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Abstract

A city like Dubai that is ever growing with a constant need and demand for more energy, one
can only think of solutions to mitigate this issue. Introducing daylight into office buildings
can bring about major benefits to human health and comfort as well as reduce energy
consumption levels. The use of daylighting is a key strategy for energy reduction as well as
improving the quality of light in an interior environment. However, introducing daylight into
deep plan office buildings remains a challenge when relying only on regular windows and
skylights. Therefore, this study looks at the employment of lightshelves as an innovative
strategy to penetrate daylighting into the office space. In order to calculate the effect of
having lightshelves into a space, a modeling simulation was performed through IESVE. An
important aspect about the office modules is that it included a dimming profile that was set to
300 lux. This profile worked through the placement of sensors within the space. Sensors
simply measured light penetration, and then shifted the dependency on electrical lighting to
daylighting. This process helped in the reduction of energy consumption levels vastly.

The proposed lightshelves with light dimming profiles have achieved the most energy savings
in the south orientation which resulted in 22.6%.However when assessing the study of
different plan depths results for 5x5m show greatest reductions and light penetration due the
small depth of the space. The 5x10m was considered the most ideal depth and reduction for
the study achieving a maximum of 22.6%. The addition of the lightshelves has benefited the
office modules energy efficiency which was confirmed through the placement of lightshelf
heights. The 0.5m height from the roof revealed the highest reductions reaching 25.1%
serving as a shading device and blocking internal heat gain from entering the space. The
placement of openings in the lightshelves between cases of 1, 2 and 3 openings no significant
change in energy consumption was observed. Therefore, this analysis is likely not sensitive
enough for studying the number of openings on the lightshelf. However both exterior
projections and interior depths of the lightshelves effected light penetration and energy
reductions in the study. The energy benefit from the shading effect is more desirable with a
longer projection in the exterior. As for the total energy, the 2m exterior projection showed
22.6% reductions. While the interior depth of the lightshelves determined that a climate like
Dubai would always benefit from the most shading, the highest total energy reductions
remained at the 7.5m and 5m at 22.6%.



The combined analysis was then tailored for the optimum energy reduction levels. The total
energy consumption revealed 24.5% which showed the highest and most ideal amongst the
rest of the cases. From the study, an important aspect that came across was that earlier in the
morning findings confirmed that the building was not under direct solar load from the
glazing. A general conclusion that was derived is that each kW of reduction in light energy is

likely to save around a kW in cooling energy.
In conclusion, using lightshelves with a light dimming system confirmed energy reductions

in office modules located in the city of Dubai, while allowing light deeper into the interior
space.
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CHAPTER 1- INTRODUCTION



1.1 Introduction

Current trends in architecture in the UAE, specifically Dubai, have been steered towards
sustainability in the built environment. However, the massive energy demands owing to the
excessive heat in the region set most office buildings up for serious shortcomings. The rising
numbers of innovations and design applications could make it possible to reduce energy
levels by harnessing one of the Gulf’s biggest existing natural resources—sunlight. As an
outcome, vast amounts of electricity are consumed while there is plenty of daylight that could
be used for illumination (Muhs, 2000).

Nowadays, environmentally aware assessments of building design are acknowledging the
importance of exploiting daylight. Taking part in a world that is concerned, the planned use
of daylighting has become a vital approach to enhance energy efficiency as well as reducing
lighting, heating and cooling loads. Even so, daylighting is not new; it existed in ancient eras
and civilisations. Today, daylighting is used as a common design tool. However, recent
attention has been redirected at daylighting due to the impact it can have on energy saving,
classifying it under the sustainability umbrella. Therefore, introducing innovative and
advanced lighting systems can significantly decrease energy consumption as well as enhance

the quality of light in an indoor environment.

In the UAE today, most buildings rely primarily on windows and skylights for daylight
illumination. This is not sufficient to meet the needs of most deep plan office buildings. To
address this problem, this paper will seek to explore the potential for increasing daylight in
deep plan office buildings by utilizing innovative strategies that can penetrate daylight into

the space.
1.2 Background Information

The light provided by the sun is the source of life and energy on earth. The existence of
nearly all life on Earth is fuelled by light from the sun. Daylight is considered to be more than
a blessing in which the human eye seeks it, and there are numerous studies that prove health
benefits to humans from its presence (Sullivan and Horwitz-Bennett, 2009). Daylight is
known to be an essential source of light and it is highly desirable by many people. In various
types of buildings daylighting can reduce electricity consumption as well as increase worker
productivity. Consequently, commercial buildings and lighting design should take account for

functional requirements as well as biological and psychological needs of its occupants.



To perform visual tasks, artificial lights can provide sufficient levels of illumination; however
it cannot provide the occupant with the physiological and psychological benefits of natural
light. Studies have been increasingly recognising issues that involve artificially lit buildings
with health and productivity. Therefore, current sustainable design developments have stirred
efforts towards maximizing the use of this natural light source, as well as providing healthy
environments for people. Yeang (1999) expresses that existing designs of large buildings,

which include office buildings are usually contrary to these principles.

Although daylight is essential, several problems such as glare and high energy consumption
levels are associated with the use of daylighting especially in hot climate areas. This simply
means that daylighting is not the focal issue in most building designs. As “lighting accounts
for between a third and a half of the energy use in commercial buildings” (Phillips, 2004) the
reduction of energy use in buildings has been a major objective. Edmonds and Greenup
(2002) proposed that the main objective of subtropical window design is thermal comfort in
summer. This makes it clear that if daylight penetrates through the windows then light energy
can be reduced. In addition, “internal daylight levels in shaded sub-tropical buildings are well
below those achieved in buildings taking place in moderate climates” (Freewan, 2010).
However, daylight can also increase the required cooling energy. This confirms why the
energy used for lighting accounts for up to a third of electricity consumed for office buildings

in many countries.

Building a sustainable mechanism that maximizes the use of daylight faces a very big
challenge. The biggest challenge rises from the fact that to be able to provide lighting in an
indoor environment, natural daylight must be supplemented with an alternative source of
light which is derived from supplied electricity. If the electrical supply is not regulated and
well calculated it can result in a waste of precious energy, which of course is not sustainable
in the long run for financial and environmental reasons. A form of control such as dimming
sensors can potentially limit the excessive levels of daylight, which can provide an
appropriate balance between electricity consumption and natural lighting. Coming up with
effective strategies remains the challenge in today’s sustainable drive. Leading design and
construction professionals are working hand in hand with building owners to enforce new
technologies with integrated design systems and solutions. (Sullivan and Horwitz-Bennett,
2009)



Daylighting systems do not only consist of windows and skylights, they also include
responsive lighting control systems (www.wbdg.org). These control systems are capable of
reducing lighting power when adequate ambient lighting is provided at different times of the
day. When daylighting enters the space, it creates an interlink between the outer environment,
and the sunrays penetrating into the indoor environment. A visually appealing space and
reduced energy costs are obtained. Implementing daylighting strategies to a certain project’s

floor plan involves various parameters and considerations that must be observed in detail.

Such considerations include avoiding the admittance of direct sunlight into the space. Direct
sunlight in the space creates a substantial amount of glare, possibly affecting the occupant’s
visual comfort as well as the ability to work on technology. Daylighting often requires an
integrated design approach to more adequately reach a successful implementation model.
These approaches often require various strategies planned by the designers that further
analyse design parameters, the setting, climate, building form and components into

consideration.

1.3 Defining Daylight

Philip (2010) expresses that daylighting can be understood as the controlled entry of natural
light that would be able to reduce or eliminate the need for electric lighting. Mardaljevic et al.
(2006) state that daylight illumination levels in a given space are usually dynamic, and are
constantly varying in intensity. In addition, the distribution of light in an environment is an
outcome of the two major sources of daylight: the sun and the sky. The sun and sky both act
together in cooperation with the geometry and physical properties of the space, the exterior
context, as well as the existing interior conditions. To understand concept of light, it is
important to consider that daylight differs with season, the time of day, the latitude, and
depending on weather conditions of the setting (Benggeli, 2010, p.273). During the winter
season, usually there is less sunlight available than in summer. In addition, an overcast sky
differs substantially from a day with clear skies, in which conditions may vary during several
times a day. Direct sunlight may be required in cold regions around the world, and during
colder seasons. In a colder region, the use of sunlight/daylight could be useful for

components such as solar heating.



Daylighting is defined as “the controlled admission of natural light—direct sunlight and
diffuse skylight—into a building to reduce electric lighting and saving energy.” (Ander,
2011) Daylighting systems features apertures such as windows and skylights, in which sun
rays can penetrate through, thus allowing the sunlight into the space. The light coming from
the sun is called sunlight, which is usually considered to be brighter than the ambient
lighting. Moreover, the sun position is constantly varying as the day moves forward. Daylight
however does not only consist of daylight apertures, it also includes daylight responsive
lighting control systems (www.whdg.org). These systems are able to reduce artificial lighting

loads when sufficient daylight is present.

[lluminance is one of the most commonly used terms when discussing daylighting.
Illuminance is defined as the amount of light falling on a surface. Ankrum (1996), states that
the illuminance level is the most common and often used specification of lighting. It is
usually measured in Lux (Ix) which is the international unit adopted, as well as using the term

“footcandle” which is approximately 1 fc=10.764 Ix.

There are various organizations that may specify guidelines for specific illuminance levels for
using computers for example. The issue that rises is that illuminance is not seen, except if it
has been reflected from or passed through a physical surface or an imaginary plane.
Luminance is another term that is rapidly used within the lighting and design sector.
Luminance refers to the amount of light emitted from or passing through a surface. Regularly,
measured in candelas per square meters (cd/m?). Luminance can be perceived in opposed to

illuminance that is not seen by the eye.

