in ULCC. As a result, for the given COP values of HVAC
and price per unit of electricity and natural gas, a fiber density in the TC panel of 5.59% (64 fibers
per panel) in ULCC panels can save approximately 20.5% of energy expenses compared to a room
with opaque walls constructed from normal weight concrete.
Remark : From the plots presented in Figures 8.20 and 8.21, it is seen that the savings in energy
expenditure fluctuates greatly as the COP of the HVAC equipment changes. Thus, it is important
that for a place like Berkeley, only high efficiency air conditioners and gas furnaces should be used
to maximize the reduction in expenditure over time.

8.3 Summary
The two case studies presented in this chapter can be summarized as follows:

1. In this chapter, the concepts that are described in earlier chapters are applied to two separate
case studies.

2. In the first case study, ray tracing is used to deduce that a tilt angle of 30◦ with the horizontal
will be optimal in transmitting the maximum amount of sunlight through the TC panel for
given weather conditions in Berkeley.

3. The illumination model calculates the sunlight distribution after it is transmitted by fibers
inside the room using RADIANCE.

4. The ‘Energy Savings Estimation’ algorithm predicts the amount of energy that can be saved
by relying on sunlight for lighting needs during the day.
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Figure 8.21: Total expenditure on cooling, heating and lighting the room space; Estimated savings
in energy after redesigning the TC panels and walls with ULCC and comparing the results with a
room containing opaque walls constructed from Normal Weight Concrete (NWC).

5. It is estimated that we can save a maximum of (67/154× 100 = 43%) on lighting energy by
constructing a south-facing vertical wall containing TC panels with a fiber density of 4.27%.

6. In the second case study, a thermal analysis is conducted on a room to calculate the annual
heating and cooling loads on an HVAC system due to solar radiation, conduction through
walls and heat dissipation from electrical lighting.

7. The thermal analysis is coupled with light savings from sunlight to determine the equivalent
charges for utilities that a building owner would have to pay annually.

8. A building owner can save up to 18% on utility charges by using a south-facing vertical
wall with TC panels and a fiber density of 5.59% (when compared to a south-facing opaque
wall). The building owner can further increase the savings to almost 30% by using building
material substitutes such as ULCC which has a low thermal conductivity value.
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Chapter 9

Summary, conclusions and future work

The research on a novel building construction material called Translucent Concrete (TC) has
been presented in this study. The present-day softwares for analyzing building physics (e.g.
EnergyP lus, eQuest) are limited to materials that are either opaque (e.g walls or partitions)
or transparent (e.g. windows). Hence, it became necessary as part of this research to develop a
software that could model and simulate a translucent system which inculcated the hybrid features
of both opaque regions and transparent light-channeling components. In a TC panel, the concrete
is embedded with several plastic optical fibers that guide light through their structure using laws of
optics (Figure 2.4). Since the size of fibers is many orders bigger than the dominant wavelengths of
sunlight, the interferences between light waves can be neglected and the transmission properties of
the optical fibers can be geometrically assessed using ‘Ray Tracing’. The equation for ray tracing
(or the Eikonal Equation (2.1)) is discretized in space which allows a ray to keep marching in a
medium based on its current position and velocity in the medium. Once the ray encounters a sur-
face of separation between media, a part of its energy is reflected into the same medium while the
remaining fraction of energy is refracted into the new medium. The percentage of light energy dis-
tributed between refracted/reflected rays is dictated by the Fresnel’s Laws (Equation (2.39)) which
follow the wave theory of light. In an optical fiber, the Fresnel’s laws are applied at its entrance
and exit apertures. The sunlight, in form of rays, enters from air into the transparent core of an op-
tical fiber which is manufactured from PolyMethylene MethAcrylate (PMMA). The light is guided
through the fiber using the law of ‘Total Internal Reflection’ (Section 2.5). A small proportion of
this light is absorbed inside the fiber which is released as heat and can contribute to the cooling
loads of the air conditioning system.

