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ABSTRACT

The facades design should be considered a major issue in the design of energy-efficient
buildings. Manually controlled shades aren’t often adjusted properly by the office occu-
pants. This situation leads to an increasing in the electrical lighting as well as heating and
cooling loads. That is why the use of dynamic facade components is increasing amongst
building designs, being able to adapt to interior and exterior impacts, and thus increasing
the occupant comfort and reducing the energy consumption. The study presented in
this document evaluates the daylight and energy performance of two automated shad-
ing control strategies for interior roller shades in the case of an existing office building.
Both strategies were applied to three types of interior roller shade fabrics combined with
three glass types. Computer simulations were conducted using Radiance to calculate the
illuminance at work-plane values and EnergyPlus for energy consumption. The results
showed that automated shading control strategies have the potential to minimize the total
annual energy demand and significantly improve the daylight performance. Also, the
optical properties of the glass and roller shades fabric have a big impact on the overall

performance.
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REsumo

O design da fachada de um edificio deve ser considerado um ponto de elevada impor-
tancia na concepcao de um edificio energéticamente eficiente. Os dispositivos de som-
breamento controlados manualmente, muitas vezes, nao sao devidamente ajustado pelos
ocupantes do escritorio. Esta situagdo leva a um aumento das necessidades energéticas
para iluminagao artificial, bem como, para aquecimento e arrefecimento. Por esta razao o
uso de fachadas dinamicas estd a aumentar, sendo estas capazes de se adaptar a impactos
interiores e exteriores, aumentam o conforto dos ocupantes e reduzem o consumo ener-
gético. O estudo aqui apresentado avalia duas estratégias de controlo automatico para
cortinas de rolo interiores de um edificio de escritorios existente. Ambas as estratégias
foram aplicadas a trés cortinas de rolo interiores com diferentes tipos de tecido combi-
nadas com trés tipos de vidro. Simulag¢oes foram levadas a cabo no programa Radiance
para obtencao de valores de iluminancia no plano de trabalho e através do EnergyPlus
foram simuladas as necessidades energéticas. Os resultadso mostram que as estratégias
de controlo automaticas para cortinas de rolo interiores tém potencial para minimizar o
consumo energético anual total e melhorar consideravelmente a performance de ilumina-
¢ao natural. Conclui-se ainda que as propriedades Opticas do vidro e o tecido das cortinas

interiores de rolo tém um grande impacto na performance geral.

Palavras-chave: Iluminacao natural, Eficiéncia energética, Controlo de sombreamento,

Edificios de escritorios
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CHAPTER

INTRODUCTION

On the first chapter, the motivations who gave origin of this document are going to be
presented, as well as, the state of the art in the studied subject. The objectives to be
achieved with this research are then defined, along with the methods to reach them.

Finally, the document structure is presented.

1.1 Motivation

Between the years of 1973 and 2013 the total energy consumption in the world has
doubled [1]. The building sector alone is responsible for 40% of the overall energy con-
sumption and contributes up to 30% on the annual greenhouse gas (GHG) emission [2].
These facts lead to an increasing focus on the building energy performance. To counteract
this tendency, the European Commission has published in 2010 the Energy Performance
of Buildings Directive recast (EPBD recast) which requires, among others, all new build-
ings to be "nearly zero-energy buildings" starting with 31 December 2020 [3, 4], turning
energy efficiency within the building environment into a prerequisite. In order to accom-
plish this objective, two main strategies need to be adopted in the design and operation
of buildings: reduce the energy demand within the building and supply the remaining
required energy by means of on-site renewable energy sources [5].

1.2 State of the Art

The main reason for constructing buildings is to shield the occupants from the outside
environment, providing them a certain level of comfort. Consequently, to a great extent,
it is the level of occupant comfort that determines the buildings’ energy demand. Being

the facade the physical barrier that separates the inside and outside environments, it

1



CHAPTER 1. INTRODUCTION

should be the central focus when the main issue is energy reduction. Whoever, choosing
the optimal facade, is a complex discipline with many and often contradictory parameters
of considerable interdependence [6]. For example, increasing daylight inside the spaces
leads to a reduction of the energy demand for artificial lighting, but also increases solar
heat gains, and therefore it will affect the heating and cooling energy consumption [7, 8,
9]. In office spaces the use of interior roller shades to control solar heat gains and visual
discomfort is very common. In a recent study performed by Sauchelli et al. in [10] it is
shown that there can be advantages in using dynamic shading devices in Mediterranean
climate, yet further analyses are needed to define more accurately the benefits in using
smart/dynamic shading devices in a solar-optimized fagade. In a different study devel-
oped with the objective of quantifying the potential of dynamic solar shading devices,
it is shown that these constitute the best design alternative almost every time [11]. The
same study also concludes that, while the difference between the best and the second best
in total energy demand is minor or non-existent, the daylight performance is strongly
influenced by dynamic shading which showed a dramatic improvement over fixed solar
shading. Different parameters for shading control strategies have been used in the exist-
ing literature, for example: [12, 13, 14] are based on incident total irradiation or internal
temperatures, [15, 16, 17] are based on transmitted or incident beam radiation and [18]
is based in incident or total beam radiation and transmitted illuminance. This last study,
suggests that controlling shades based on solar radiation values is not an effective method,
instead, transmitted illuminance thresholds are more appropriate for most cases. In [17]
it was observed that windows occupying 30-50% of the fagade can result in lower total
annual energy consumption for particular cases with automated shading when compared
with smaller or larger windows, and that the effect depends on glazing properties and
shading transmittance and reflectance. A review of 109 papers in [19], showed that: a) us-
ing simulation programs is a strong way to solve complex relationships between climate,
occupancy and energy efficiency issues and design characteristics; b) EnergyPlus and
Radiance are the most widely used simulation engines; c) office buildings are the most
selected case study; and d) only a few studies have been made in the field of automated
roller shades. Simulation engines, such as EnergyPlus, already integrate shading control
strategies based in a variety of parameters, namely, thermal demand, interior and exterior
temperature, glare indices, work plane illuminance and solar radiation, yet it only allows

for completely open or closed shades [20].

1.3 Objectives

The objectives of the work presented on this document are:

* To evaluate the potential of automated control strategies for interior roller shades
to reduce energy consumption and increase daylight performance in office room,

and;
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* analyse the impact of glass and interior roller shade optical properties in the day-
light and energy performance.

1.4 Methods

To achieve the objectives mentioned above, computer simulations were applied to a case
study in order to obtain work plane illuminances and energy consumption data for a
complete year. This data is then analysed according to the most recent performance

metrics used by the scientific community.

1.5 Document Structure

This document is divided in six chapters: the first is an introductory character, it’s where
the motivations, state of the art, objectives and methods used are presented, as well as,
the dissertation structure.

The second chapter explains some theoretical concepts fundamental for the under-
standing of the studied subject. It starts by exposing basic photometric principles, than
it covers solar geometry, sky models used in the simulation process and finally daylight
performance metrics used in the presentation of results.

In the third chapter the effect of daylight in buildings is discussed. It introduces some
daylight design principles and daylighting strategies for rooms.

The fourth chapter covers three major points. Firstly, the simulation tools and method-
ology used in the research are presented, secondly, the case study is characterized, and
finally the automated control strategies applied to the interior roller shades are described,
as well as the simulation results obtained for them.

In the fifth chapter, the impact of glazing and interior roller shade fabric optical prop-
erties is studied. Two variations of these fenestration system elements were simulated
and their results are presented, compared and discussed on this section.

Finally, in the sixth chapter the conclusion is presented, which contains final consid-

erations, research limitations and possible future works.






CHAPTER

FUNDAMENTAL THEORETICAL CONCEPTS

2.1 Basic Photometric Principles

Photometry is concerned with humans’ visual response to light, so it analysis only the
radiation that the humans can see. The most common unit in photometry is the lumen
(Im) which measures luminous flux.

Table 2.1 summarizes the most common photometric quantities, along with their

symbols and units, which are going to be explained in this section.

Table 2.1: Photometric quantities and units.