There are numerous ways to define the word “glare”. A simplified meaning would define it
as the unwanted light, causing discomfort or disability. As well as the term might be
subjective to what it refers to. “A burglar may perceive a policeman’s blinding flashlight as
glare, whereas a policeman might consider it as a very strong light.” (Ankrum, 1996) At the
same time, human beings have different visual systems that depend on various factors. An
example for a factor that plays in the visual system is age, in which lighting conditions may
be ideal for a certain person and at the same time inappropriate for someone else with a

different age.



Before looking at some of the various considerations, it is important to understand the huge

impact daylighting has on architecture as well as productivity and wellbeing.

1.4 Daylighting in Architecture

Daylighting in buildings can have major influences varying from aesthetic, health and
comfort to economic ones. From the start of the earliest caves, daylight was the principal
informer to the inhabitants to be able to differentiate between night and day. Philips, (2004)
discusses that “the history of architecture is synonymous with the history of the window and
of daylighting from initial crude openings; letting in light and air, heat and cold, the window

was the vehicle from the introduction of daylight”.

During the industrial revolution, factories, workshops, and office buildings first appeared
(Baker et al, 1993). This is where the indoor environment needed adequate lighting for tasks
to be performed. Before the invention of the electric light bulb, the buildings consisted of
narrow plans and high ceilings allowing light to penetrate into the space. Other innovative
concepts of daylighting were developed in the southern part of Germany where the early
Baroque churches were constructed. These churches consisted of indirect lighting that
reflected onto the ornate decorations of the church. Indirect use of daylighting is similarly
used today, at Coventry Cathedral, or at the Bagsvaerd Church in Denmark. Through the
development of different kinds of fluorescent lamps, building design changed.

One of the main objectives of lighting in architecture is vision. Phillips (2004) confirmed this
by stating that “light enables us to perform, and without it the building would cease to
function”. Before electrical lights existed, most buildings simply responded to the daylight
conditions of a setting in order to create suitable lighting levels for the indoor environment.
Throughout the reflection of architecture in history, it was made clear that natural lighting
was a commonly used medium of architectural expression. Natural light simply changed a
building’s character turning it into a form with dynamic elements. Similarly, different
elements that allow the entrance of light into a building can be perceived as expressions of
buildings. Another design element that should be considered is the window, since it connects
an occupant from an indoor environment to the outer environment. This example creates a
more interesting and dynamic exchange between different spaces and scenarios. This
connection forms a visual interest that is encouraged from daylighting conditions all year

round.



1.5 The Effects of Lighting on Productivity and Wellbeing:

Heschong, (2002) highlights the rising interest in the influence of indoor environments on
occupant health and productivity in which it has revived a great interest in the potential
benefits of daylighting. Several reports confirm the association between lighting and the
reductions in worker absenteeism, higher retail sales, and better student health (Heschong,
2002). Essentially, daylighting is a significant source of light that offers several purposes.
Tragenza and Loe (1998) state that “the purpose of lighting is to give information: which is to
also allow the people in a given space to perceive the nature of the space they are in, what
other people are doing and what they have to accomplish in a task™. The indoor environment
requires light so that the occupants have a comfortable visual environment and to enhance the
performance of visual tasks. In most offices and workplaces, artificial lighting is pursued in

order for the occupant to carry out their work comfortably without any disturbances.

Boyce (2003) suggested a simplified way to help understand the visual environment; he
confirms that lighting can influence task performance by varying the visibility of the task
itself (the visual system). He adds that lighting can also influence the effect on occupant’s
mood, and add motivation to be able to perform a certain task (the perceptual system). This is
in addition to the ability of lighting to increase occupant’s alertness (the circadian system).
Moreover, Boyce, (2003) accounts these three routes are essential factors that would assure
visual comfort, in addition to maximising the productivity level. Fotios, (2011) provides an
example of productivity in an office is “when good visibility of tasks is provided, in which it
stimulates the staff and then promotes the well-being of staff, without discomfort or
demotivating perceptions such as gloom.” Without the presence of natural lighting, people
may have a tendency to lose track of timing, in addition to being unaware of weather
conditions, which could further result in the feeling of discomfort (Binggeli, 2010). Fotios,
(2011) also suggests that lighting designers should target aiding the visual performance as
well as improving positive aspects of the visual environment, when that is reached it aids task
performance. Current offices have specific requirements of illuminance levels which would
ensure adequate and suitable visibility for its occupants. Table 1.1 shows the recommended

lighting for offices in various countries based on international guidelines and standards.



Table 1.1 Horizontal illuminances recommended for offices (Mills and Borg, 1999)

Recommended horizontal illuminances (lux) for

offices
Country General Reading tasks Detailed drafting
Australia 160 320 600
Belgium 300-750 500-1000 1000
Brazil 750-1000 200-500 3000
China 100-200 75-150 200-500
Finland 150-300 500-1000 1000-2000
France 425 425 850
Japan 300-750 300-750 750-1500
Mexico 200 900 1100
Sweden 100 500 1500
UK 500 300 750
USA/Canada 200-500 200-500 1000-5000

Table 1.1 presented required values for tasks in offices, which are mostly general tasks,
reading, and drafting tasks. The higher lux needs are mostly required for higher performance

tasks. The lower the lux level, the simpler the task required.

When looking at visual performance, it is vital to consider that visual tasks are expected to be
performed with accuracy, safety and at reasonable speed. These requirements point towards
implying specific constraints on the illuminance levels as well as the visual field where the
attention is dedicated most (Baker and Steemers, 2002). Often, the visual system differs with
the occupant’s age, as well as from a person to another. In the case of provoking the visual
field with excessive eyestrain, such as from a glare, a feeling of discomfort and other
negative physiological conditions may result. When assessing visual quality of the interior
environment, it is important for the occupant’s field of view to be both aesthetically pleasing,
as well as providing certain degree of interest. Various research’s contribute to the theory of
visual comfort related to the quantitative and qualitative aspects of the natural daylight, in
addition to confirming that it considerably contributes to the well-being of pupils and thus
lead to better performances ( Abdelatia et al, 2010).

Tsangrassoulis (2008) published the article 'daylighting benefits’ in which he confirmed the
idea of daylighting having a major influence on human comfort. He also added that
daylighting can majorly contribute to enhancing lighting quality and occupant comfort. For
instance adequate lighting levels and colour rendering could alter occupant health and
comfort. In addition to expressing a point that lighting can be a mood motivator and can

majorly affect productivity levels due to reduced stress and fatigue.



After gaining a general idea on the influence daylighting had on architecture, its effect on
human health and wellbeing, it is important to understand energy consumption in its current

form and how buildings have contributed majorly in effecting the environment.

1.6 Energy Consumption in Buildings:

Buildings consume almost 40% of the world’s energy, 16% of the world’s fresh water, and
25% of the forest timber, while they are also responsible for almost 70% of sulphur oxides
and 50% of the CO2 emissions (Ghiaus and Inard, 2004). Tsangrassoulis, (2008) expresses
that after the 1970°s energy crisis; attention to daylighting has grown majorly with rising
energy prices. Later on, with the rising concern over global warming in our world, the most
significant way to reduce electricity consumption levels is to efficiently decrease electrical
loads. Energy consumption has witnessed a rapid growth globally, in which various concerns
were raised due to the exhaustion of energy resources as well as the heavy impacts on the
environment. Energy consumption is the main source of greenhouse gas emissions, which

results in climate change (Hong, 2011).

These impacts have been the major cause of the ozone layer depletion, in addition to
contributing to global warming, and the dramatically unstable climate change. Energy
consumption from residential and commercial sectors are the main contributors other than the
industrial sector and transportation. Increase in the human population has resulted in the vast
demands for building services and comfort levels, since most individuals spend most of their
time indoors. The world witnesses a global building boom of extraordinary scale, resulting in

several harmful consequences.

Buildings are known to be the biggest energy consumers in the world, as well as being
responsible for one-quarter to one-third of all energy use and a similar amount of greenhouse
gas emissions (Hong, 2011). The industry has witnessed a rapid growth in the energy loads
for services in various sectors due to energy demands. The automobile industry for example
made several efforts in meeting strict fuel efficiency standards compared to the building
industry. Unlike cars, buildings are constructed and designed to last for decades. Surprisingly,
the least efforts have been addressed to find solutions for the huge amounts of energy being
consumed. Lombard et al (2008), states that energy consumption in buildings accounts for
20-40% of the total final energy consumption in the service sector. The service sector mainly

includes all of the commercial and public buildings, in which energy consumption and



service rates vary by type of building and usage required. HVAC, domestic hot water,
lighting, refrigeration, are parts of the energy consumption usage required for schools,
restaurants and hotels. Within the commercial sector, an office building accounts as one of
the biggest consumers in terms of energy and Co2 emissions. The future therefore appears to
lie in the targeting efforts and developments towards finding alternative solutions that would

reduce the consumption level.

After addressing information on the current building consumption levels, the next section
offers a wide variety of current and previous provisions that address green buildings and

initiatives toward sustainable direction.