The ray tracing algorithm can provide the fraction of light/heat that is transmitted/absorbed by the
TC panel. The amount of light/heat associated with these rays is dictated by the Solar Radiation
Models. One of the best performing radiation model, called the ‘Perez Sky Model’ (Section 3.4),
uses the weather file (also called Typical Meteorological Year (TMY) file) to estimate the con-
tributions of direct and diffused radiation components to the sunlight which depend on the cloud
cover being experienced by the location at a particular time of the day. The direct radiation, as
the name suggests, originates directly from the Sun and is the dominant component under a clear
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sky. In contrast, the diffused component is more observable during cloudy days and is produced
from the direct radiation that is scattered by the small molecules that make up the atmosphere. The
Perez Sky equation was modified (Equation (3.14)) to include the behavior of optical fibers which
limits the amount of direct and diffused radiations that can travel through it. Once the amount of
direct and diffused light exiting the TC panel is known, illumination studies can be conducted to
quantify the distribution of light in a space like a private room or a lab. This was accomplished
by developing new material and photometric files for optical fibers (Appendices C and F) within
RADIANCE which are not available within the software. The illumination calculations in a
room were demonstrated for a small lab space occupied by three people. The south-facing wall
of the lab was covered with TC panels and exit apertures of optical fibers acted as luminaires to
provide light into the room.

The utilization of natural daylighting by the occupants to carry out their daily work in the room
is linked to their presence at a certain time of the day and the amount of sunlight that is available
on their work space. The occupant’s presence was estimated using heterogeneous Markov chain
model applied to three months of occupancy data collected from occupants working in Cory Hall,
UC Berkeley. The data gave an insight into the average occupancy profile of each occupant and
their mobility throughout the day. Using this information, a stochastic presence profile of occupant
was generated for each day of the entire year. Active occupants in a room would be willing to turn
off artificial lighting if the room receives enough daylight. Probability curves were suggested that
captured the human actions towards light-switching events in case the daylight illumination levels
on their workspace were sufficient for productive working conditions. Thus, there is an opportu-
nity to save energy which was computed by first determining if the occupant was present or not
during that time of the day and in case the person was present, whether he/she would decide to turn
off the light citing sufficient illumination on their work space. The same process was repeated for
all the days in the year and the cumulative energy saved from the TC panels was recorded. From
the first case study (Case study A), it was observed that a TC panel with 4.27% fiber density could
save up to 43% energy spent on lighting during the year. The change in energy savings with fiber
volumetric ratio was high initially but became more gradual as the volumetric fiber ratio exceeded
7.5%.

A second case study (Case study B) was also undertaken to estimate the heating and cooling loads
experienced by the HVAC system of the room due to the solar radiation input from the optical
fibers, the conduction through the walls and the heat dissipated from artificial lighting. The solar
radiation calculations followed from geometrical ray tracing, the heat dissipated by the use of flu-
orescent tubes employed lighting schedules derived from occupancy profiles and heat conduction
was computed using finite difference methods applied to walls with boundary conditions derived
from the TMY weather file. It was observed that solar radiation through optical fibers imposed
large cooling loads on the HVAC system for large fiber volumetric ratios in the TC panels. Fur-
ther, higher fiber ratios also provided sufficient daylight illumination for greater part of the year
which helped in curtailing heat dissipated by lighting installations and in general, saved lighting
energy (as shown in Case study A). The conduction through the layered wall removed a significant
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amount of heat during the morning which necessitated the usage of heating during those times.
From calculations, it became clear that a fiber volumetric ratio of around 6% in a south-facing TC
wall was best suited to reduce the overall energy usage by about 18% compared to a completely
sunlight deprived room. The walls of the room were also found to increase the cooling loads of the
room during the afternoon and evening times. The use of materials that have lower conductivity
values like the ULCC, instead of normal weight concrete, improved the total R-value of the walls
and saved another approximately 2% energy utilization over the duration of the entire year.

Though the preliminary computational results seemed promising, yet the future of TC as a building
material would largely depend on finding ways in improving its light transmitting capabilities
and reducing the heat exchanges between the inside and the outside environment. Moreover, as
development progresses there will be a push to follow sustainable design for construction of the
TC panels in order to minimize life cycle costs, operational energy and impact on the environment.
The following three sections of this chapter presents discussions on some technologies that can
potentially improve the performance of the TC panels. The final section of this chapter elaborates
on a method that can be incorporated to evaluate long term solutions for the TC panels and search
for design alternatives.

9.1 Limitations of current study
The limitations of the conducted study are identified as follows:

1. The structural integrity of the TC panel is not computed. As part of simulations, only the
lighting and thermal responses of the TC panels to changing ambient conditions have been
analyzed. It is obvious that increasing the volumetric ratio of optical fibers in concrete
will lead to regions of stress concentrations which will consequently affect the strength,
constructibility and the overall structural behavior of the panels. The presented research
does not cover the structural analysis of the TC panels.

2. The aesthetics of a building façade is important in appealing to its stakeholders. It is the
outermost layer that is exposed to public view. However, in this study, the focus has been to
study rigorously a novel façade subsystem that might be capable of saving lighting energy
and reducing carbon emissions. Therefore, the discussion on using TC panels strategically
in a building façade to enhance its aesthetical value is considered to be outside the scope of
presented research.