Quantity Symbol Units
Wavelength A nanometer (nm)
Luminous Energy Qv lumen-seconds (Im —s)
Luminous Flux Dy, lumens (Im)
Luminous Intensity Iy candela (cd;Im/sr)
[lluminance Ey lux (Ix;Im/m?)
Luminance L; lumens/m?/steradians (Im/m?/sr)

Firstly, it’s necessary to understand the concept of solid angle. A solid angle (Q2) is the
three-dimensional equivalent to a two-dimensional angle, it’s measured in steradians, the
three-dimensional equivalent to radians. A steradian (sr) is the solid angle subtended at
the center of a unit sphere by a unit area on its surfaces, (figure 2.1) as defined in [21]. For
a sphere of radius r, any portion of its surface equal to the square of the radius subtends

a steradian, (equation 2.1).
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Figure 2.1: Representation of 1 steradian solid angle on a sphere(Fundamentals of Light-
ing, 2016).

where:
Q) is the solid angle (sr);
S is the area (m?);

r is the sphere radius (m).

2.1.1 Luminous Flux

Luminous flux (Py ) is energy per unit time that is radiated from a source in all directions
over visible wavelengths. The unit of luminous flux is lumen (/7). One lumen is the
luminous flux of a uniform point light source that has luminous intensity of 1 candela
and is contained in 1 steradian (Figure 2.2). The luminous flux is calculate according to
equation 2.2.

QV = (DV X t, (22)

where:
Qy is the luminous energy (Im.s);
@y is the luminous flux (Im);

t is the time interval.
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Figure 2.2: Luminous flux of 1 lumen emitted by a light source (Wikipédia, 2016).

2.1.2 Luminous Intensity

Luminous intensity (Iy) is the amount of visible light emitted by a light source per unit
solid angle (Equation 2.3), measured in candelas or lumen per steradian (cd or Im/sr).
Luminous intensity is the fundamental SI quantity for photometry and the candela is the
fundamental unit from which all other photometric units are derived.

Iy = (DEV, (2.3)
where:
Iy is the luminous intensity (cd or Im/sr);
@y is the luminous flux (Im);
Q) is the solid angle (sr).

2.1.3 Illuminance

[lluminance (Ey ) is a measure of photometric flux per unit area (Equation 2.4), or visible
flux density. It is a measure of how much the incident light illuminates the surface. A
1 candela light source emits 1 lumen per steradian in all directions. As explained in
section 2.1 one steradian has the projected area of 1 square meter at the distance of 1
meter. Therefore, a 1 candela (1 cd) light source produces a illuminance of 1 lumen per
square meter at a distance of 1 meter. Note that, as the luminous flux projects farther, it

becomes less dense, and the illuminance decreases (Figure 2.3).

EV = (24:)

where:
Ey is the illuminance (Ix or Im/m?);
@y, is the luminous flux (Im);

Q is the projected area (m?).
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1 Candela
? Light Source

1 meter

—D meters

Ey= /D> — —

Figure 2.3: Illuminance.

To reach visual comfort certain levels of illuminance are required, which depend
on the tasks developed in the working-spaces. These levels are recommended in the
European Standard [22]. Despite it being directed to artificial lighting, it is commonly

used to natural lighting since there is no standard in that field available for Portugal.

2.1.4 Luminance

Luminance (Ly) is a measure for the amount of visible light emitted from a surface in a
particular direction. It’s the measurable quantity that most resembles a person’s percep-
tion of brightness, although they are not really the same. In another words, it’s luminous
intensity that emanates from a surface, through it’s apparent surface (Equation 2.5, Fig-
ure 2.4). Luminance it’s measured in candela per square meter or lumen per square meter
per steradian(cd/m? or Im/m?/sr).

where:

Ey is the luminance (cd/m? or Im/m?/sr);
Iy is the luminous intensity (cd or Im/sr);
S is the projected area (m?);

a is the angle between the illuminated surface and the apparent surface. (m?).
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. Apparent Surface

Illuminated Surface

Figure 2.4: Angle formed by apparent surface and illuminated surface (Adapted from
Osram, 2000).

2.2 Solar Geometry

Knowing the sun path is an import information to evaluate the effect of the sun in build-
ings, either to minimize it’s impacts during the cooling season, or to maximize solar heat
gains during the heating season or even to maximize visual comfort inside buildings. In
this section the fundamentals to calculate the sun position for a specific time-step at a

given location are presented.

2.2.1 Time Definition

There are several ways of expressing the current time in one location, namely solar time,
local time and standard time, the first one is the time used in all of the sun-angle relation-

ships.

* Solar time or local solar time (LST) is based on the apparent angular motion of
the sun across the sky, with solar noon being the time the sun crosses the meridian

of the observer;

* Local time (LT) is based on the difference between the longitude of the meridian of
a specific local and the longitude of the reference meridian (Greenwich), taking into
account that each degree corresponds to 4 minutes addition if east of the reference

meridian or subtraction if west of the reference meridian;

» Standard time (ST): as it would not be convenient to have a different time for every
place, specific standard times are adopted depending on the time zone where a

given place is located.

To convert standard time to solar time it’s necessary to apply two corrections (equa-
tion 2.6). First, a constant correction for the difference in longitude between the observer’s

meridian and the meridian on which the local standard time is based must be done, then
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a correction from the equation of time is applied. The equation of time expresses the
difference of the solar noon and the time zone noon, which varies with the period of the

year. Equation 2.7 and figure 2.5 express the equation of time.

LST:ST+L5+5LZOC+%, (2.6)

where:
LST is the local solar time;
ST is the standard time;
L is the time zone standard longitude;
Lj,c is the local longitude;
E is given by the equation of time (equation 2.7).

E =9,87sin(2B)— 7,53 cos(B) — 1,5sin(B), (2.7)

where:

E is the difference of the solar noon and the time zone noon in minutes (min);

B is obtained from the equation 2.8, which depends only the number of the day consid-
ered, so 1 <n>365.

n-—281

B = 360
X 364

(2.8)

BN
a o

\

/

N
N
e

Equation of time (min)
v
N L
N
7

N
o

N
S

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

Figure 2.5: Equation of time.

2.2.2 Direction of Beam Radiation

The geometric relationships between a plane of any particular orientation relative to the
earth at any time (whether that plane is fixed or moving relative to the earth) and the
incoming beam solar radiation, that is, the position of the sun relative to that plane, can
be described in terms of several angles [23]. Figure 2.6 represents some of those angles.

The angular position of the sun at solar noon with respect to the plane of the equator,
is called declination (), varies from —23,45° to 23,45° and can be calculated with the
equation 2.9 and its variation is represented in figure 2.7.

10
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Zenith
A

Normal to
horizontal surface

Figure 2.6: Zenith angle (6,), solar altitude («;) and solar azimuth (y;).

360 x (1 +10) 2.9

sind = —sin 23,45 cos ,
365,25

where 7 is the number of the day considered.

30

Declination

¥300 30 60 90 120 150 180 210 240 270 300 330 360
Day number

Figure 2.7: Declination variation during the year.

In any place at the surface of the earth, the sun’s rays form an angle with the surface’s

normal in that point, that angle is called zenith angle (6,), which the value can be obtained

through the equation 2.10.

cos B, =cos Acosdcosw +sin Asin 9, (2.10)

where:
0, is the zenith angle (deg);
A is the latitude (deg);

11
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0 is the declination angle (deg) ;
w is the hour angle given by the equation 2.11(deg).

LST —12)x 360
w= 24)X (2.11)

Frequently, instead of the zenith angle the solar altitude (a;) in used, which is its

complementary angle given by the equation bellow.

a,=90°-0, (2.12)

The angular displacement from south of the projection of beam radiation on the hori-
zontal plane is the solar azimuth angle (), obtained by the equation 2.13. Displacements
east of south are negative and west of south are positive.

cos osinw

siny, = (2.13)

sin6,

An import angle useful for the calculation of shading is the profile angle (a,), which is
the projection of the solar altitude angle on a vertical plane perpendicular to the plane in

question, and is given by the equation bellow.