1.7 Provisions for Daylighting in Green Building Rating Systems, Standards and Codes
Numerous amounts of existing standards and guidelines call for the use of daylighting as a
strategy to reduce energy consumption as well as improve light intensity in buildings. One of
the main examples put to use in our modern day is the UAE’s Green building guideline
405.01 (www.dewa.gov.ae). This regulation encourages efforts to move towards the provision
of natural daylight for all new buildings, other than industrial buildings, provision for
adequate natural daylight must be made in order to reduce their reliance on electrical lighting
and to improve conditions for the building occupants and provide lighting openings in
accordance with Dubai municipality building regulation and specification.” (DEWA Green
building, 2012) Other examples of international principal guidelines are the U.S. Green
Building Council (USGBC), as well the important green rating system that is known as:
Leadership in Energy and Environmental Design (LEED). Other provisions include The
American Society of Heating, Refrigeration and Air-conditioning Engineers (ASHRAE)
standards and guidelines that lead an energy efficient approach (ASHRAE 90.1 and 189.1).

Sustainable drives most of the design and construction industries towards sustainability and
energy efficient solutions in addition to highlighting daylight performance. This drive is
carried out from useful guidance at the early stages of design, compliance with construction
codes, to post-occupancy verification. (Mardaljevic, 2011) The performance of the
daylighting in a certain space is a concern to various stakeholders taking part in the
building. The stakeholders influenced with the issue of daylighting would be the following:
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- Building occupants: those who work or perform tasks in the building, in preference to
a specific amount of daylight levels, even if it was a minimized amount.

- Those who are concerned with occupant’s wellbeing, as well as performance benefits
of daylighting in a building. These people are usually in charge of paying the salaries
of building occupants.

- The stakeholders that pay for the building costs, in which they would favour daylight
exploitation, as well as electricity consumption level.

- People who are involved in designing or manufacturing devices or technology that
can control daylight, and make use of it in an efficient way. Examples of this are light
pipes, lightshelves, types of glazing, and other shading devices etc.

- Performance experts that pursue better solutions and improvements to existing ones.
An example of these types of professionals is architectural teams that work towards
design solutions for better efficiency performance levels.

Ideally each of these stakeholders has a specific way of application, level of detail and

precision, as well as format that would constitute daylight.

1.8 Research Outline

The dissertation is divided into six chapters as follows:

The first chapter:

During the first chapter of this paper, an introduction to the study is presented as well as the
research aims, defining daylight as well as its effect on architecture, productivity and
wellbeing.

The second chapter:

The literature review is the following chapter which consists of information that that provides
the reader with a full-on understanding of the topic as well as major aspects. This chapter
looks into various types of papers that represent similar approaches opposed to the one being
studied. Comparing and contrasting different research papers help compare results and
approaches as well as adjust diverse parameters. Factors that affect energy consumption in
offices are well presented and backed up with international standards to provide a baseline of

understanding.
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The third chapter:

Research methods are discussed in this chapter in-depth and analysed and then compared to
different methods that look into assessing energy and enhancing daylight performance in
various office plans. Looking at various research parameters in comparison to current

research study, will determine the best method to carry out for the research paper.

The fourth chapter:
The fourth chapter, the method is progressed and the analysis process is acquired. This
chapter also includes all of the configurations and inputs used in the research, as well as the

base cases and scenarios implemented.

The fifth chapter:
In this chapter, the results are obtained and presented, as well as discussed and compared to
each other. The main aim of this chapter is to understand the differences and the impacts of

the different configurations chosen. An optimal case is selected and discussed.

The sixth chapter:

The final chapter consists of the final conclusions obtained from the whole study. An optimal
case is suggested, as well as further recommendations and amendments that could be of use
for taking the study further.
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CHAPTER 2 LITERATURE REVIEW
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2.1 Introduction:

Many architects discussed the effect of light in architecture; amongst them is the prominent
figure in the early modern architecture "Le Corbusier, (1989). Interestingly enough, most of
his projects present physical proof of the history of struggle for light. Further, Le Corbusier
(1989) quotes that “Architecture is the masterly, correct and magnificent play of volumes
brought together in light...” With the major significance daylighting has on human health,
comfort, and performance, in many cases electric lighting supplanted daylight in buildings.
(Kroelinger, 2002) Most of the time when artificial lighting is pursued it can be a major
contributor to high consumption of energy. Therefore, when assessing indoor environments
especially offices, it is crucial to consider the recent advancements that would help reduce
energy loads, without affecting occupant performance levels, health and comfort.

Providing advanced techniques that could enhance building performance as well as maximising
the use of daylighting is vital. When daylight penetrates deeper into the space, it illuminates the
indoor environment, making it a pleasant working environment. The literature in this chapter
presents a variety of results in relation to buildings and innovative advanced lighting techniques.

These advanced lighting techniques can provide energy saving through daylighting.

Numerous amounts of research papers that discuss the importance of daylight presented in
office buildings are discussed. These research papers help provide supplementary knowledge
of the subject, as well increase research awareness and help develop research parameters and
objectives. Several papers will be examined and analysed to attain a deeper understanding of
lighting in terms of energy consumption, and lighting performance without affecting

occupants.

These research papers have been devoted to finding solutions that can mitigate the issue of
energy consumptions in deep plan office buildings. A literature search was carried out using
specific terms to obtain the correct information to pursue the study. The terms consisted of:
energy consumption advanced lighting integration, shading devices, effective daylighting,
lighting, lighting in office buildings, and evaluation of lighting in offices. In order to gain a
deeper understanding of energy consumption, one should identify the basic building
operations that are demanded. In general, most buildings are obliged to follow requirements

that are set to achieve comfort and a suitable environmental condition for its occupants.
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These requirements exist mainly in every functional building taking place in this day of time;
examples of such requirements are HVAC systems, lighting, and appliances. However,
looking into literature that discusses the UAE as a country is important to help achieve a
better understanding of the industry as well as its demands from its shortcomings.

2.2 Literature that Discuss the UAE:

Understanding the Unite Arab Emirates climate is key to understanding the design
requirements of its infrastructure. However the climate is not the only factor to be considered
in this study. The economy and the fuel propelling its growth also play a large role in
determining the environmental impact on the nation. The UAE economy is largely based off

the energy sector which has given the country vast wealth to further incorporate into projects.

Kazim, (2007) research paper details how the discovery of oil in the Emirates in the 1960s
has led to quick development and growth in the Gulf Cooperation Council member state. It
has seen a 4.9% growth over the past 20 years and according to 2011 estimates from the CIA
World Fact book, the UAE’s GDP per capita stands at $48,500. However the UAE has early
on realized that oil will one day run out and that an economy largely based on just one sector
is not a viable strategy. As stated by Kazim (2007), the UAE began to ensure the
sustainability of the country’s economic growth by diversifying into other sectors such as
construction, real estate and tourism amongst several others. Kazim adds that the
diversification has helped leverage the impact of a decrease in the global price of oil in the
late 1980s and has continued to help continue its economic growth. As the UAE became
more open to foreign direct investments and large business deals, the construction industry
matured hand in hand. The major increase in projects and in the development of design and

buildings made the construction industry one of the prime demanding sectors.

The construction industry involves a variety of parties contributing to human development
and the overall quality of life with in the UAE. This is done through the terms of what is
considered to be life’s rudiments: shelter, water supply and hygiene, roads and railway
networks etc. Kazim (2002) states that increased urbanization demands, as well as expanding
industries and population growth have increased the levels of hazardous air pollutants such as
carbon monoxide, nitrogen oxides, sulphur dioxide, hydrogen sulphide, ozone, hydrocarbons,

chlorofluorocarbons, lead and other particulate matters.
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High economic growth and urbanization took a giant step in the UAE since its date of
independence in 1971 (Kazim, 2007). Kazim stated that there are three major parameters that
drastically affect the UAE’s energy consumption namely population growth, high
urbanization and economic growth. His research assessed the UAE’s primary energy

consumption as well as its environmental impact on the country over the past two decades.

As a result of the quick and steady economic boom in the Emirates a few challenges have
become quite prominent in the construction industry. A key study carried out by Al Marashi
and Bhinder (2008) discusses the urban challenges that face the city of Dubai since the
construction boom. The paper further illustrates social, economic, and environmental
implications related to the city of Dubai. Al Marashi and Bhinder (2008) state that “the
country is still young and evolving, hence the legal infrastructure is not completely in place”
This statement confirms that new measurements should be implemented and enforced in

order to provide a much more environmentally friendly and concerned community.

A further challenge outlined by Gill (2008) is the alleviation of the tough desert environment
through the use of indoor spaces. Due to the limited use of the outdoors in the Middle East, a
large focus is placed on the indoors. This creates a challenge in creating a suitable and

sustainable living environment behind walls and windows.

Through the rise of issues and concerns, the UAE recently started taking a role along the
lines of pursuing sustainable development. A remarkable boom took place in the last two
decades that was known to be heavily dependent on expats who came from different
nationalities, and backgrounds. It is common to find stakeholders within the same project
coming from different cultures to work within the UAE, which amongst other concerns
affecting the performance and demands for various types of building. Moreover, the UAE is
one of the biggest carbon emitters on a per capita basis due to the heavy dependence on
natural gas and growing demands for air conditioning and desalination. According to
Mitchell and Hulme (2000) the UAE consumes 9.40 tons of carbon emissions per capita. This

IS in contrast to countries like the UK which only consume 2.41 (tons/capita).

Al-Sallal (2010) research paper confirms that buildings in the UAE are not considered to
achieve proper shading or to improve occupant visual quality; hence his case study on school

buildings was a great example to add on to this issue. The paper discussed and tested
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educational spaces in which occupants had experienced direct sunlight, as a result of
inappropriate solar orientation. Another addressed issue was that in deep educational spaces
there were different cases that students' eyes were affected due to areas being directly lit, and
other cases not fully illuminated spaces. Baker and Steemers (1993) also suggest that such
lighting issues affect occupants and may initiate serious problems of high brightness contrast

and acute glare that affect visual comfort and in some cases causing health problems.