3. Two case studies are considered in Chapter 8 that calculate the heat and light transmitted by
a TC wall made up of an assembly of several TC panels. Though the TC wall is regarded
as one complete unit, the thermal effects of connections between TC panels that might be
present is not described.

4. The room considered for case studies were windowless which is not representative for most
of the commercial and residential spaces in the United States. The reason to exclude win-
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dows from the models was to observe the absolute contribution of TC panels in imparting
natural sunlight and exchanging heat with the indoors.

9.2 Passive daylighting systems
A passive daylighting system captures sunlight using a static, non-moving and non-tracking col-
lector and reflects the sunlight into a defined space. One of the passive daylighting systems that
can be coupled with optical fibers in the TC panel is called ‘Winston Cones (WC)’. These cones
have a special parabolic geometry which includes them into the class of non-imaging concentrators
called ‘Compound Parabolic Concentrators (CPC)’. Figure 9.1 shows the image of a WC.

Figure 9.1: A 3D representation of a Winston Cone (WC).

Modeling a WC

Figure 9.2: A 2D profile of WC. The focal length, f , of the WC is given as QA, the acceptance
angle is θi, the polar coordinates of WC are (r, φ, z) and the diameter of the exit aperture, Q′Q is
2a′.
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The 2-D profile of a WC is constructed from Figure 9.2. The shape of WC is determined from the
diameter of its exit aperture, 2a′, and the acceptance angle, θi. By coordinate geometry, the focal
length, f , of WC is calculated as follows:

f =
a′

1 + sin θi
(9.1)

The profile of a 2D CPC is expressed in the coordinate system (r, φ, z) which is described in
Equation (9.2). The derivation of the geometric profile can be found in [65].

(r cos θi + z sin θi)
2 + 2a′(1 + sin θi)

2r − 2a′ cos θi(2 + sin θi)z−
a′2(1 + sin θi)(3 + sin θi) = 0

(9.2)

In polar coordinates, the parametric equations can be written in terms of (r, z) as:

r =
2f sin(φ− θi)

1− cosφ
− a′, z =

2f cos(φ− θi)
1− cosφ

(9.3)

where φ traces the surface of the CPC by varying between [2θi, θi + π/2]

The surface for a 3D CPC is generated by revolving the 2D CPC about its axis of concentration,
which can be parametrically obtained by substituting r2 = x2 + y2. The resultant fourth order
surface and the corresponding spatial variables are given as:

((cos θc
√
x2 + y2 + z sin θc)

2 + 2a′(1 + sin θc)
√
x2 + y2 − 2a′ cos θc(2 + sin θc)z−

a′2(1 + sin θc)(3 + sin θc) = 0
(9.4)

x =
2f sinψ sin(φ− θc)

1− cosφ
− a′ sinψ

y =
2f cosψ sin(φ− θc)

1− cosφ
− a′ cosψ

z =
2f cos(φ− θc)

1− cosφ

(9.5)

where ψ represents the azimuthal angle between [0, 2π] to revolve the 2D profile of a CPC about
its axis of concentration. As an example, a 3D winston cone is created in Figure 9.3 with an exiting
radius, a′ = 0.01 m, and an acceptance angle, θi = 57◦.



82

Figure 9.3: A 3D CPC with an acceptance angle, θi = 57◦ and exit radius, a′ = 0.01 m.

Improvement in performance of the TC panel
The performance of a CPC is analysed using the concepts of ray tracing that were discussed in
Chapter 2. Figure 9.4 shows the progression of rays inside the CPC.

Figure 9.4: Ray tracing through a compound parabolic concentrator.

The CPC has two main characteristics that can be exploited to capture and concentrate more light
into an optical fiber. These are:

1. Larger surface area for capture of sunlight during the day.

2. Acceptance of light over a larger range of incident angles.

While the first feature in the list is obvious from the figures above, the second feature is dependent
on the acceptance angle of the selected CPC. Therefore, the range of angles for light transmission
can be controlled geometrically in a CPC instead of being dictated by the choice of materials, which
is the case in an optical fiber. The difference in the performance curves over a range of incident
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angles for a CPC (given in Figure 9.3) and an optical fiber are shown in Figure 9.5 compared to
that in Figure 2.6.

Figure 9.5: Ray tracing light through a parabolic concentrator.

At the same time, the model development for CPC would need further research to solve the
following limitations:

1. The design and geometry of the CPC are dependent on the location and weather conditions.
Therefore, based on these factors, an optimal design needs to be developed which will be
suitable for a specific location.