(2.14)

where:

a, is the profile angle (deg);

a; is the solar altitude angle (deg);
s is the solar azimuth angle (deg);

y is the surface azimuth angle (deg).

2.3 Sky Models

The need for specific and accurate input data for building energy simulation models has
become crucial as the users’ needs have become more demanding and the modelling
techniques more sophisticated. This is particularly true for the simulation of solar heat
gain and daylight availability [24]. For instance, the simulation of daylight distribution
in complex interior spaces, requires an accurate knowledge of the distribution of light
in the sky [25]. Although sky conditions are constantly changing, typically average sky
conditions are used for daylighting simulations. Different models of virtual skies have
been developed bye the Commission Internationale d’Eclairage (CIE) and others. In this
section two standard sky models developed by the CIE and the Perez et al. sky model are

presented.

12



2.3. SKY MODELS

2.3.1 CIE Standard Skies

CIE has mathematically developed 15 different sky conditions, two of which are shown in
Figure 2.8. Among these sky conditions, overcast and clear skies have been widely used

in daylighting simulations all over the world [26].

(a) CIE clear sky (b) CIE overcast sky

Figure 2.8: CIE Sky conditions [26]

* CIE clear sky
A CIE clear sky is defined as having less than 30% of clouds covering the sky or no
clouds [26]. It varies according to the altitude and azimuth of the sun, is brighter
when closer to the sun and attenuates when moving away from it [27]. Direct
sunlight can be considered and calculated inside a build, what makes this model

very useful when performing visual glare and thermal discomfort studies.

* CIE overcast sky
This sky model has been widely used when measuring daylight factors, it considers
a sky completely covered by clouds and the view of the sun completely impeded
(100% covered). Under overcast sky conditions, there is little to no direct lighting
and the values of global and diffuse illuminance are very close [27]. This sky model

is used by designer and users as the worst case scenario.

2.3.2 Perez Sky Model

While the CIE skies are a god help to investigate the performance of a building under
specific sky conditions, they will not allow an analysis of how the building will perform
throughout the all year. In the case of a annual building performance simulation, it’s
necessary to model all sky conditions on the building location over the course of an year.
The Perez et al. [28] all weather sky model calculates the sky luminous distribution based
on the information contained in annual climate files, such us direct and diffuse irradiance
values available for a wide range of locations, generating all conditions from overcast to

clear skies, that are used as inputs to simulation software like EnergyPlus and Radiance.

13
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The model consists of two independent models:

* The luminous efficacy model calculates the mean luminous efficacy of the diffuse and
direct sunlight for a considered sky condition. Input parameters are the solar zenith
angle, solar altitude, direct and diffuse illuminances as well as the atmospheric

precipitable water content [29].

 The sky luminous distribution model yields the sky luminous distribution based on
date, time, direct and diffuse illuminances. The model comprises five parameters
which influence the darkening or brightening of the horizon, the luminance gradient
near the horizon, the relative intensity of the circumsolar region, the width of the
circumsolar region and the relative intensity of light back-scattered from the earth’s
surface [29].

For very dark or bright sky conditions the Perez sky model reduces to the CIE overcast

or clear sky [29].

2.4 Daylighting Performance Metrics

2.4.1 Static Daylight Performance metrics

In this section two traditional daylight performance metrics are presented.

2.4.1.1 Daylight Factor

Daylight Factor is defined as the ratio of the internal illuminance at a point in a building
to the unshaded, external horizontal illuminance under a CIE overcast sky [30]. Using
an illuminance ratio to quantify the amount of daylight in buildings is a concept that has
been around for more than a 100 years, in 1909 Waldran has published a measurement
technique base on that aproach [31]. The original motive to use ratios instead of absolute
values was to avoid the difficulty of dealing with "frequent and often severe fluctuations
in the intensity of daylight" [32]. In it’s early days illuminance ratios were primarily
used as legal evidence in court [33], "legal rights of light...constituted practically the only
profitable...field for daylight experts" [32]. The UK Prescription Act of 1832 stated that
if one has benefited from daylight access across someone’s property for over 20 years
an absolute and indefensible right is granted to the window [33]. By analysing these
historical facts, it’s plausible to say that measuring the daylight factor was never meant
to be for design purposes, but to establish a minimum legal lighting requirement, so it’s
use for good design practices seem unfounded.

What is considered to be adequate daylighting levels for various tasks has always been

a very important issue. Nowadays 500 lux at work plan is considered to be an adequate

14



2.4. DAYLIGHTING PERFORMANCE METRICS

level of illuminance for office work [22]. Under an overcast sky, 10000 lux can be assumed
for outside illuminance, these corresponds to a daylight factor of 2%.

Daylight factor optimized buildings admit as much daylight as possible, promoting
a the more the better approach. Taking this into account, a building with a fully glazed
envelope is the extreme daylight factor optimized building, yet fully glazed facades are
known for having comfort and energy efficiency problems, what makes the above argu-
ment flawed.

Daylight factor has the advantage of having intuitive predictions that are easily com-
municated within a design team. On the other hand, daylight factor fails to give a warning
flag as to whether certain parts of the building are going to have glare problems or not, in
fact it doesn’t even considers the facade orientation, so for east and west facing facades,
that are known for having severe glare problems due to being exposed to low solar alti-

tudes, it will not be able to help in the development of glare control strategies.

2.4.1.2 View to the outside

A view to the outside is a highly praised benefit of a window by the office occupants.
Windows with movable shading devices that are frequently fully lowered to avoid glare
problems tend to block outside views, diminishing the benefits of the outside view pro-
vided by the window. The view to the outside performance metric is a percentage of
working hours when the shades remain open, in the case of a shade half closed, a partial
credit is attributed to that time step. For example, in a window with 1m high, and the
shade closed 0.2m, a 0.8 value is attributed to the outside view performance metric for

that time-step.

2.4.2 Dynamic Daylight Performance Metrics

Dynamic daylight performance metrics were designed to aid the interpretation of climate-
based analyses of daylight illuminance levels that are founded on hourly meteorological
data for a full year. In opposition to the conventional daylight factor approach, a climate-
based analysis employs realistic, time varying sky and sun conditions and predicts hourly
levels of absolute daylight illuminance [34]. In the following section several dynamic

daylight performance metrics are described.

2.4.2.1 Daylight Autonomy (DA)

Daylight Autonomy, uses work plane illuminance as an indicator of whether there is
sufficient daylight in a space so that an occupant can work by daylight alone. In [35]
the authors redefined daylight autonomy at a sensor as the percentage of the occupied
times of the year when the minimum illuminance requirement at the sensor is met by
daylight alone [33]. The Daylight Autonomy approach has two limitations, firstly, it fails
to give significance to daylight illuminance bellow the defined threshold, which have a
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big potential to reduce the needs for electric lighting, and secondly, it doesn’t account the
amount by which the threshold was exceed in a particular time step. For office spaces the

minimum illuminance required at work plane is 500 lux [22].

2.4.2.2 Continuous Daylight Autonomy (DAcon) and Maximum Daylight
Autonomy (DAmax)

This metrics were proposed to tackle the limitations of Daylight Autonomy. Continuous
Daylight Autonomy attributes partial credit to time steps when the daylight autonomy
fails to reach the minimum daylight illuminance level, instead of focusing on a hard
threshold [33]. For example, in a situation where 500 lux are required and only 300 lux
are provided by daylight alone, a partial credit of 3001x/5001lx = 0.6 is attributed to that
time step. The result is that instead of a hard threshold the transition between compliance
and non compliance is softened, essentially, this metric acknowledges that even a partial
contribution of daylight to illuminate a space is still beneficial [33].

Maximum Daylight Autonomy considers the possibility of glare appearance, it in-
dicates the percentage of the occupied hours when direct sunlight or exceedingly high
daylight conditions are present, it was defined that the threshold for DAmax is ten times

the design illuminance for a given space. In this case study this threshold is 5000 lux.