A paper aimed at sustainable development in the UAE by Salama and Hana (2010), explores
the level of awareness of sustainability and construction. The paper recognised the important
challenges that were facing the concept of sustainability. A survey was distributed to a
random selection of 120 professionals taking part in the construction industry. Results of the
study indicated that the construction industry in the UAE “witnesses a growing awareness of
sustainability, which is leading to a notable development in the green construction culture”
(Salama and Hana, 2010). Despite of the growing interest in the green notion, other
suggestions such as legislations should be put in place to further improve the implementation
of green buildings and the construction industry. A way of using the sun’s light in a suitable
manner, is looking at building envelopes, and orientation. Constructing a building in a way
whereas daylight is accessible but not too direct in which it can disturb the occupants inside

the interior space.

Hammad and Abu-Hijleh (2010) conducted a study on the energy savings potential of using
dynamic external louvers in an office building in the city of Abu Dhabi, UAE. The study was
performed through a simulation software IES-VE in order to predict energy consumption by
deploying external louvers at different orientations of the building’s facade. The results of the
study show that combined dynamic louvers with lighting dimming approach attained
maximum reduction in energy consumption loads when compared to other scenarios tested.
Additionally the implementation of using “only light dimming methodology for the lighting,

even without external louvers, is always advantageous” (Hammad and Abu-Hijleh, 2010).

While there is a great deal of attention paid to the importance of the idea of sustainability on
contemporary architecture, Abdelatia, et al (2010) expresses his concerns associated with the
creation of sustainable architecture in which most of the time they are incorrectly articulated
and pointing towards “low energy building" concepts, although they extend beyond energy

related issues. While the emphasis is on the various environmental targets, it is important to
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take into consideration lighting, and the several factors it can provide to the indoor
environment such as the effects on productivity, as well as human health and comfort which

in total affects the human's psychophysical state.

Before initial steps are taken, there is a need to comprehend how the potential benefits that
could be obtained from daylighting, and understand the major challenges that face the

construction and design industry.

2.3 Benefits of daylighting

Various benefits can be achieved from daylighting, yet it can also have a major significance
on energy consumption levels. Relating back to Boyce (2003) paper on the current redundant
electricity demands resulting from artificial lighting loads, concerns on alternative sustainable
options that would reduce energy consumption demands. Boyce (2003) suggests two
prospects for reducing lighting energy consumption are: 1) Greater use of daylight and 2) The
development of more energy-efficient lighting technology. The next section will look into the

first suggestion: The greater use of daylight.

Almost all of the design projects start with a wide investigation of existing conditions.
Existing conditions play a significant role on the project itself in terms of building
performance. The location of the space chosen, the climate of the setting, and orientation of
the building should be considered carefully, in which these factors influence light, view, and
energy demands. Most of the interior spaces require a certain amount of light. This could

serve for safety reasons, visual comfort, and to be able to perform tasks.

Daylighting is recognized to have substantial benefits on both the environment, and the
wellbeing of people. These benefits include enormous amounts of energy cost savings, as
well as enhancing human visual comfort in the indoor environment. In addition, it is being
described as the best source of light for good colour rendering and its quality is the one light
source that most closely matches human visual response. (Li and Tsang, 2007) When
daylighting enters the space, not only does it provide a pleasant atmosphere, “as it also
maintains a connection between the indoor environment and the outside world. “People
desire good natural lighting in their working environments” in which they anticipate suitable

daylighting in the environment they work or stay in (Roche et al, 2000). “Finding a balance
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between daylight provisions and reduction in energy consumption or demand through
appropriate control of solar gains is the main question that has been addressed in previous
studies” (Lee and Selkowitz, 1995).

Research has indicated that daylighting can drastically change energy consumption in many
types of buildings and in all forms. This is because when daylight is adequate, artificial
lighting is no longer required, making it easier and efficient for building landlords in terms of
energy consumption. With more research data and information currently addressing the
subject of daylighting, more architectural designers and construction practises have been
recently integrating daylighting concepts into their buildings, furthermore to enhance

building performance and head towards better energy efficient solutions.

After looking at daylighting as an important source of light, it vital to recognize daylighting
as factor that is considered to be one of the major environmentally responsible strategies that
is attained a lot of focus and interest in the design industry. The issue that rises is that
professionals have not yet assessed the advantages and disadvantages of daylighting before

implementing it in the design stages.

Advantages of daylighting:

- The overall outcome of the presence of daylighting is the ability to reduce the amount of
artificial lighting hence reducing energy consumption. In contrast to artificial lighting,
natural lighting can produce lower rates of heat per lux.

- Studies have proved the impact of daylighting on human health and wellbeing, in which
it can also have an enormous impact on productivity and satisfaction of building
occupants. It has also been established that daylighting has a major impact on mood

swings and productivity and lower absenteeism levels.
Disadvantages:
Although daylighting is proved to have numerous amounts benefits if not executed properly it
may have a negative influence on the space.

- One important issue to consider is that direct sunlight can produce glare. Glare can be very

unpleasant, making the occupants uncomfortable with the direct light, resulting in a lower
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performance level. Controlling glare is an important aspect of daylighting system, which
plays a major part in enhancing the lighting performance in the space.

- Daylight can be a concern at times, if it generates a large load of heat into the space. This
is because the sunrays are a very powerful source of heat, which can penetrate into the
space and produce great amounts of heat. Controlling heat gain is essential in buildings to
reduce cooling loads, which relying on HVAC systems to cool the indoor environment.

This reduction of HVAC system will result in overall energy consumption savings.

After outlining the most imperative aspects in relation to the study, the final and main
benchmarks for judging lighting design would be the human eye. This means that no matter
how well the lighting design conforms and adapts to a certain quantitative criteria, if the
occupant in a specific environment is simply uncomfortable, the design has failed. Too much
light can be uncomforting and harmful, but using it a source of illumination is considered

efficient.

2.4 The use of Daylighting In Office Buildings

All through history, daylight has been the prime source of lighting in buildings, supplemented
originally with the burning of fuels and more recently with electrical energy. (Kroelinger,
2002) During the 19™ century before electric lighting was substituted, it was important to
consider daylight strategies. Approaching the mid-20" century, electric lighting successfully
replaced daylighting in buildings in various occasions. (Kroelinger, 2002) Luckily, during the
end of 20" century the industry recognised the significance of daylight presence in buildings.
Daylight has the ability to create a pleasant and a welcoming atmosphere, and as confirmed in
various studies on schools and retail sales environments, it can as well impact human
performance (Heshong Mahone Group, 1999a & b). Daylight can not only provide a bright
atmosphere, but it can also provide an enjoyable interaction between the indoor environment
and the outer view that the window offers. When lighting design is performed in an
appropriate manner, energy savings aims can be achieved, especially when daylight levels are

capable of illuminating the space.

Bill Lam (2010), a lighting designer, presents John Hancock Tower in Boston as an example
of a failure in architecture. The building was constructed mainly to avoid light with its

building orientation facing east and west, in which the glazing prolongs from the floor to

20



about one foot directly above the ceiling. In avoidance of glare issues, interior blinds were
put to use, leaving the artificial lights turned on the whole time. Basic daylighting approaches
can consist of making windows and skylights available to penetrate into the space presented
in many buildings in the northern Europe, but correct use of daylighting is defined as passive
solar design. “Daylighting involves the conscious design of building forms for optimum
illumination and thermal performance.”(Binggeli, 2010, p275) Controlled use of lighting is a
challenge when pursuing daylighting design in demanding types of buildings such as
hospitals, offices, libraries and laboratories.

Daylighting can be designed to illuminate the space through side openings such as windows
and top openings such as skylights or a combination of the two. The chosen strategy is
mainly dependant on the type of building, aspect ratio and massing, climatic conditions, and
site obstructions. Throughout time, introducing daylighting into buildings was known as side
lighting (Kroelinger, 2002). It also provided connection to the outer area, and allowing room
for ventilation in appropriate times of the year. Therefore daylighting should be included in
offices to serve both purposes of reducing energy loads, and at the same time keep an on-
going connection with the outer surroundings. Daylight openings and controls vary in terms
of building orientation. Moreover, desired distribution of light will differs with the location of

the openings allocated, as well as taking into consideration wall system restrictions.

Unver et al (2003) compared and contrasted between three different offices, mainly with an
attempt to evaluate the difference in their daylight illuminance levels. The study had varied
office dimensions, as well as glass types, and envelope transparency ratios. Results indicated
that climatic conditions, fagade orientation, as well as obstruction objects are the main
parameters that were more influential factors. On the other hand, Hayman et al, (2000)
suggests that when looking into conventional buildings, the use of advanced daylighting
technologies integrated with effective lighting controls, and efficient lighting options, up to
75%-80% of electric consumption savings can be achieved.

Daylight controls can also be called daylight compensation systems. Daylighting
compensation works with an automatic dimming process, which results in a massive amounts
energy savings during the day. Since most commercial offices operate from 9AM to 5PM, or
8AM to 6PM and sunlight is present during most or even most of the working hours. This
system is able to reduce the need for artificial lighting when daylight is available to perform
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tasks without reducing performance levels. “Daylight compensation dimming can reduce
energy use in perimeter areas by up to 60 percent.” (Binggeli, 2010) Areas closer to the
window will usually be illuminated, as for farther areas from the window will be darker. The
approach places the sensors deeper into the space to detect daylight penetration. When
daylight penetrates into the space, the sensor will detect it and start to dim artificial lighting.
The results will be massive reduction in energy loads, as well as adequate lighting quality
illuminating the space.