2. A proper design is required to couple the light exiting from the CPC with the optical fibers
to minimize the loss of light.

3. A totally reflective surface of CPC might be difficult to produce. This can affect the perfor-
mance of light transmission in a (CPC+TC) system.

9.3 Active daylighting systems
Active daylighting is a system for capturing sunlight using actuable devices to increase the effi-
ciency of light collection by tracking the Sun. As a part of future research, it is envisioned that
slender and flexible beams made of polymer material will be mechanically or electro-mechanically
activated to track the Sun during the day. These devices will be coupled to the optical fibers in the
TC panels and will most likely protrude out of the building. A simple 2D simulation of these
actuated beams using co-rotational beam formulation of finite elements is shown in Figure 9.6.
Interested readers are referred to [9], [67] for a detailed explanation on co-rotational formulation
concepts.
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(a) (b)

(c) (d)

Figure 9.6: Flexible beams undergoing large deformation will be used to track the sun.
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The main challenge in the design of such flexible beams would be related to the choice of materials
which will affect their fatigue life. Further, the shape of the beams will have to be modified to
reduce their inertial mass while improving the light transmission capability of the TC panel by
actuation e.g electromagnetically.

9.4 Controlling solar radiation using coatings
The solar radiation transmitted by the optical fibers can cause potential overheating of the room.
In Figures 8.16 and 8.19, it was shown that solar radiation was the main cause of cooling loads
experienced by the HVAC in rooms with TC panels having high fiber density. In fact, the heat from
radiation was so immense that it led to the usage of air conditioners during the winters of Berkeley.
Therefore, our next generation of fibers in TC panels should include technologies that can filter
the parts of sunlight that are not visible, i.e. Ultra-violet (UV) and Infrared (IR). Using an ideal
filter consisting of multiple layers of coatings, one would only receive visible light through the
TC panel, which will illuminate the room while eliminating the transfer of heat from non-visible
spectra (46.6% of incident solar radiation). This leads to the contribution of heat flow as shown
in Figure 9.7 (compared to Figure 8.19) into the room due to conduction, solar radiation and heat
dissipation from luminaires. As a result of the application of these coatings and using ULCC in
walls, the energy expenditure on utilities is also impacted substantially. There is an estimated
potential to save as much as 25% of total expenses by eliminating the non-visible spectra from the
solar radiation and increasing the thermal resistivity of the walls. This observation is shown in
Figure 9.8 .

Figure 9.7: The contribution by the heating and cooling loads (expressed in kWh) to the total
HVAC load for the case when the entrance apertures of optical fibers are coated with UV and IR
filters and the walls comprises of ULCC.
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Figure 9.8: Total expenditure on cooling, heating and lighting the room space; Estimated savings
in energy after applying UV and IR filters by coating on the entrance apertures of optical fibers
and using ULCC in walls.

To implement this technology, it will be important to use thin film coatings that are compatible
with optical fibers and can endure the harsh conditions of ambient environment for as long as the
life of the TC panels. The use of coated fibers might raise the total cost of manufacturing the TC
panels. Hence, a cost-benefit analysis would be needed to justify their use as a suitable alternative.

9.5 Integrated approach for sustainable building façade
design

The idea of sustainable development concept was first discussed at the United Nation Confer-
ence on environment and development held at Rio de Janeiro in 1992 [30]. The report defined
sustainable development as “development that meets the needs of the present generations without
compromising the ability of the future generations to meet their needs and aspirations”. This meant
that in any sustainable design, factors affecting ecology, energy, economy, society and environment
should be considered. The same rules apply to the construction of buildings as well.

Since a building’s envelope is the first line of defence between the external influences (like weather
changes, pollution, sunlight, water permeability, etc.) and the internal environment, a building
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cannot be sustainable unless the envelope is sustainable. Therefore, an effort to achieve building
envelope sustainability should not be derived from the performance assessment methods meant for
buildings alone but also considering the different building envelope design types [23]. To evaluate
these designs, Iwaro et al. [27], [26] proposed an Integrated Performance Model (IPM) that com-
bined sustainable development values in a single performance framework for the assessment of the
building envelope’s sustainable performance and sustainable design.

The IPM framework is based on 6 major sustainable performance criteria: economic efficiency
(EC), material efficiency (ME), external benefit (EB), regulation efficiency (RE), energy efficiency
(EN), and environmental impact (EI) and several sub-criteria related to each major criteria. The
framework quantifies the life cycle performance data for EN through Life Cycle Energy Analysis
(LCEA); ME, RE, EI and EB through Life Cycle Impact Assessment (LCIA); and EC performance
data through the Life Cycle Cost Analysis (LCCA). The performance values for different alterna-
tives are calculated and transferred to the Integrated Performance Index (IPI). The IPIs for each
alternative is combined with an integrated weighting factor (obtained subjectively from experts in
the field and objectively from simulations) to generate Sustainable Performance Values (SPVs) for
selecting the best alternative. The framework for the IPM is given in Figure 9.9 while the selection
of the best alternative follows Table 9.1.