2.4.2.3 Useful Daylight Illuminances (UDI)

Useful daylight illuminances is also based on the work plane illuminance, but instead of
focusing on reaching a defined threshold it aims to determine how often daylight illumi-
nances within a range are achieved. This range is defined having illuminance conditions
neither to dark (<100 lux) or to bright (>2000 lux) [33], based on this thresholds UDI
results in three metrics, which are the percentage of working hours when UDI:

* Was achieved (100 lux-2000 lux);
* Fell-short (<100 lux);

* Was exceeded (>2000 lux).
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METHOD

In the first section of this chapter the simulation process used to obtain the illuminance at
work plan and energy consumption values is explained, it starts with a small description
of the simulation engines used and then the methodology employed to carry out the
computer simulations is explained. The second section of the chapter describes the case
study of the research. Finally, the automated control strategies applied to the interior

roller shades are described, as well as the simulation results obtained for them.

3.1 Simulation Process

Today there are many simulations tools used to assess the performance of shading devices
and evaluate their contribution to the building’s overall energy performance during it’s
life circle. Many tools have been used by scientific researchers, engineers and architects
to analyse, designate and evaluate daylight values, natural ventilation, indoor thermal
and visual comfort. Companies have been developing simulation software, both to assess
energy performance of buildings and helping designers predicts real life performance.
The use of these programs has increased since the "net-zero energy building" concept
became Energy Efficiency Directive [19]. According to a recent study [19], the two most

widely used simulation tools are EnergyPlus and Radiance.

3.1.1 Simulation Tools

Radiance and EnergyPlus were both used in the research presented in this document and

are described in this section.

17



CHAPTER 3. METHOD

3.1.1.1 Radiance

Radiance is an open source, suite of tools developed to model and visualize the luminous
effects of daylighting systems [36] first created by the Building Energy Technologies Divi-
sion of Lawrence Berkeley National Laboratory in Berkeley, California. It uses backward ray
tracing and the sky model developed by Perez et al. [28], making possible the simulation
of illuminances under any sky condition. Prior to the implementation of daylight coeffi-
cient method in Radiance there were few practical options available that enabled annual
daylight simulations [37].

The backwards ray tracing method, extends from the original algorithm introduced
to computer graphics by Whited in 1980 [38]. Light is followed along geometric rays
from the point of measurement into the scene and back to the light sources. The result is
mathematically equivalent to following light forward, but the process is generally more

efficient because most of the light leaving a source never reaches the point of interest.

3.1.1.2 EnergyPlus

EnergyPlus is a whole building simulation software used to do energy analysis and ther-
mal load simulations. EnergyPlus is the result of the merger of BLAST and DOE-2 devel-
oped by: U.S. Army Construction Engineering Research Laboratories, University of Illinois,
Lawrence Berkeley National Laboratory, Oklahoma State University, GARD Analytics and
Department of Energy.

The software estimates energy demand considering heat balance between the build-
ing interior and the exterior, based on weather information and the characterization of
the building, taking into account geometry, construction solutions, thermal loads, air

treatment systems, ventilation and occupation patterns [39].

3.1.2 Methodology

The two simulation engines described in the previous section were used to carry out
annual dynamic simulations. Firstly, Radiance was used to simulate accurate illuminance
values on the work-plane, and secondly EnergyPlus was used to estimate total annual
lighting, heating and cooling energy demand. As these two simulation engines aren’t
ready to interact with each other, a programming language (Python) was used to create a
link between them.

In [40] and [41] Klems proposed a new method to model solar gains through windows
with Complex Fenestration Systems (CFS). This method relies on bidirectional optical
measurements of CFS to determine reflected and transmitted light by direction for all
incident directions defined by the hemisphere viewed by the window, termed bidirec-
tional scattering distribution functions (BSDF). Klems also described a means to derive a
BSDF for a window system consisting of multiple heterogeneous parallel layers by matrix

multiplying the BSDF for each layer, Klems devised a coordinate system that simplified
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this matrix multiplication. The coordinate system has 145 input and output directions in
nine theta bands. The number of phi divisions in each theta band is modulated so that all
divisions have roughly the same cosine-weighted solid angle. This BSDF coordinate sys-
tem is commonly called the Klems full angle basis. With this BSDF, one can derive total
window solar gains via a matrix multiplication of the BSDF coefficients with incident flux
in each of the 145 window directions, effectively integrating over the hemisphere seen by
the window [37].

The three-phase simulation method was used in radiance to carry out entire year
dynamic simulations of the fenestration systems, and obtain illuminance values at work-
plan. This simulation method is based on the daylight coefficient approach and, it sepa-
rates the light transport between the 145 sky patches defined by Klems and the illumi-
nance sensor points into three phases: exterior transport, fenestration transmission and
interior transport. Each phase of light transport is simulated independently and stored
in a matrix form (Figures 3.1 and 3.2). To obtain the resultant illumination a matrix

multiplication is used (Equation 3.1).

i=VTDs (3.1)

Where, V is a view matrix that relates light from outgoing directions on window to de-
sired results at an interior point, T is a transmission matrix that relates incident window
directions to exiting directions (BTDF), and D is a daylight matrix that relates the lumi-
nance of sky patches to the incident directions on window. By multiplying these three
matrices a daylight coefficient matrix is obtained which is then multiplied by the vector s

that contains the average luminance of the sky patches for given time and sky conditions.

/
/

Figure 3.1: Light transport scheme for the three-phase method.

This approach has two benefits: firstly, it allows quick computation of many fenestra-
tion types, locations and fagade orientations, since it simulates the light transport thought
it’s various stages separately. For example, if the fenestration type is changed, only a new
transmission matrix need to be computed, or if a simulation of a different orientation of
the facade is desired, only a new sky vector needs to be computed. Secondly it enables

the simulation of the performance of CFS that normally cannot be simulated in Radiance.
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Figure 3.2: Radiance three-phase method flow chart [37].

In this study the transmission matrices used were computed using LBNL Window
software, which has a large data base of glass types and shading devices, the V matrix
containing the two working plane illuminance "sensors" was generated for the office
studied, the D matrix was created using the Radiance rtcontrib tool, and the s vector was
created using a Perez sky model for every hour of the year and TMY data with hourly
time steps. Also the parameters passed through Radiance are presented in table 3.1. The
three-phase simulation method using these parameters was validated by McNeil et al.
in [37].

Table 3.1: Radiance Parameters used in Simulations

Radiance Simulation Parameters V Matrix (Sensor Points) D Matrix

ambient bounces (-ab) 12 4
ambiente divisions (-ad) 60000 2000
ambient subdivisions (-as) 0 0
ambient accuracy (-aa) 0 0
limit weight (-1w) le-42 le-8
direct source subdivisions (-ds) 0,05 -
direct jitter (-dj) 1 -
direct threshold (-dt) 0 =
direct certainty (-dc) 1 -

After running the Radiance simulations, Python scripting was used to analyse the
resulting illuminance data and create schedules for the artificial lighting power and inte-
rior roller shade position, according to the the different control strategies applied to them
which, are described in the section 3.3.

EnergyPlus was then used to estimate total annual lighting, heating and cooling en-
ergy consumption. As this simulation engine isn’t prepared to simulate situations where
the shades are just partially closed, the window geometry had to be discretized in 20 parts
so the interior roller shade is prepared to close in steps of 5%. In figure 3.3 the overall

flow chart of a simulation id presented.
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Figure 3.3: Simulation process flow chart.

3.2 Case Study

The case study is an office room in the middle floor of a building from Faculty of Science
and Technology — Universisdade Nova de Lisboa located in the Lisbon area with latitude =
38.66° and longitude = —9.21°. The space dimensions of the office used in the simulations
are 4.0 m x 5.0 m x 3.0 m high (represented in figures 3.4(a) and (b) which corresponds
office number 6 in figure 3.4(c)), with interior surface reflectances for the walls, ceiling
and floor of 50%, 80% and 45% respectively. On its exterior wall the office has a window
facing east with 4.0 m x 1.2 m high, which corresponds to a WWR (window to wall ratio)
of 40%. The window framing, with a U-value of 1.2 W/m?K, accounts for 12% of the
total window area. The transparent part of the window is a double clear glazing system
with visible and solar transmittances of 0.728 and 0.352 respectively and a U-value of 1.4
W/m?K (Table 3.2).
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Figure 3.4: The image shows the: a) Building floor-plan, b) Office used in the case study
floor-plan and c) Office used in the case study section.