Torcellini et al, (2007) address a paper on Solar Technologies & the Building Envelope,
where it stated that “Lighting is the largest single end use in commercial buildings, at 24% of
the total primary energy used” (EIA, 2010). Bodart and Herde (2001) propose that one of the
major issues affecting and damaging the environment is the increase in CO2 emission. In
addition, they suggest that “the best solution for the reduction of the environmental pollution
impact coming from the fossil energy combustion is by reducing our energy consumption.”
Over the years, countless numbers of research papers have looked into reducing energy
consumption in buildings. Therefore new prospects have opened up for potential lighting
energy savings especially in office buildings. The potential for daylighting savings is signifi-
cant in relation to the energy consumed. Similarly, Torcellini, et al, (2006) presented a paper
during the 1999 Commercial Buildings Energy Consumption Survey that expressed that
nearly 80% of the total floor area in commercial buildings has a roof or is within 15 ft. (4.6
m) of an exterior wall, in which means that there is good potential to be at least partially day
lit”.

When looking into exploiting daylighting further in the buildings Goulding et al. (1994)
states that there are costs that may rise when doing so. Consequently there is a need for
understanding the motives behind implementing daylight into buildings. The quality of
natural light is one of the reasons why daylighting in buildings is important. Hansen, (2006)
suggests the first and most important reason is that it is necessary to know that the human
eye responds to natural light stimulus, which is known to be lacking artificial lighting. The
naturally lit environment simply offers a better lit space, rather than one with electrical lights.
Studies have proven the psychological and physiological advantages of daylighting on
occupant performance levels, which are not comparable with electrical lighting. A main
reason remains to be the energy consumption level that can be obtained on peak hours of the

working day; daylighting seems to achieve high efficiency rates. A bigger result would be the
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overall reduced impact on gas emissions since the dependence on non-renewable energy

sources is no longer needed at certain hours of the day.

After gaining a deeper understanding of daylighting, and the presence of daylighting in
offices it is important to consider daylight performance and design. It is important to consider
that daylighting must be integrated into the building serving both the needs of a suitable
atmosphere, as well as reducing energy loads from the need to use artificial lighting. The next
section will look into design for daylight which will set apart design success from failures.

2.5 Design for Daylighting

There are various considerations that must be analysed when looking design for daylighting
in offices. One important consideration is the working hours, and the time spent inside the
indoor environment. Taking the city of Dubai as a base case for the study, in which the total
hours are on average 8 to 9 hours per day. These hours spent inside the office are very much
important since the occupant is exposed to artificial lighting most of the time. For an office
space to be illuminated with light, the office is influenced by the orientation of the building,

the sun’s direction throughout the day, as well as the apertures dedicated in the space.

Useful Daylight Illuminance (UDI) is a concept of daylight autonomy carried out by
Mardaljevic and Nabil (2005). It is a type of metric system that is sets out lux levels ranges
that are considered ‘useful’ for occupant’s perception. There are three ranges, 0-100 Lux,
100-2000Lux, and over 2000 Lux. These ranges are important because they simply put the
useful illuminance levels into perspective. They show which levels are more suitable for the

human from all aspects.

The major challenge rises when looking at office buildings is harnessing huge amount of
energy found in sunlight. Philip, (2010) expresses that “on a clear day, the sun provides 8,000
to 10,000 foot-candles (fc) of light” which is a major amount of sunlight transmitted. This
similarly means that even when sunlight penetrates through glass into the indoor
environment; it can also deliver around 5,000 fc on a clear day and 1,000 fc on a cloudy day.
This is to mention that for example a person working in an office building would require 35fc
for reading (Philip, 2010). Daylight approaches are usually determined by studying in-depth
the presence and availability of natural light, which is determined by the building orientation,

furthermore the environmental conditions that immediately have significance on the building
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(Philip, 2010). For instance: the existence of different obstructions. Most of the time climate
can have a major influence on daylighting; therefore, identifying climatic conditions is
crucial. When these factors have been determined, parameters and method for the study is

easily achieved.

Konis (2011) stated as there is a growing interest towards the importance of daylighting in
commercial buildings, there is less agreement for how electric lighting energy consumption,
daylight sufficiency, visual comfort, and view performance objectives should be defined,
measured, relatively valued, and how results should be interpreted to assess success from
failure. Often, Effective daylighting is defined in a very diverse way depending on who views
it from the design industry. This means that the mechanical engineer can simply perceive it in
terms of electrical energy reduction (Deru et al, 2005) while the architect would look into
various aesthetical attributes of the penetration of daylight deeper into the space. From a
client’s perspective, it could be a matter of compliance with certain requirements with in the
daylighting criteria. However, the occupant may assess the daylighting performance in the
indoor environment according to visual comfort, the least amount of glare, interaction with
the outer space. In the design industry, each stakeholder is responsible for a certain
perception. If not assessed correctly, in most cases it can lead to misleading conclusions.
Therefore it is important to consider the wide range of factors that affect assessing daylight
performance. Ideally, a metric could be both predicted through different approaches such as
simulation as well as determined through measurements in the field so that predictions could
be verified. (Mardaljevic, 2011)

As mentioned earlier about daylighting, to assess general performance requirements of the
buildings there are major variables to examine. These variables look further into climate,
location, orientation, building type, as well as occupant requirements. “The single greatest
failure in daylighting designs is the lack of systems perspective that accounts for, and

provides an integrated solution for the set of performance issues.” (Selkowitz and Lee, 1995)

In order to acquire the long lasting benefits of daylighting, the electric lighting must be
controlled in response to the available daylighting, for example by having an integrated
system, or a dimming profile. Sullivan, et al (2009) expresses his agreement on the same
approach of controlled and incorporated daylighting and electrical systems adequately.
Beyond looking at building standards and guidelines, “any successful building that

incorporates daylighting and electrical lighting systems should contain a carefully designed,
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integrated, and calibrated control system” (Sullivan, et al, 2009). This means that most of the
projects should be assessed sensibly in terms of serving building performance, taking into
consideration all of the aspects that can play as effective components to the building. Tanteri
an educator with the International Association of Lighting Designers (www.iald.org) provides
a preeminent approach which is to initially design buildings for daylighting, and then the
second step is to address electric lighting. This means that when designing buildings, the
maximisation of daylight in the space is taken as a first step, with an aim of minimising the
need for electric lighting, when daylight is present. He also adds that space programming,
zoning, control intelligence, as well as interoperability all act as factors, but emphasizes most

on daylight first.

2.6 The problem with Deep Plan Offices:

The advantages of natural light in office buildings are endless, yet they are non-existent. This
is because of cost-effective reasons and spatial necessities of the workplace. Hansen et al
(2003) state that floor plan designs of over 10 meters in depth most likely to result in dark
cores, since side daylight passively reaches only up to 4 meters distance from the window.
Therefore deep plan offices depend majorly on electricity. This results in large energy

consumption demands for lighting.

The Property Services Agency and Department of the Environment, (1976) defined deep plan
buildings as buildings with an obstructed open plan of more than 17 meters. Baker and
Steemers, (2000) assessed energy efficiency in buildings as the passive zone that can be
illuminated with daylighting and naturally ventilated, as well as depth of the room should be
twice the ceiling height. Furthermore, a deep plan office is one with a plan that’s depth that
surpasses the passive zone area. When this happens, the passive zone exceeded becomes none
passive, in which it needs to be illuminated using electrical lighting. The research looks at
alternative deep plan measures of the office buildings in an attempt to penetrate lighting
further into the space. The deeper the plan is, the more the challenge it is. Therefore choosing
the right device for daylighting is a major concern. Figure 2.1 demonstrates the passive

zones in buildings.
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Figure 2.1: Passive zone in buildings (Baker and Steemers, 2000)

Hansen (2006) proposes that there are two leading motives behind the recent popularity in
deep plan commercial buildings nowadays. This is due to financial benefit that route back to
the plan having full site coverage. The second reason relates to companies that usually prefer
their office usage area to take place in one level in order for all the facilities to be in one
place. In these types of plans during most of the occupancy time, artificial/electrical lighting
has replaced the use of daylighting in some cases. There are various office buildings are built
with maximum site coverage, that then cause deep plan buildings to have little perimeter zone
to obtain daylighting. (Hansen, 2006) On the other hand, other cases are due to the closeness
of adjacent buildings that can cause shadow effects, as well as minimising the chances of
lighting from reaching building facades.

There are more reasons for relying on artificial lighting in deep plan spaces. The main reason
is the varied illuminance levels between different areas of the space; some brighter others
consisting of darker areas. Another reason is the large openings/windows that are built, that
allow high admittance of light causing glare. When glare is present, it is necessary to place
blinds that would obstruct daylight from entering into the space. Other reasons route back to
the placement of enclosed offices closer to the perimeter of the building that eventually

obstruct light from entering into the indoor environment.
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Various considerations must be taken into account such as building form, orientation,

location in which plays a major factor in influencing light admittance into the space.

Nowadays, many progresses are shifting towards advancing daylight technology that can be
efficient while not reducing comfort levels of building occupants. One of the advanced
daylighting concepts serves both as a shading device, as well as a device that can reflect and

redirect sunlight into a space.