Table 9.1: Performance assessment of different alternatives {A,B,C}. Each SPV is computed
by multiplying the performance value, Pi, with its corresponding weight, Wi. The overall SPV
(i.e. OSP) is the summation of all SPV s for a given design. The alternative with the largest OSP
is considered to be the best design.

Alternative A Alternative B Alternative C
Performance
Value (PV) SPV PV SPV PV SPV WT

Decision P1 SPV1 P1 SPV1 P1 SPV1 W1

making criteria P2 SPV2 P2 SPV2 P2 SPV2 W2

P3 SPV3 P3 SPV3 P3 SPV3 W3

P4 SPV4 P4 SPV4 P4 SPV4 W4

P5 SPV5 P5 SPV5 P5 SPV5 W5

P6 SPV6 P6 SPV6 P6 SPV6 W6

Overall SPV
∑

i SPVi = OSPA OSPB OSPC

It is hoped that further iterations to the total design and construction of the TC panels will follow
an integrated approach which will lead to a sustainable product. This will be also needed in the
future as building assessments are being conducted using tools like Leadership in Energy and
Environment Design (LEED), Building Research Establishment Assessment Method (BREEAM)
and Green Star, which certify buildings for their sustainability measures and can be helpful in
earning points or credit awards for developing a sustainable building envelope.
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Figure 9.9: Flow chart for the IPM.
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Appendix A

Geometrical Ray Theory

The propagation of any disturbance, Ψ, is governed by the wave equation

∇2Ψ =
1

c2(x)

∂2Ψ

∂t2
(A.1)

Here, c(x) is a spatially varying wave speed corresponding to the medium defined by x for the
wave and t represents time. A trial wave solution of the following form is used

Ψ(x, t) = A(x) exp {j(koS(x)− ωt)} (A.2)

whereA(x) is the amplitude of the disturbance, j =
√
−1, ω is the angular velocity and ko = 2π/λ

is the wave number in the reference medium. The function S(x) is known as the “Eikonal”. One
can interpret the waves from a far away source, like the sun, as a family of surfaces for which the
values of koS(x) differ in incremental subdivisions of 2π. By substituting Equation (A.2) into the
wave formulation in Equation (A.1), one obtains:

k2
oA(n2 −∇S.∇S) + jk0(2∇A.∇S + A∇2S) +∇2A = 0 (A.3)

where n is the refractive index of the medium and is defined as the ratio of speed of wave in the
medium to that in vacuum. The ‘Ray Theory’ suggests that as k0 →∞ with smaller wavelengths,
the wave equation in (A.3) is only satisfied if ∇2A and the coefficients of k0 are equal to zero.
These requirements yield:

n2 = ∇S.∇S = ‖∇S‖2 (A.4)

This implies that Equation (A.4) gives

∇S(x) = n(x)ŝ(x) (A.5)

where ŝ(x) is a unit direction vector.
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As mentioned before, S(x) gives the definition of the surface for the waves. The gradient of S(x)
represents the rays that are perpendicular to this surface. The second term of Equation (A.3) is
equated to zero to give

1

A
∇A.∇S = −1

2
∇2S = −1

2
∇.(nŝ) (A.6)

The directional derivative, d(◦)
ds

= ŝ.∇(◦), is applied to the amplitude of the wave, A

dA

ds
= ŝ.∇A =

(∇S
n

)
.∇A (A.7)

Substituting right hand side of Equation (A.7) in Equation (A.6) and rearranging terms gives

1

A

dA

ds
= − 1

2n
∇.(nŝ) (A.8)

The derivation of Equation (A.8) alludes to show how the amplitude of the trial solution, A, only
changes with a ray following a direction, ŝ or ∇S, rather than any other perpendicular direction.
This is the fundamental principle of “Ray Tracing” that it deals directly with the ray trajectories
and not the wavefront surface, S.