The interior roller shade has a solar transmittance of 12%, a solar reflectance of 26%
and a visible transmittance of 10%. The fabric used in the roller shade has the same
optical properties on both sides.

The opaque part of the exterior fagade consists in a wall coated on both sides with a
cement plaster with 0.015 m, two brick masonry layers, the outer one with 0.15 m and

the inner one with 0.11 m, separated by an air gap of 0.07 m partially filled with thermal
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Table 3.2: Glazing optical properties

Visible Solar

Transm Reflect. Reflect. Transm Reflect. Reflect.
" (Front) (Back) (Front) (Back)

Double Clear

: 0.728 0.098 0.106 0.352 0.301 0.372
Glazing

insulation of 0.04 m which grant’s it a U-value of 0.47 W/m?K. The interior walls are
made of a brick masonry layer coated on both sides by a cement plaster. The floor and
ceiling slabs consist of a concrete layer of 0.20 m, a screed of 0.04 m, covered on the upper
side by a wooden floor of 0.01 m and on the down side a plaster of 0.015 m (Table 3.3).

Table 3.3: U-value of construction solution.

Material Thickness Conductivity Resistance U-value
(m) (W/m.°C) (m%.°C/W  (W/m?.°C)
1 Cement Plaster 0.015 1.3 0.01
2 Brick Masonry 0.150 - 0.39
3 Air Space 0.030 - 0.18 0.47
4 XPS Insulation 0.040 0.037 1.08 ’
5 Brick Masonry 0.110 - 0.27
1 Cement Plaster 0.015 1.3 0.01
1 Cement Plaster 0.015 1.3 0.01
5 Brick Masonry 0.110 - 0.27 2.2
1 Cement Plaster 0.015 1.3 0.01
6 Wood Floor 0.010 0.18 0.06 Asc. Desc.
7 Screed 0.040 0.25 0.16
8 Concrete 0.200 2.0 0.1 21 1.8
9 Plaster 0.010 0.4 0.03
- : :
IR | ||
1 2 34 5 1 1 5 1

Figure 3.5: Section schemes of the construction solutions.
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Between 8:00 am and 5:00 pm, the office is occupied by one person and the electric
equipment load is 5.4 W/m?, which includes only the office equipment. The lighting
system is composed by two luminaires with two lamps of 58 W each, which produces a
power density of 11.6 W/m?, continuously dimmable to compensate daylight illuminance,
to reach the minimum requirement of 500 lux on the working-plane, which is located
0.8 m above the floor. Heating and cooling is always available throughout the year. The
heating set point during office hours is 22°C and 18°C otherwise, while the cooling set
point is 24°C during office hours and 26.6°C otherwise. Weather data information for
Lisbon was obtained through EnergyPlus Weather website.

Evaluated metrics include a wide range of dynamic daylight performance metrics such
as: daylight autonomy (DA), continuous daylight autonomy (DAcon), maximum Daylight
Autonomy (DAmax), useful daylight illuminances (UDI) and view to the outside. These
metrics were analysed for two different points of the work plane, one situated in the front
of the room (sensor 1) and another one in the back (sensor 2). The energy performance
metrics presented on this work are: annual energy consumption for lighting, heating and

cooling as well as the total energy consumption per unit floor area.

3.3 Shading Control Strategies

In this section the shading control strategies applied to the interior roller shades are
presented. Also the results obtained on the simulations are presented and analysed.

Automated control strategies similar to the ones used in this study can be found in [18].

3.3.1 No Shading Control

Always open, or without roller shades, and always closed roller shade conditions were
first studied as two extreme shading control strategies to provide boundaries for the
automated control strategies.

The results provided in table 3.4 show that having no interior roller shades allows
a significant amount of daylight into the room, which is equivalent to 96.5% daylight
autonomy. It also causes glare problems for a large amount of time, 56.0% of the working
hours the illuminance at work plane exceeds 2000 lux. On the other hand, completely
closed shades exclude too much daylight from the room resulting in a very low daylight
autonomy (9.7%).

In terms of energy consumption, having no interior roller shades is equivalent to
almost no need for artificial lighting, while completely closed shades require a constant
source or artificial lighting. The total annual energy consumption is 61.5 kWh/m?.year for
roller shades always open, whereas closed shades has an annual energy consumption of
69.6 kWh/m?.year, the difference between the two being caused by the higher amount of
artificial lighting needed in the last case. An unexpected result, was having a lower annual

heating energy consumption in the always closed shades situation, when comparing to
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the completely open shades, this can be explained by having the lighting system almost

always on, which radiates a considerable amount of heat into the room.

Table 3.4: Daylighting and energy performance for the generic case study with the differ-

ent control strategies.

Open Closed CS-1I CS-II
Sensor Position Number 1 2 1 2 1 2 1 2
Daylight Autonomy (%) 96.5 80.3 9.7 0.1 52.0 26.5 86.5 629

Continuous Daylight Autonomy (%) 98.8 92.6 33.3 147 71.6 49.6 91.3 80.9
Maximum Daylight Autonomy (%) 258 04 0.0 0.0 00 00 129 0.0
Useful Daylight Illuminance
not reached (0-100 lux) (%)
Useful Daylight Illuminance
(100-500 lux) (%)

Useful Daylight Illuminance
(500-2000 lux) (%)

Useful Daylight Illuminance
exceeded (>2000 lux) (%)
Views to the outside (%) 100.0 0.0 45.8 77.8

Annual Lighting Energy

0.2 1.0 492 804 37 356 4.0 10.3

3.3 187 41.1 195 442 379 9.5 2638

40.5 696 96 0.1 499 265 458 61.0

56.0 10.7 0.1 0.0 2.1 0.0 40.7 1.9

;i 0.6 10.3 5.9 1.9
Consumption (kWh/m?.year)
Annual Heating Energy
13.7 11.1 12.5 13.5
Consumption (kWh/m?.year)
A 1 ling E
nnual Cooling Energy 47.2 48.1 46.0 44.8
Consumption (kWh/m?.year)
Total Annual Energy
61.5 69.6 64.3 60.1

Consumption (kWh/m?.year)

3.3.2 Shading Control Strategy I (CS-I)

In order to reduce periods with visual discomfort, in this control strategy, the interior
roller shade closes completely when the illuminance at work plane in the front of the
room exceeds 2000 lux and direct sunlight is present, as illustrated in figure 3.6. By doing
so, the risk of glare occurrence and overheating is reduced, while maintaining good levels
of daylighting in the working station which reduce the lighting energy demand. During
non-office hours the shades are kept closed to reduce solar heat gains during the cooling
season and to prevent heat loss during the heating season. The roller shade position is

adapted in hourly time steps.

Although CS-I provides almost no periods of visual discomfort, the illuminance at

work plane exceeds 2000 lux for only 2.1% of the working hours, as shown in Table 3.4. It
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Figure 3.6: Schematic view of shading control strategies I, shades close completely when
illuminance at work plane exceeds 2000 lux threshold.

also creates long periods with shortage of daylight at the work plane given that daylight
autonomy is only achieved in 52% of the working hours.

The total annual energy consumption for CS-I is 64.3 kWh/m?.year which is 4.6%
higher than the value corresponding to the completely open shades case. This difference
was expected due to higher lighting energy consumption needed (5.9 kWh/m?.year) in
the presence of a lower daylight autonomy. The heating energy consumption ended up
being lower than in the case of the open shades, this can once again be explained by
the heat radiating from the lighting system into the room. The annual cooling energy
demand was the lowest of the three cases studied at the point, caused by the lower heat

gains in the periods when the interior roller shades are closed.