2.7 Introducing innovative daylighting systems:

The science of daylighting is not only about providing daylighting into a required space, it is
also a process of providing the space with enough light that will not affect the occupants
comfort levels. Moreover, it also involves looking further into heat gain and loss, as well as
glare control. There are various architectural technologies that comprise the daylighting
system. However, not all of the strategies must be present for achieving a daylighting system.

The following strategies are provided as an example (WBDG, 2011):

— Daylight-optimized building footprint

— Climate-responsive window-to-wall area ratio

— High-performance glazing

— Daylighting-optimized fenestration design

— Skylights (passive or active)

— Tubular daylight devices (light pipes)

— Daylight redirection devices (lightshelves)

— Solar shading devices

— Daylight-responsive electric lighting controls

— Daylight-optimized interior design (such as furniture design, space planning, and

room surface finishes).

Littlefair (1995) proposes that daylighting systems have two main objectives as to attempt to
bring natural lighting further into the space, as well as to create a controlled illuminated
environment that could serve as a suitable one for occupants. Various numbers of innovative
daylighting systems have been researched yet there is a limitation to whether they can serve

as potential energy saving devices.
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Innovative daylighting systems are defined as devices that can bring daylight into the indoor
environment. They have been divided into two important groups such as light guiding

systems and light transport systems.

2.7.1 Light Guiding Systems:

These devices are known to redirect sunlight into the space by either using direct light or
diffused light. They can reach up to approximately 8 to 10 metres, whether through
reflection, refraction or deflection of light. Various devices are used in different purposes due
to the performance required, position, and building type. There are both vertical devices for

example laser cut panels and prismatic panels and horizontal elements such as lightshelves.

2.7.2 Light transport systems:

The general idea about light transport systems is that they have the ability to get lighting
further and deeper than the light guiding systems. This is because they channel sunlight
through the exterior of the building and then disperse into the indoor environment. An
example of a light transport device is light pipes.

2.8 Lightshelves

Numerous amounts of research papers looked into innovative daylighting systems that have
currently been developed. These systems could be of major use when applied to deep plan
buildings. (Beltran et al, 1996) expresses that the main aim of most daylighting concepts has
been to both control and regulate incoming direct sunlight, and to further reduce its possible
undesirable effect of visual comfort and cooling load. However this statement does not deny
that daylight is an excellent source of light, when appropriately distributed into the interior
space without causing the effect of glare. Kroelinger, (2002) suggests that lightshelves are
known to offer not only shading but also redirect the sunlight into a given space. Essentially
the main objective behind a lightshelf is to reflect light into the building. A horizontal, or
nearly horizontal shape (Littlefair, 1995) usually divides the window into two parts, the upper
part of the window, and the lower part of the clerestory. Lightshelves can take place both in
the exterior of a building and in the interior of a building or even used both interior and
exterior of the building at the same time. Figure 2.2 shows two types of lightshelves. The first
one from the top shows a lightshelf with a view window under it, and the second one under

illustrates a lightshelf followed by an opaque wall.
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Figure 2.2 Two types of Lightshelves (Littlefair, 1995)
Lightshelves are known to offer both shading and a source for redirecting sunlight from a
higher position into the space. Lightshelves position and placement may vary depending on
the required demands, in which it may be externally or internally, or even placed at both
areas. The depth of the lightshelves also depends on the required visual needs, as well as the

orientation of the building, and the window height.

The ultimate goal is to use lightshelves as a strategy which can help illuminate deeper into the
office space, yet at the same time at a controlled brightness level, within the occupants fields
of vision. It is important to consider various implications that can have a great significance on

daylighting design strategies.

2.9 Lightshelves in Buildings

Recent advancements have led architects and the design industry to grow further
interest in daylighting and sustainability, hence the wide investment in highly glazed
buildings. Utilizing all-glass facades in buildings is a way to help improve the quality of
lighting in the indoor environment, however varying temperatures from the exterior
environment limit the use of this material. Issues rise with ability to manage varying daylight
fluxes, and managing daylighting penetrating into the space. Selkowitz and Lee (1995)
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present a research paper that discusses integrating automated shading devices with daylight
controls that in most cases a static fixed control solution will not suffice. It is necessary to
provide an active responsive to the outdoor system that can change the interior task required.
This is when light sensors step in to add proper functionality.

Shading devices can be added along with automated sensors that have the ability to control
lighting by maximizing energy efficiency at the same time meeting occupant needs with

artificial lighting when sunlight is not sufficient.

After attaining a deeper understanding of lightshelves, it is important to summarize the
advantages and dis advantages of using lightshelves before considering the best and suitable

ways of using lightshelves.

Advantages of using Lightshelves:

A major advantage of having lightshelves is the ability of enhancing daylighting and

bouncing it back to the space. Daylight is a very effective source of light, and can create a
pleasant environment.

Research papers have linked daylighting with increased worker/occupant satisfaction. This

means that the inhabitant of the building is comfortable and motivated to work, resulting

in increased performance levels.

Disadvantages of using Lightshelves:

- The major issue with lightshelves is that they are only effective on sunny days. This means
that climatic conditions play a major role in affecting the performance of the lightshelf.
Also when a sky is affected by clouds, it is called an overcast sky. When this occurs, the
lightshelf can penetrate a very small amount of light but not a major amount. In this case,
the daylighting level will be low, in which it needs to be supplemented with artificial
lighting.

- Another issue is that lightshelves may not result in large light illuminances in the occupied
space. As stated by Littlefair, (1995) “The highest related increases (12-20%) were in

situations with a large external obstruction”.

Assessing lightshelves as part of the innovative systems could decrease energy loads,

as well as enhance lighting deeper into the office spaces. Lightshelves are placed internally
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and externally, to make an effort to penetrate most light into the space without creating glare

and discomfort.

2.10 Design Strategy and Parameters

In order to obtain successful daylighting and electrical lighting results, various considerations
and variables must be carried out by the whole building team. Initial considerations must
include the decision answering questions such as who will occupy the space, and the required
activity and task needed. This is based on lighting preferences that desired by most
inhabitants. Conceptually, Kroelinger (2002) suggests that daylighting can be distributed to
the interior environment through varied openings on the lightshelf either from the side, from
the top, or a combination of the two. In addition, he indicated that building type, height,
aspect ratio and massing, dominant climatic conditions, site obstructions, adjacent buildings,

and other issues most often drives the choice of strategy.

Abdelatia et al (2010) carried out a research that addressed daylighting strategies for
sustainable schools in Libya. The main aim was directed at traditional orientations of school
buildings. The study focused on daylighting strategies such as providing a good distribution
of lighting inside the schools interior in a given space. Another strategy was to protect walls,
desks and chalkboards from solar radiation and glare resulting in a negative consequence on
the spatial task and activity of the students. The last strategy assessed was controlling the
distribution of natural daylight in terms of managing quantity and distribution of light in the
school’s interior according to occupant needs. However the school had to be supplemented
with additional light, such as artificial lighting. This is for night use or to have an additional
source of lighting throughout the day. The dimensions for the classrooms were 6meters X
8meters x 3.18 meters high, were inputted into the computer simulation software DIAL-
EUROPE. When looking to assess daylight factor (DF) the adequacy of daylight is the main
objective. The study resulted in higher values of DF percentages closer to the windows.
Additionally the study proved the presence of glare and possibly overheating in the middle of
the classrooms. Abdulatia et al (2010) approached the scale model as another tool to assess
the study further. The scale model was widely used since 1920 (Willbold G, 1988) to
measure and evaluate daylighting. The scale model mimics the design of the actual
classroom. This method was preferred over the computer simulations since it takes into
results in a better feel and understanding of the interior environment. A major outcome of the

study was that the East orientation classrooms benefited most from the sun during morning
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hours. In the morning, the east orientation benefited from higher solar heat gain and low

position of the sun.

Not many papers agreed with the (DF) approach, Cantin and Dubois (2010) presented a paper
on daylight quality based on illuminance, distribution, glare and directivity. These metrics
were used to evaluate daylighting quality. The study discussed the limitations that face
mostly architects and researchers. The research details that the (DF) is clearly insufficient,
and the reason is that the light from the sun and non-overcast skies are not usually taken into
consideration. Furthermore, (DF) does not assess room or building orientation. Another issue
discussed was mixing both natural lighting and electrical lighting cannot be accurately
calculated. The main outcome of the Cantin and Dubois (2010) was that researchers should
investigate further and explore other indicators for lighting performance. In addition, other
metrics were suggested to replace (DF), such as Useful daylight illuminance metric (UDI)
which was previously discussed through several papers and initially starting with Mardaljevic
(2006). UDI is defined as “the annual occurrence of illuminances across the work plane that
are within a range considered “useful” by occupants” Mardaljevic, (2006). Useful daylight
illuminance (UDI) a new type of daylight anatomy that simplifies the illuminance data into
three simplified categories to what is considered “useful” by building occupants. These
categories are based on detailed surveys and reports that have been carried out on occupant’s

preference in day lit offices. (Mardaljevic, 2006)

The UDI scheme:
* Lux levels ranging from 100 lux to 2000 lux are considered ‘useful’
* Figures falling short of the ‘useful” of lux levels which are less than 100 lux.

* Lux levels that exceed the ‘useful’ range are usually greater than 2000 lux.