The trajectory of a ray with direction, ŝ, can be expressed from Equation (A.5) as

d(nŝ)

ds
= ŝ.∇(∇S) (taking directional derivative)

=
∇S
n
.∇(∇S) applying Equation (A.5)

=
1

2n
∇(∇S.∇S)

=
1

2n
∇n2 applying Equation (A.4)

d(nŝ)

ds
= ∇n

(A.9)

Thus, to march rays in space, all one needs to know is the initial direction (ŝi) and the index of
refraction, n(x, y, z) of the space in which the ray will be travelling.
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Appendix B

Refractive index profiles of optical fibers

The refractive index profiles of two types of fibers are defined. The first type is called the ‘Step
Index (SI)’ fiber which assigns one refractive index for the core and one for the cladding. Since
there is a jump at the core-cladding interface of the optical fiber, the discontinuity is resolved by
smearing the interface to produce a refractive index profile which is continuous. The resulting
profile is given as:

n(r) = ncladding

{
1 +

ncore − ncladding
ncladding

exp

[
−

(
r2

R2
core

)k]}
(B.1)

where ncore is the core refractive index, ncladding is the cladding refractive index, Rcore is the core
radius and r is the distance to the point at which the refractive index is specified. As k → ∞,
n(r) becomes closer to the profile defined for an ideal SI fiber. Thus we use a value that is large to
approximately replicate the profile of an ideal SI fiber.

The second class of optical fibers is called the ‘Gradient Index (GI)’ fiber which has a refractive
index profile that changes parabolically between the core and the cladding. The function for this
profile is defined as

n(r) =


ncore

(
1−

(
n2core−n2cladding

n2core

)
r2

R2
core

)0.5

, for r ≤ Rcore

ncladding for r > Rcore

(B.2)
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Figure B.1: Refractive index profiles for SI and GI fibers. Core radius is 5 mm and fiber radius is
6 mm.
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Appendix C

Luminare description of optical fiber

The optical fiber is treated as a point source that emits light and illuminates part of a defined space
located at a distance which is at least fives times the diameter of the optical fiber. To fully define
an optical fiber, we need to first describe the geometry and material of the exit end of the fiber that
emits light.

Code for defining the geometry and material of optical fiber in RADIANCE

# ies2rad -t white
# Dimensions in meters
# 1 watt luminaire, lamp*ballast factor = 1

void brightdata lum_dist
4 flatcorr lum_dist.dat source.cal src_theta
0
1 12732.4

lum_dist light lum_dist_light
0
0
3 1 1 1

lum_dist_light ring lum_dist.d
0
0
8

0 0 -0.00025
0 0 -1
0 0.005

Next, the light distribution characteristics of an OF as discussed in Section 4.2 are loaded into
RADIANCE.
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Luminaire description file for optical fibers in RADIANCE

1
0 90 91

0 1.98870e-07 8.49588e-07 1.76200e-06
2.63754e-06 3.94999e-06 5.27874e-06 6.69101e-06
8.28981e-06 9.72311e-06 1.09729e-05 1.22550e-05
1.40534e-05 1.52634e-05 1.64149e-05 1.76955e-05
2.07013e-05 2.40025e-05 3.06509e-05 3.97965e-05
4.18962e-05 4.8632e-05 5.68505e-05 5.95e-05
6.5624e-05 6.87336e-05 7.2658e-05 7.58347e-05
8.01228e-05 8.43727e-05 9.12895e-05 9.44352e-05
9.785e-05 0.000102684 0.0001076 0.000147652
0.000152832 0.000161155 0.000174749 0.000179441
0.000188441 0.000192502 0.000239833 0.000255219
0.000262655 0.000273405 0.00030049 0.000357973
0.000370096 0.000394814 0.000479901 0.000496516
0.000574476 0.000628758 0.000736033 0.000780894
0.000904109 0.001013 0.00120662 0.00148598
0.00202907 0.00207118 0.00209821 0.00216213
0.00219616 0.00223259 0.00225208 0.00227162
0.00229098 0.00231549 0.00233138 0.00234804
0.00236721 0.00238176 0.0023946 0.00240672
0.00241987 0.00243028 0.002443 0.00245499
0.00246856 0.00248703 0.00249584 0.00251135
0.00252407 0.00253812 0.00254368 0.00255131
0.00255791 0.00258031 0.00258977

After building the geometry and choosing the material properties for the luminaire, calculations
are performed to obtain the illuminance distribution in space (x, y, z). The illuminance Ep at point
P with coordinates (xp, yp, zp) is calculated using rtrace process as:

rtrace -h -I+ -ab 1 luminaire.oct <calc_points.txt> Radiance_results.txt

The rtrace command renders the scene without a view and offers operators to extract different
types of data from the scene. The −h option excludes headers from the results text file. −I+
informs the rtrace engine to calculate the point irradiance/illuminance rather than radiance/lumi-
nance. The number of ambient bounces for the rays with the room surfaces are set by using the
−ab option which should be chosen wisely as more reflections need very high memory require-
ments. The geometry and material properties of the luminaire is described in luminaire.oct. The
rtrace calculates irradiance for points mentioned in < calc points.txt > and saves the resultant
values in Radiance results.txt.
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Appendix D