3.3.3 Shading Control Strategy II (CS-II)

The first shading control strategy, CS-1, was based on automatically closing or opening
the roller shade depending on the illuminance at work plane value and sun position, to
reduce the risk of glare occurrence and overheating. However, this strategy is limited
since it only allows fully open or closed positions. In practice, shades might not need to
close completely in order to avoid visual discomfort.

Considering this, in the second control strategy, CS-II, the interior roller shades are
automatically adjusted to a position that just prevents direct sunlight from falling on
the work plane, with hourly time steps, as illustrated in figure 3.7. By doing this, more
natural light enters the office and thus benefits the occupants. In the present case study

the distance between the roller shade and the work station was set to 1 m as illustrated
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in figure 3.4(b), the determination of the shading position being calculated with the

equation 3.2:

LBlind = h—tan(ap)xd (32)

where, h is the distance between the working plane and the upper limit of the window,
d is the distance between the working area and window and a,, is the solar profile angle

obtained with equation 2.14.
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Figure 3.7: Schematic view of shading control strategies II, shades close to a point where
they only block direct sunlight from falling on the work-plane.

Shading control strategy II, CS-II, improves daylighting performance significantly, as
it lets more natural light in the space by only preventing direct sunlight from falling in
the work plane. Although the results for this control strategy show a daylight autonomy
of 86.5%, which is 34.5% more than with the control strategy I, it also results in higher
percentages of time when the useful daylight autonomy is exceed (40.7%). One of the
objectives of this control strategy was to enhance the hours with outside views for the
occupants, that objective was reached, as the annual working hours with the shades open
are 77.8%, which represents a 32% improvement when compared to CS-1.

The annual cooling energy consumption was the lowest of all four situations (44.8
kWh/m?.year). By having periods with shades partially closed the solar heat gains are
controlled while natural light still enters the office, reducing the need for artificial light-
ing thus reducing the heat gains radiating from the lighting system. The total annual
energy consumption in CS-II was the lowest of all four cases studied at the point, (60.1
kWh/m?.year) and was 6.5% lower than in CS-I, this is mostly due to low annual lighting
energy consumption, which was 68.1% lower than in CS-I, and as mentioned above the

lowest annual cooling energy consumption.
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Despite showing improvement when compared to extreme situation, the automated
control strategies where still showing results below expectations. This is due to the optical
properties of the glass and roller shade fabric used. In order the enhance daylight and
energy performance, in the next section materials with different optical properties are
applied to the window.

Figures 3.8 and 3.9 shows the distribution of Daylight Autonomy and percentage of

working hours when UDI is exceeded on the working-plane for the generic case study.
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Figure 3.8: Daylight Autonomy distribution on work plane for the generic case study and
all control strategies.
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Figure 3.9: Useful Daylight Illimunance exceeded distribution on work-plane for the
generic case study and all control strategies. The completely closed situation isn’t repre-
sented because in this case the illuminance at work plan never exceeds 2000 lux.
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CHAPTER

IMPACT OF GLAZING AND SHADE OPTICAL

PROPERTIES

The optical properties of the fenestration systems used in buildings have a big impact in
daylight and energy performance. Higher solar reflectances block solar radiation from
entering the buildings, thus lowering solar heat gains which will reduce cooling energy
consumption. While higher visible transmittances will translate in a higher daylight level
in the spaces, which will reduce the need for artificial lighting and in turn the lighting
energy consumption.

In this section different fenestrations systems are presented. Firstly, it is studied the
impact of the interior roller shade fabric optical properties, simulating two additional
cases with higher solar reflectance and visible transmittance than the case study already
presented. Then the impact of the glazing type optical properties is presented. Once
again, two variations of the glazing are simulated, this time with lower solar and visible
transmittances than the case study already presented. Finally, the results for all possible

combinations between glazing types and interior roller shade fabrics are presented.

4.1 Roller Shade Fabric Optical Properties Impact

The two interior roller shade fabrics presented on this section were studied with the ob-
jective of reducing cooling energy consumption, which, in this case study, is the load with
more impact in the total annual energy consumption, and enhance daylight autonomy.
The roller shade fabric studied in sections 3.2 and 3.3, which will be called RSF-I from
here on, had a low visible transmittance that was creating to dark conditions when the
shade was totally or partially closed and a low solar reflectance which was causing higher
cooling energy consumption. Taking this into consideration the two fabrics presented on

this section have a higher visible transmittance to enhance daylight autonomy, and higher
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solar reflectance to reduce solar heat gains. The optical properties of the interior roller

shade fabrics were once again obtained in LBNL Window software and are as follows:

* Roller Shade Fabric II (RSF-II) - solar transmittance of 11%, a solar reflectance of

34% and a visible transmittance of 14%;

* Roller Shade Fabric III(RSF-III) - solar transmittance of 27%, a solar reflectance of

54% and a visible transmittance of 21%.

In all the fabrics used in the roller shades, the optical properties are the same on
both sides. An entire analysis was performed for both fabrics described above, and all
the results are presented in tables 4.1 and 4.2 and a comparison between them and the

generic case is presented in figures 4.1 and 4.2

Table 4.1: Daylighting and energy performance for an office with the glazing type I and
roller shade fabric II.

Closed CS-1 CS-I1
Sensor Position Number 1 2 1 2 1 2
Daylight Autonomy (%) 13.3 0.0 556 264 865 624

Continuous Daylight Autonomy (%) 39.7 13.5 76.7 489 919 80.5
Maximum Daylight Autonomy (%) 0.0 00 00 00 132 0.0
Useful Daylight Illuminance

not reached (0-100 lux) (%) 281 79.8 03 350 0.2 104
Useful Daylight Illuminance
(100-500 lux) (%)

Useful Daylight Illuminance
(500-2000 lux) (%)

Useful Daylight Illuminance
exceeded (>2000lux) (%)

58.5 20.2 441 38.6 13.2 27.2

13.3 0.0 53.6 264 456 605

0.0 00 20 00 409 1.9

Views to the Outside (%) 0.0 45.8 77.8
Annual Lighting Energy
Consumption (kWh/m?.year) 10.0 >1 1.9
Annual Heating Energy
Consumption (kWh/m?.year) 11.9 13.3 13.9
Annual Cooling Energy
Consumption (kWh/m?.year) 45:2 43.0 43.1
Total Annual Energy 671 61.4 58.9

Consumption (kWh/m?.year)

Despite having higher visible transmittance and solar reflectance, RSF-II haven't
caused a great impact on daylight performance or total annual energy consumption, this is

due to small differences between the optical properties of RSF-I and RSF-II. On the other
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Table 4.2: Daylighting and energy performance for an office with the glazing type I and
roller shade fabric III.

Closed CS-1I CS-I11
Sensor Position Number 1 2 1 2 1 2
Daylight Autonomy (%) 59.6 11.4 93.7 444 942 67.8

Continuous Daylight Autonomy (%) 86.4 43.7 98.6 76.4 98.7 859
Maximum Daylight Autonomy (%) 00 00 00 00 155 0.0
Useful Daylight Illuminance
not reached (0-100 lux) (%)
Useful Daylight Illuminance
(100-500 lux) (%)

Useful Daylight Illuminance
(500-2000 lux) (%)

Useful Daylight Illuminance
exceeded (>2000 lux) (%)
Views to the Outside (%) 0.0 45.8 77.8

Annual Lighting Energy

29 182 0.2 1.0 0.2 1.0

375 704 6.1 547 56 31.2

47.3 11.4 794 444 505 65.9

12.3 0.0 143 0.0 437 19

Consumption (kWh/m?.year) 4.4 1.7 1.1

Annual Heating Energy

Consumption (kWh/m?.year) 16.7 17.2 16.1
Annual Cooling Energy

Consumption (kWh/m?.year) 33.6 33.5 37.4
Total Annual Energy 547 - iy

Consumption (kWh/m?.year)

hand, RSF-III showed a significant improvement when compared to the other solutions
studied either in terms of daylighting or energy performance. For both automated control
strategies, SC-I and SC-II, RSF-III was able to reach daylight autonomy values close to the
ones obtained in the completely open shade situation, while providing shorter periods
when the illuminance at work plan exceeded 2000 lux. When comparing the same shad-
ing control strategies between RSF-I and RSF-III, the greater improvement is seen in SC-I,
daylight autonomy rises from 52.0% to 93.7%, while the percentage of working hours
when UDI is exceeded in the working plan only goes from 2.1% to 12.3%. SC-II reaches
a daylight autonomy value of 94.2% but the downside is the UDI exceeded metric, 43.7%.
considering this, the highest percentage of working hours when UDI is in the range of
500 lux to 2000 lux, is registered in RSF-III with CS-I, with a value of 79.4%.