According to research papers addressing building application, the most desired total
illuminance level ranges mostly from 200-1000Lux as well as additional task lighting
provided. This is a good figure to keep in mind when designing a space and investigating
further into light planning. For research parameter purposes it is of good support to have a
valid lux limit to work in between. Although most of the time lighting design is often based
on how aesthetically pleasing an environment looks to the designer, as well as the owner of
the building. The main issue that rises is that neither does the designer or the building owner
is going to occupy and work in the space. How well lighting design supports the performance
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of the office is not made a primary function of an office. The lighting design and system
should not require its occupants to reposition monitors, or adjust postures trying to avoid
glare. Various research papers investigate daylighting and the use of strategies that improve
lighting performance as well as act as a shading device. It is important to maximize

knowledge of the strategies before putting them into use, to avoid misguided design errors.

In the study done by Jorder et.al. (2009), the aim of the researchers was to investigate the use
of lightshelves according to their height to enhance daylighting quality in tropical areas. The
study was performed in Bangladesh, precisely looking further into office buildings in the city
of Dhaka. The research investigated the most suitable location of lightshelves under overcast
sky conditions (Joarder et al, 2009) on the other hand Carbonari, et al, (2002) suggests that
the optimal orientation of a building is the one that results in the reduction of the total annual
primary energy demand, including artificial lighting and HVAC. It was proved through
performing a case study over three different Italian climates.

A study that aimed at assessing innovative daylighting systems by Aizlewood, B (1993) in
which four systems were investigated. These systems were assessed over a range of sun
positions, and varied sky conditions in which performance can be measured. Two offices
were put to the experiment, each of them with glazing that faced south orientation. The first
office worked well with the placement of innovative lighting system; the second office had
conventional glazing. The first system that was tested was lightshelves placed horizontally
inside or outside the window. Lightshelves are able to both direct and diffuse light at the
same time deeper into the room. The other systems studied were prismatic glazing, mirrored
louvers, and prismatic film system. The results of the performance of lightshelves showed
that it was one of the simplest systems used in which it provided protection from direct
sunlight with only slight reduction in light levels throughout the rest of the room. What could
be understood from Aizlewood, (1993) is that he came up with criteria that could define the
performance of innovative daylighting systems. The criteria took into consideration the
percentage rise in illuminance and the glare index when the system is compared with clear
glass. Other researchers aimed to continue Aizlewood’s study, such as Moeck (1998) in
which he stated that Venetian blind system is a more suitable device that could be used in
different office environments. Referring to Moeck’s (1998) paper, “quantitative and
qualitative criteria must be used.” The following criterion has been used throughout the
study:

— luminous intensity distribution of the system

33



— illuminance on the working plane

— uniformity

— total light flux entering the space

— light flux on the upper back part of the space
— luminance of the window

— total area of the space that is over-illuminated

— Spherical illuminance values.

Littlefair’s (1995) paper investigated computer assessments that analysed lightshelves and
other daylighting systems. For this study two different room shapes were selected, the first
one a large open plan of 9 meters in depth and 25 meters wide, and the second room, a
cellular shaped room of 5 meters with an internal shelf of 1 meter deep. The study further
analysed room height and its effect on the investigation, results showed the lightshelves are
more effective with higher ceilings “by decreasing illuminances more near the window and
less at the back of the room, than it usually does with the low ceiling. (Littlefair, 1995) The
rest of the results agreed with the Building Research Establishment (BRE) experimental
studies in addition to adding recommendations on the performance of lightshelves. The study
concluded that “lightshelves do not result in large increased in core daylight
illuminances.”(Littlefair, 1995) Also the study confirmed that lightshelves improve the
uniformity of illuminance. Positives outcomes were that lightshelves provide can be used a
good shading device especially in hot climates. From the study it was understood that
external projection of lightshelves can shade areas closer to the window, while an internal
lightshelf can shade areas slightly deeper into the interior environment. Littlefair also
confirmed that lightshelves work best at higher ceiling ranging preferably around 3 meters or
higher. Another recommendation was that lightshelves should not be placed too deep, in
which the depth of the actual lightshelf should be reasonably equalizing the depth of the
window. For better results, the lightshelves materials should be as reflective as possible, to
be able to have pleasant illuminated interior space.

Lightshelves are known to redirect sunlight from windows at different heights, orientations,
and latitude. Most common use of lightshelves is external, although internal lightshelves can
be effective, as well as using both internal and external strategies could be carried out. The
optimum size of lightshelves depends on various considerations that must be looked at.

Phillips, (2004) explains that lightshelves are an inexpensive use of building construction that

34



can be installed. He stresses that an important factor to consider is that lightshelves do not
increase daylight conditions in an environment, but they have the ability to alter the
distribution of light. Phillips, (2004) adds that lightshelves can “assist in getting light further

towards the back of the room so that uniformity is improved.”

Brown and Dekay, (2001) investigated lightshelves through their book on Sun, Wind, and
Light in which they came up with a few parameters to consider. It is stated that lightshelves
should be placed as low as possible without interfering with the view through the lower part
of the window so that more light can be reflected off the upper side of the shelf and then
penetrating deeper into the space. When seeking to reduce solar gains, lightshelves may
further be extended beyond the building far enough in order to shade the concerned area. As
for reducing glare, the lightshelves should extend further into the inside of the building to

able to block the direct sunlight and bright skies.

External and internal lightshelves vary in size depending on the orientation. As for the
external shelf Brown and Dekay, (2001) state that if the orientation is towards the 20 south
(north in the southern hemisphere) the lightshelf should be 1.25, 1.5 times the clerestory.
Beyond 20 east or west of south (north in the southern hemisphere), the lightshelf should be
then extended to 1.5 or 2.0 times the glass height (Brown and Dekay,2001). Ruck et al,
(2000) adds that to enhance lightshelves performance one should alter its inclination during
different seasons, as well as proving that lightshelves diffuse light from 5 meters to 10 meters
in depth. Beltran et al (1996) presented a paper in the IESNA annual conference that
discussed advanced optical daylighting systems written in which it stated that “Traditional
daylight designs can provide sufficient daylight within 4.6 m (15ft) of the window” (Beltran
et al 1996). If daylight can be used to balance lighting energy demands over a larger and
deeper plan, further energy savings can be achieved. This is to provide higher illuminance

levels deeper into the office space during operational working hours of the day.

Several research papers express concern over the lightshelves performance in relation to
increasing illuminance levels deeper into the plan. It has been well documented that
lightshelves can reduce energy consumption and enhance conditions in the indoor
environment yet it is restricted. Ochoa and Capeluto (2006) study on evaluating visual
comfort and performance daylighting systems for deep office buildings in highly luminous
climates study revealed that lightshelves have maximum efficiency when the sun shines
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directly over them. The study showed that lightshelves provide a safer approach by reducing
contrast between levels ‘‘at the view of the window and those at the back of the room, yet
sacrificing illuminance”. In addition, Soler and Oteiza (1997), and Claros and Soler (2002)
looked into lightshelf performance on several solar geometries as well as different surface
reflectance’s. The two studies revealed that it is necessary to assess the lightshelves design in
relation to the size of the room. Other results proved that the lightshelves are majorly
dependant on the solar angle, as well day and time, and reflectivity level. Similarly, Freewan,
(2010) carried out a study that look at various geometry, as well adding a curved ceiling to
asses lightshelf performance. The study focused on two main objectives: determining higher
illuminance levels and uniformity of the distribution. Results revealed that the curve shaped
lightshelves exploited more daylighting than horizontal shaped lightshelves. This is by
bouncing the daylight deeper into the space as well as improving uniformity of the space.

2.11 Problem statement

Looking at the competitive and complex world with a rapidly growing population, with
constant desires and needs for higher quality of life. Given the environmental, social, and
economic issues heading towards current and future, it is vital that the industries play an
active role in directing and guiding most of its processes towards the sustainable design.
When looking at ways to enhance buildings in the city of Dubai, it is important to look the
existing factors and used as an advantage. As a hot and dry region known for its heat and
extreme sunny days, as inhabitants of the city of Dubai one cannot help but try to find
solutions to take advantage of the sun. The sun is a blessing that can be much used for the
benefits it provides, one of them being light. Since the construction industry has been
developing itself majorly day by day, there is a limitation to the considerations adopted in the
building and construction industry. Maximising the use of daylight into buildings without

comprising people and creating discomfort is necessary, but is yet to be a challenge.

Today, artificial lighting is held accountable for consuming an enormous amount of energy in
buildings all around the world. Luckily, much advancement in lighting design has contributed
to mitigating this issue. Research has proved that energy efficiency in a lighting system can
be achieved primarily when decreasing two important variables: the lighting power density
and the lighting system being used. Therefore it is important to look into further
advancements, as well analysing climate conditions. When designing a space, many factors
play a major role in affecting the indoor environment. As designers, a vital responsibility that
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must be looked at and assessed carefully when determining what works best. As the world
witnesses the enormous amounts of environmental concerns, one cannot help but start to pay

attention to sustainable notions that could help enhance and shield human comfort.

2.12 Aims and Objectives

The reduction in the use of energy consumption in office buildings has been established as
major objective to carry out this research paper. The idea is to attempt to expand daylight
illumination into offices. The study will look into deep plan offices in order to obtain similar
results that can be comparable. The challenge is to provide adequate lighting and at the same
time reduce the need for artificial lighting. By using advanced lighting techniques known as
‘Lightshelves’, the study will assess and analyse different variables with an aim to provide
the optimum daylight exposure.

Aim - The purpose of the research is to study the potential for increasing daylight in deep
plan office buildings by using lightshelves as a technique of natural light usage and impact on

energy efficiency.
Main objectives:

— To look at different configurations of lightshelves as an effective technique that can
be used to enhance natural lighting in offices.

— Investigate into what makes a good daylight design, and what could be reliable. As
well as suggest better ways to design offices effectively.