Markov chain Monte Carlo method

A Markov model gives the evolution of a random phenomenon whose future behavior is indepen-
dent of the past given their current state. More commonly, a random variable X(t) is Markovian if
it fulfils the following property

p(jn−1)jn = P(X(tn) = jn|X(tn−1) = jn−1, ..., X(t1) = j1) (D.1)

where p(jn−1)jn describes the probability that the random variable X(t) changes from state jn−1

to jn in a discrete time step from tn−1 to tn. The Markov chain model assumes a memoryless
switching between states so Equation (D.2) can be rewritten to give Equation (D.1):

p(jn−1)jn = P(X(tn) = jn|X(tn−1) = jn−1) (D.2)

for all finite sequence of time t1 < ... < tn ∈ I and of states j1, ..., jn ∈ S. This means given
sufficient information about the current state, the past does not have any role in determining the
probability of reaching final state, j.

In a Markov chain, the following three specifications of a model should be noted:

1. The different states that the random variable, X(t), can attain.

2. The different paths for the transitions between states.

3. The probability of each transition path.

Example of a Markov chain model
The Markov chain is best explained by implementing it for an example. A simple two state model,
as shown in Figure D.1, is solved using the Markov chain method.
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Figure D.1: A Markov chain model with two states, A and B.

The states are recognized as ‘A’ and ‘B’. There are four transition paths in Figure D.1 and their
single time step transition probabilities are given as, pAA = 0.5, pAB = 0.5, pBB = 0.8 and
pBA = 0.2. The transition probabilities, rij where i, j ∈ {A,B}, after different time intervals is
given in Table D.1.

Table D.1: Transition probabilities, rij , at different time instants.

rij n = 0 n = 1 n = 2 n = 3 n = 50 n = 99 n = 100

rAA 1 0.5
rAA(n = 1)× 0.5 + rAB(1)× 0.2

= 0.35 0.305 0.286 0.286 0.286

rAB 0 0.5
rAA(n = 1)× 0.5 + rAB(1)× 0.8

= 0.65 0.695 0.714 0.714 0.714

rBA 0 0.2
rBA(n = 1)× 0.5 + rBB(1)× 0.2

= 0.26 0.278 0.286 0.286 0.286

rBB 1 0.8
rBA(n = 1)× 0.5 + rBB(1)× 0.8

= 0.74 0.722 0.714 0.714 0.714

The transition probability at the zeroth time instant (n = 0) is simply defined as

rij(n = 0) =

{
1 for i = j

0 for i 6= j
(D.3)

The transition probabilities at first instant are stated as pij where i, j ∈ {A,B}. The transition
probabilities for the second time instant (n = 2) is directly calculated from the transition prob-
abilities after the completion of first time step. It can be deduced that to calculate the transition
probabilities for (n = 3), we only need the transition probabilities, rij(n = 2) and pij to progress
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from 2nd time instant to the 3rd time instant.

The probabilities, pij can also be written in terms of its transition matrix, T, which in this case is

T =

[
0.5 0.5
0.2 0.8

]
(D.4)

In a homogeneous Markov chain, the matrix T does not change with time. If that is the case, the
system is able to reach a steady state after a number of time steps. Thus, in the current example,
it can be easily calculated that T50 = ... = T99 = T100. On the contrary, if the transition matrix
changes with time, as is observed in the case of an occupancy model, the system may or may not
be able to reach an equilibrium state. Such systems are referred to as time-inhomogeneous Markov
chain models.
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Appendix E

Robust Locally Weighted Smoothing
Scatterplots (LOWESS)

The LOWESS scheme is used to draw a nonlinear curve that represents the relation between (x, y)
points of the scatterplot. The following procedure is followed:

1. For each xi (observation point), compute the estimates β̂j(xi), j = 0, 1, ..., d of the parameters
in a polynomial of regression of degree, d (if d is selected to be 1 means the group of points
are linearly behaving). Choosing values of d > 1, also increases the computation time. The
regression of yk on xk is fit by weighted least squares with weight wk(xi). Thus, β̂j(xi) are
the values of βj that minimize

n∑
k=1

wk(xi)(yk − βo − β1xk − ...− βdxdk)2 (E.1)

The coefficients β0, β1,..., βd, etc. from the above equation are used to find the smoothed xi
and ŷi. Thus, we get