In terms of total annual energy consumption, a reduction of 12.9% was observed
between the best performing situation in RSF-I (60.1 kWh/m?.year) and RSF-III (52.4
kWh/m?.year). A higher visible transmittance lead to a lower annual lighting energy
demand, while a higher solar reflectance lead to a higher annual heating energy demand

and a significantly lower total cooling energy demand.
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Figure 4.1: Daylight performance for the generic case and the two variations of roller
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Figure 4.2: Energy performance for the generic case and the two variations of roller shades
fabric.

In the end, the best performing control strategy, both for total annual energy con-

0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0
Energy consumption kWh/m2

sumption and daylighting, became SC-I, while in other situations studied was SC-II.

During the building design process, the decision of which fabric to be used in the

roller shade should be made carefully once they can have a significant impact in both

daylight performance and total annual energy demand as shown above.
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4.2 Glazing Optical Properties Impact

In this sections instead of changing the roller shades fabric, advanced glazing products
were used with the same purpose as in the previous section. Using glass types with lower
visible transmittance reduces the amount of daylight which enters the office, preventing
work plane illuminance from exceeding 2000 lux, while lower solar transmittance reduces

solar heat gains, thus reducing the annual cooling energy consumption.

In addition to the glazing type used in sections 3.2, 3.3 and 4.1, from here on called
GT-I (Glazing Type-I), two additional glazing types were modelled and simulated, both

with lower solar and visible transmittances then GT-I (Table 4.3).

Once the objective of the research is only to study the impacts of the optical properties
of the glass, the U-value of the glazing types used in this section are the same us GT-I.
The optical properties of the glazing types were obtained in LBNL Window software and
are as follows:

* Glazing type II (GT-II): double glazing with visible transmittance of 0.462 and solar
transmittance of 0.248;

* Glazing type III (GT-III): double glazing with visible transmittance of 0.249 and

solar transmittance of 0.109.

Table 4.3: Glazing types optical properties

Visible Solar
Glazing Type Transm Reflect. Reflect. Transm Reflect. Reflect.
*  (Front) (Back) (Front) (Back)
GT-1 0.728 0.098 0.106 0.352 0.301 0.372
GT-1I 0.462 0.399 0.294 0.248 0.433 0.465
GT-III 0.249 0.278 0.226 0.109 0.335 0.472

Once again, completely open and closed shades were studied as well as both shading
control strategies, CS-I and CS-II. The full results are presented in tables 4.4 and 4.5, and

a comparison between them and the generic case is presented in figures 4.3 and 4.4.
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Table 4.4: Daylighting and energy performance for an office with the glazing type II

Open Closed CS-1 CS-I1
Sensor Position Number 1 2 1 2 1 2 1 2
Daylight Autonomy (%) 93.7 47.7 52 0.0 629 133 91.7 352
Continuous Daylight Autonomy (%) 97.4 825 249 10.0 79.3 53.0 965 76.4
Maximum Daylight Autonomy (%) 18.7 0.0 0.0 00 00 00 57 0.0
Useful Daylight Illuminance
not reached (0.100 lux) (%) 03 34 672 892 37 286 06 5.0
Useful Daylight Illuminance
(100-500 Tux) (%) 6.0 48.8 27.7 10.8 334 58.1 7.7 599
Useful Daylight Illuminance
(500-2000 lux) (%) 58.7 46.1 52 0.0 625 133 674 352
Useful Daylight Illuminance
exceeded (>2000 lux) (%) 350 1.6 00 0.0 04 00 244 0.0
Views to the Outside (%) 100.0 0.0 64.0 86.8
Annual Lighting Energy
Consumption (kWh/m?.year) 14 11.2 4.6 1.8
Annual Heating Energy
Consumption (kWh/m?.year) 19.2 158 18.0 18.9
Annual Cooling Energy
Consumption (kWh/m?.year) 31.6 345 30.8 29.7
Total Annual Energy
Consumption (kWh/m?.year) 521 61.5 533 505
100,0 T
[ ) @ Da with roller shades always
90,0 + ﬂ open
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o 80,0 + ﬂ closed
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Figure 4.3: Daylight performance for the case study and the two glazing type variations.
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Table 4.5: Daylighting and energy performance for an office with the glazing type III

Open Closed CS-1 CS-I1
Sensor Position Number 1 2 1 2 1 2 1 2
Daylight Autonomy (%) 81.1 179 1.6 00 593 23 793 6.3

Continuous Daylight Autonomy (%) 93.4
Maximum Daylight Autonomy (%)  10.4

Useful Daylight Illuminance

574 146 5.3
0.0 0.0 0.0

79.2 379 928 49.7
0.0 00 23 0.0

not reached (0-100 lux) (%) 1.2 82 824 988 74 305 1.2 102
Useful Daylight Illuminance
(100-500 Tux) (%) 17.7 739 16.0 1.2 334 67.2 195 835
Useful Daylight Illuminance
(500-2000 Tux) (%) 57.8 17.7 1.6 0.0 59.2 23 693 6.3
Useful Daylight Illuminance
exceeded (>2000 lux) (%) 233 02 00 00 01 0.0 10.0 0.0
Views to the Outside (%) 100.0 0.0 76.5 89.0
Annual Lighting Energy
Consumption (kWh/m?.year) 34 12.3 56 39
Annual Heating Energy
Consumption (kWh/m?.year) 27.6 237 264 27.1
Annual Cooling Energy
Consumption (kWh/m?.year) 15.6 18.7 155 14.8
Total Annual Energy
Consumption (kWh/m?.year) 46.5 546 475 458
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Figure 4.4: Energy performance for the case study and the two glazing type variations.

Results show that high quality glazing types, overtake GT-I in terms of daylighting

performance. In the first glass type studied, GT-I, when using shading control strategy

II, Daylight Autonomy was 10.0% lower when compared to the situation without interior
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roller shade. While, in GT-II and GT-III that difference was diminished to 2.0% and 1.9%
respectively. In the case of GT-II with shading control strategy II, Daylight Autonomy is
5.2% higher when compared to GT-I with the same control strategy. For control strategy
II, the percentage of annual working hours when UDI was exceeded was lower in high
quality glazing types, going from 40.7% in GT-I to 24.4% in GT-II, and 10.0% in GT-III.
The situation with a higher UDI in the range of 500 lux to 2000 lux was GT-III with CS-II,
despite having a lower Daylight autonomy when compared to GT-II with the same control
strategy.

Although glazing type II and III showed higher lighting and heating energy demand
due to a lower visible and solar transmittance respectively, the opposite occurred in the
cooling energy consumption. With lower solar transmittance there was lower solar heat
gains which caused a great reduction in cooling energy demand. For the first case studied,
GT-I, the higher difference in the total annual energy consumption was between always
closed shades and shading control strategy II with a difference of 13.6%. When analysing
GT-II and GT-III the difference between the same situations became a little higher, 18.0%
and 16.1%. The comparison between the three cases indicates that the glazing type has
some impact in the different shading control strategies. The shading control strategy
with better energy performance in all three glazing types, showing the lower total annual
energy consumption, was SC-II. Using this control strategy in GT-II lead to a total annual
energy saving of 16.1%, while in GT-III to 23.8%.

4.3 Final Results Presentation and Discussion

In addition to the fenestrations solutions simulated above, combinations between the
glazing types II and III and interior roller shade fabrics II and III where modelled and
simulated. The results are presented in this section, as well as an overall comparison
of the results of all situations studied. Daylight and energy performance are presented
in tables 4.6 and 4.7 respectively, and a comparison between all situations is shown in
figures 4.5 and 4.6.