ŷi =
d∑
j=0

β̂j(xi)x
j
i (E.2)

2. Values of wk(xi) are found from the weight function, W , that has the following properties:

• W (x) > 0 for |x| < 1

• W (x) = 0 for |x| ≥ 1

• The weight function is a tricubic function given as

W (x) = (1− |x|3)2 for |x| < 1; and 0 otherwise (E.3)

3. Calculate robustness weights, δk, for iterations greater than 0.
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• First calculate the error in the solution, ei

ei = yi − ŷi (E.4)

• Then apply a bisquare weight function to calculate δk

δk = B(ek/6s) where s is the median of |ei| (E.5)

• An example for a bisquare weight function, B(x), is

B(x) = (1− x2)2 for |x| < 1; and 0 otherwise (E.6)

4. With new weights δkwk(xi), compute new ŷi for each i by fitting a dth degree polynomial.

5. Repeat the process for more number of iterations until all high frequency variations are
removed.
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Appendix F

Detailed construction procedure for TC
panels

] The mass production of TC panels was undertaken by the undergraduates and graduate students
of Berkeley during summer 2015. Sixty TC panels were produced with white ultra-lightweight
cement composites (ULCC) in the concrete laboratory of UC Berkeley to conduct full-scale ex-
periments at the SinBerBEST (Singapore-Berkeley Building Efficiency and Sustainability in the
Tropics) testbed focusing on light and thermal measurements. The construction of the TCPs was
based on using a large single form and placing the optical fibers (OFs) for various panels at one
time. After hardening of the concrete, the block was cut into individual panels using a concrete
saw.

Construction Procedure
The construction procedure lists all the steps needed to produce TC panels to the specified dimen-
sions. They are as follows:

1. Construction and assembly of formwork: The acrylic sheets were assembled together using
screws and were attached to unistruts from the bottom for ease of handling.

(a) (b) (c)

Figure F.1: The acrylic formwork used for the construction of TC panels.
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2. Lubrication of formwork: Forms were greased before concrete was cast. This was done to
ensure easy removal of acrylic panels after concrete is hardened.

(a) (b)

Figure F.2: Forms were greased with WD-40.

3. Roughening of optical fibers: A very labor intensive process that required roughening of
optical fibers’ outer surfaces with sand paper to ensure bonding with the concrete materials.

(a) (b)

Figure F.3: The outer surfaces of optical fibers being roughened with sand paper.

4. Insertion of optical fibers in the formwork: The OFs were inserted manually into the form-
work one by one. Mini-clamps and cable ties were placed at the two ends of optical fibers
to lock them in position in the formwork. The optical fibers were pretensioned to ensure
minimum slackening in the middle of fibers upon concrete placement. After inserting the
fibers, the surfaces of the fibers were wiped with a clean cloth to ensure proper removal of
the traces of greasing agent for further bond enhancement with the concrete.
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(a) (b) (c)

Figure F.4: Inserting and clamping the optical fibers in place.

5. Concrete mixing and casting: A ULCC mixture for casting was proposed with the following
composition:

Table F.1: ULCC mixture

Water 304 kg/m3

WPC 774.6 kg/m3

WSF 67.4 kg/m3

Cenospheres 350.0 kg/m3

SP 4 7.2 `/m3

VMA 4 6.3 `/m3

PE fiber 4 5.3 kg/m3

(a) (b) (c)

Figure F.5: Mixing the contents of ULCC and casting concrete in formwork.

6. Form removal and concrete cutting: After a few days of curing in the fog room (100%
humidity), the acrylic panels of the formwork are disassembled and the hanging fiber ends

4SP or superplastcizers are materials that avoid particle segregation and improves the flow characteristics of con-
crete; VMA or viscosity modifying admixtures are used in conjunction with SP in optimizing the yield point of the
concrete; Polyethylene (PE) fibers are used for the mitigation of plastic shrinkage cracking in concrete.
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are cut such that the face of optical fiber is flush with the face of concrete block. The block
is cut into individual panels by a large size concrete saw. The resulting dimensions of each
individual panel was 44 cm × 38 cm × 5 cm.

(a) (b)

(c) (d)

Figure F.6: The acrylic panels of the formwork are removed and the concrete block is cut into
separate panels.

7. Installation in the Testbed and operation: The TC panels constructed in Berkeley were
shipped to Singapore where these panels were installed in the testbed for conducting ex-
periments related to lighting transmission and illuminance distribution in a room space.

(a) (b)

Figure F.7: The TC panels were installed in the Testbed and operated in the presence of a light
emulator.
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