For all three glazing types studied, roller shade fabric II has almost no impact on day-
light or energy performance when compared to roller shade fabric I, due to similar optical
properties between them. The optical properties of the roller shades fabric have no effect
on the percentage of working hours the shades remain open, since the automated shading
control strategies rely on the glazing transmitted illuminance alone. When comparing
the nine fenestration systems studied, the one with best performance is Glazing Type II
combined with roller shade fabric III, using automated control strategy I. Showing one
of the highest Daylight Autonomy’s of all combinations studied (92.9%) and a very low
percentage of working hours with UDI above 2000 lux (8.8%) thus resulting in the highest
percentage of working hours when UDI is in the range of 500 lux to 2000 lux (84.1%).
Although, that solution is not the one with the lowest total annual energy demand, it

is only outperformed in 2.2 kWh/m?.year (4.6%) by the combination of Glazing Type
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IIT with roller shade fabric III using the control strategy II, yet this solution leads to a
significantly lower daylight autonomy (81.1%) and higher periods when UDI is exceeded.

Table 4.6: Daylight performance for all combinations between glazing types and roller
shades fabrics.

Daylighting No Roller Roller Shade FabricI Roller Shade Fabric II Roller Shade Fabric III

Performance Metric Shade Closed SC-I SC-II Closed SC-I SC-II Closed SC-I SC-II
Glazing Daylight Autonomy 96.5 9.7 52.0 86.5 13.3 556 86.5 59.6  93.7 942
Type  UDI exceeded 56.0 0.1 2.1 407 0.0 2.0 409 12.3 143 437
I Views to Outside 100.0 0.0 458 77.8 0.0 458 77.8 0.0 45.8 77.8
Glazing Daylight Autonomy 93.7 5.2 629 91.7 8.9 66.6 91.9 39.8 92.9 93.7
Type  UDI exceeded 35.0 0.0 04 244 0.0 04 244 8.3 8.8 28.3
11 Views to outside 100.0 0.0 64.0 86.8 0.0 64.0 86.8 0.0 64.0 86.8
Glazing Daylight Autonomy 81.1 1.6 59.3 793 0.8 58.4 79.5 23.1 77.4 81.1
Type UDI exceeded 23.3 0.0 0.1 10.0 0.0 0.1 10.3 0.0 0.1 12.4
111 Views to Outside 100.0 0.0 76.5 89.0 0.0 76.5 89.0 0.0 76.5 89.0

Table 4.7: Energy performance for all combinations between glazing systems and roller
shades fabrics.

Annual Energy Demand No Roller Roller Shade FabricI Roller Shade Fabric II Roller Shade Fabric III

(kWh/m?.year) Shade  Closed SC-I SC-II Closed SC-I SC-II Closed SC-I SC-II

Glazing Lighting 0.6 10.3 5.9 1.9 10.0 5.1 1.9 4.4 1.7 1.1
Type Heating 13.7 11.1 12.5 135 11.9 13.3 13.9 16.7 17.2 16.1
YIP Cooling 47.2 48.1 46.0 44.8 45.2 43.0 43.1 33.6 33.5 37.4

Total 61.5 69.6 64.3  60.1 67.1 61.4 589 54.7 52.4 54.6

Glazing Lighting 1.4 11.2 4.6 1.8 10.9 4.4 1.9 5.7 2.0 1.5
Type Heating 19.2 15.8 18.0 18.9 16.5 13.2  19.2 20.9 21.5 20.9
)I,f Cooling 31.6 34.5 30.8  29.7 32.7 42.8 2838 24.7 24.1 25.9

Total 52.1 61.5 53.5 50.5 60.0 52.3  49.9 51.3 47.6 48.4

Glazing Lighting 3.4 12.3 5.6 3.9 12.1 5.5 3.9 8.5 4.1 3.6
Type Heating 27.6 23.7 264 27.1 24.1 26.6  27.2 26.8 28.1 28.0
;IH Cooling 15.6 18.7 155 14.8 18.1 15.1 14.6 14.8 13.5 13.8

Total 46.5 54.6 47.5 4538 54.2 47.2 457 50.1 45.8 45.4

39



IMPACT OF GLAZING AND SHADE OPTICAL PROPERTIES

CHAPTER 4.

Percentage of working hours (%)

100,0

90,0

80,0

70,0

60,0

50,0

40,0

30,0

20,0

10,0

0,0

® @ DA whit roller shades always
° ® o o B8 '

open

& m X DA with roller shades always
0 a closed

o © DA with shading control
o3 strategy 1

[ o] O DA witn shading control
0] strategy 2

4 o (n] ® UDI exceeded whit roller
shades always open

(] X UDI exceeded with roller
shades allways closed

© UDI exceeded with shading
control strategy 1

R

D UDI exceeded with shading

X

X X

¢ ¢ | & 4

i control strategy 2

N N N & S . >

£ & 8 &

& & N &N N X < 3
© 6 9 6 & 6 A

Fenestration Solution

3 &
L & &

Figure 4.5: Daylight performance comparison of all combinations between glazing systems and roller shades fabrics.

40



4.3. FINAL RESULTS PRESENTATION AND DISCUSSION

Cs-l
CS-l
Closed
Cs-l
CS-l
Closed
cs-l
CS-l
Closed
Cs-l
CS-l
Closed

cs-i m Lighting

CS-l
Closed W Heating
CS-ll
CS-l
Closed
CS-ll
CS-l
Closed
CS-ll
CS-l
Closed
CSs-ll
(&)
Closed
GT-lll
GT-ll
GT-I

Glazing Type lll
RSF-11 RSF-1 RSF-lI RSF-II

Glazing Type Il
RSF-II

RSF-1

m Cooling

Glazing Typel|
RSF-Il RSF-II

RSF-1

Open

0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 80,0
Energy consumption kWh/m2

Figure 4.6: Energy performance comparison of all combinations between glazing systems
and roller shades fabrics.

41






CHAPTER

CONCLUSION

On this research, daylighting and energy performance of an office with a single window
facing east was studied. Several fenestration solutions were simulated, combining three
glazing types with three roller shade fabrics. For every fenestration solution, two extreme
control strategies were first studied (shades always open and always closed) to get the

boundaries for the two automated control strategies studied afterwards.

Results show that automated control strategies have a great potential to maximize
daylight performance, once in all combinations they showed better results when com-
pared to fully open or closed shades. By only closing the shades partially, automated
shading control strategy II provided longer periods of outside views for the occupants
than automated shading control strategy I. Roller shade fabric III showed a big poten-
tial to optimize daylight performance, providing higher daylight autonomies combined
with lower percentage of working hours when UDI was exceeded. Automated shading
control strategies show potential to minimize total annual energy demand depending on

the glazing and roller shades fabric optical properties.

The building designer should make a careful selection of the glazing type and roller
shades fabric, taking into account not only de U-value of the glazing solution but also the
optical properties of both components of the fenestration solution, since those can have a
big impact not only on daylight performance but also on the total annual energy demand.
Overall, there is no absolute best solution, it depends on what the building designer
pretends to maximize. Some material properties lead to better daylight performance and

others to a lower total annual energy demand.

The results presented for the sensor located in the back of the room were not men-
tioned in the results analysis because they reflect the ones obtained in the front of the
room. Never the less, they were included in this document so that in the future, results

from solutions with the objective of improving daylight performance on the back of the
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room can be compared with the ones obtained here.

All the results obtained should be confirmed with experimental research, only then
if they match the simulation results it’s possible to confirm the potential of automated
shading control strategies.

Future works should analyse the impact of external obstructions such as trees and
other buildings, since those have a big effect on the daylight that reaches the office window.
The impact of introducing a new criterion for controlling solar heat gains in shading
control strategy II should be studied in the future. Finally, the situation of an office with
the window facing south should be studied, once this orientation leads to higher periods

of solar exposure, and the impact of automated shading control strategies may be bigger.
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