— Be able to input an interface between daylighting and artificial lighting, in which a
sensor could be used in the simulation process.

— Configure a dimming profile that will work during occupied hours. During non-
occupancy hours lights will be switched off completely.

— Assess the energy savings (direct and indirect) that could be achieved by employing
lightshelves into different deep plan office alternatives.

— Recommend the optimal orientation, lightshelf height, and depth within the space for

most ideal daylight exposure, while keeping in mind energy consumption levels.
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CHAPTER 3 -METHODOLOGY
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3.1 Method selection:

It is important for the researcher to select the most suitable methodology for the research
aims and objectives. Comparing and contrasting between various methodologies that have
been used is a crucial part of the research. Considerations of certain aspects rather point to
reflect on to a perfect chosen methodology. These considerations are for example: (i) what is
the most suitable and appropriate method for the study? (ii) How accurate can the results be
obtained for this research? (iii) Efficiency of the method being used. As well as other
considerations that could affect the research paper.

3.2 Methods that Assess Lighting Energy Consumption:

Monitoring and observing method:

Onaygil and Guler, 2003 presented a great example of a monitoring approach that was carried
out in Turkey. The study was aimed at assessing energy consumption levels saved by
daylight responsive lighting control system when compared to artificial lighting data. The
study duration took one year of monitoring and implementation. The setup was by using a
four story building with dimensions of: 3.35m x 6.25m x 3.25m, orientations of the office
faced the north-east. According to various studies that stated the most effective window area
would be around 2.4m2 with a height of 0.72m. The study further tested different zones, as
well as the ceiling was color white, with grey walls. Several sensors were placed in the office,
vertically and horizontally. Data collected during the period of one year was assessed and
examined. The results of the study demonstrated light savings reaching 20% in December,
which increased to 47% in June and July. It is shown from the study that energy consumption
is very much related to climate changes in different locations. However energy savings
gathered by the automation systems are separate from the types of the luminaires, light
sources and the other electronic components. Levels may reach up to 30% which is very

important when looking into energy saving. (Onaygil and Guler, 2003)

Lee and Selkowitz (2004) monitored the performance of the daylighting systems in The New
York Times headquarters. The study duration took 9 months, in which a mock-up was made
to mimic the headquarters. Two different areas were divided one that has 0-10 V dimmable
ballasts with an open loop control system and a shading device. The second area consisted of

a digital addressable lighting interface and a shading device. The daylighting and energy
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consumption was measured. The second room showed large savings since it was facing the

south orientation and had an automated lighting control system.

Experimental (Scale model) Method:

Kim and Kim, (2007) presented a full scale mock-up was built to assess daylight fluctuations
on the variation of illuminance which was controlled by a dimming system that was installed.
The study took place in the Ann Arbor, MI, USA, the lighting used for the study was
parabolic fluorescent lighting, as well as T8 lamps. The space built was based on a small
office space tested under various daylight conditions. This type of study is considered to be a
big scale model since it mimics actual office space, into building an actual mock-up in
representation of the study. The changed in illuminance and lighting levels were investigated
according to photosensors shielding conditions and blind angles.

Chen et al, (2005) investigated the use of shading devices as a component to enhance natural
lighting in building design. The research took place in Taiwan, a hot and humid weather
condition, the study focused on mainly the function of light redirection of shading devices.
This mainly happens when a vertical shading device tends to reflect daylight, and promotes
daylighting in a space. The study carried out presented a mini scale model (1:20) which
assessed modeling data, and suggested measures that can be used for both the end user and
designers for vertical shading devices. The study verified the use of mini-scaled models, in
terms of assessing and investigating further into natural daylight utilisation, as well as energy

conservation in buildings.

Hansen et al (2003) carried out a research paper that looked into light pipes in deep plan
office buildings. The paper further asses light pipes as an advanced technique that could
enhance daylighting penetration into deep plan offices. The test occurred under sunny sky
conditions as well as an artificial sky that mimics the exact CIE overcast sky in Malaysia.
The scale model consisted of two types one that represented a horizontal light pipe and the
second a vertical light pipe. The results revealed that mirrored light pipes have gained a
higher concentration of illumination deeper into the building under sunny conditions. The

overall performance of the light pipes decreases under overcast skies.

Freewan et al (2008) investigated the influence of ceiling geometry on the performance of
lightshelves. The study explored both physical model experiments and then imported to
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radiance to preform further simulations. Two 1:10 scale models were created in the
following dimensions: 8 meters long 6 meters wide and 3.25 meters high. These models
served as rooms that have lightshelves placed, one room with a horizontal ceiling and the
other in a curved ceiling. The overall reflectance value was set to 70% and 35% respectively.
In addition to adding 4 illuminance sensors made out of silicon photocells with a work range
of 0-500 Lux was set. The study revealed that performance of the lightshelves can vary when
changing the ceiling geometry. This is because the study demonstrated that the illuminance
level has closer to the rear of the room and was reduced closer to the the window compared to

rooms that having conventional horizontal ceilings.

Chou (2004) presents a paper that assess between daylighting performance and shading
device design in buildings in subtropical conditions. Scale models took place in Tamkang
University Laboratory. Devices such as: 16 Minolta NT-1 luminance meter, a gloss-meter
and reflectance meter as well as TEAC DR-F1 digital recorders were used and tested under
Skydome that enabled testing daylight performance levels. The study revealed that various
variables play a significant role in the fenestration design being tested for example the

opening ratio, and the type of shading device, as well openings amount selected.

Belran et al (1997) revealed a scale model study that examined two different types of
advanced daylighting systems: Lightshelves and light pipes. All of the prototypes were
selected to match Los Angeles. The main objected was to find the optimum approach that
would take advantage of the sun. The study concluded that both advanced system can provide
suitable lighting for office tasks, yet the light pipe proved to be more efficient throughout the
course of a year compared to the lightshelves performance.

Computer Simulation Method:

Bodart and Herde (2001) offered a research paper that studied lighting energy savings on
global energy consumptions in office buildings. The evaluation was carried out by using the
simulation method set out in Belgium and performed on (TRNSYS) and (ADELINE)
simulation software. Four rooms were modelled in the following measurements: width of
2.7, 3.6 and 5.4 meters, depth of 5.4, and height of 3 meters. Nine different window settings
were examined for each room plan size. Results from the research were achieved and proved

that light consumption can be reduced by using daylighting from 50 to 80%.
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Jorder et.al. (2009) research studied the use of lightshelves in office buildings the city of
Dhaka, Bangladesh. The researchers modelled six different 3D models using the software
Ecotect; these models were then moved to Radiance to generate realistic imagery. The study
was comprehensive and examined different heights of lightshelves and measured their
effectiveness. The results varied in terms of achieving different lighting levels. Lightshelves
at a height of 2 meters above floor level was proven to perform better amid the seven options

studied including the alternative model where no light shelves are present.

Kim et al (2012) investigated shading systems and the optimum way of increasing daylight
levels in apartment buildings in South Korea. The study was carried out using the energy
program IES-VE to calculate heating and cooling. The total area of the space examined was
145meters2, a height of 2.3 meters. The study revealed that external devices are far more
effective and efficient compared to internal devices. Other adjustments to the shading devices

such as slat angles can be very advantageous, as well as creating enhanced view.

Roisin et al (2008) studied lighting energy savings in offices using different control systems
and their real consumption. The study used DAY SIM software for the simulation process to
calculate daylighting levels and to gain energy consumption levels. This simulation software
consisted of precise dynamic daylight simulation, which relied on radiance algorithm.
Configurations of the model were: office setting width of 3.05 meters, length 6.55 meters and
a height of 3.05 meters. The room was tested to four different orientations (north, south, east,
and west) taking place in Brussels and Stockholm. The study showed a great potential in
energy savings when having control over the electrical power. The study allowed for major
savings that estimated around 45% to 61%, with occupancy sensors that have been added to

the study.

Mohelnikova and Vajkay (2008) assessed internal illuminance calculations under two
different extreme conditions, one was sunny sky and the other condition was an overcast sky.
The study used Desktop Radiance 2.0b and Ecotect 5.20b for the simulation. The floor area
tested measured 4 meters by 16 meters and height of 3 meters. Light guides with 0.6, 0.8 and
1 meter in diameter were added to determine their performance when substituting them for
windows. The results revealed that light guides may not substitute traditional windows. The
study also showed that differences in the illuminance level of the interior environment with

light guides, in which they definitely improved visual comfort.
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Subjective Evaluation (survey):

A study carried out by Osterhaus, (2004) represented the issue of glare, and discomfort it
brings out to the occupants existing in an environment. The paper looks closely at the
advantages and disadvantages of glare indices for daylighting conditions. On a period of two
years, a survey was distributed in Germany and California, USA, to assess visual comfort in
day lit office spaces. A total of two hundred and fifty participants took part, in which most of
them were exposed to daylighting through windows in the offices. However results show that
there are a lot of ground to be covered to completely understand and comprehend the
essential principles and mechanisms that are considered responsible for the perception of
discomfort glare from windows and the occupant responses to the amenities of daylight.
(Osterhaus, 2004)

Distance from Dark external shelf  Light external shelf =~ Dark external shelf Light external shelf

window (m)

0.5 4.17 4.68
0.75 4.06 4.46

1.5 2.80 323
225 261 3.06

25 2.60 2.89
35 1.94 2.14
375 204 232

45 1.69 1.83
525 1.55 1.73

6.75 1.22 1.35

8.25 1.12 1.22

Figure 3.1 Daylight factors (%) in the example rooms with varying external lightshelf
(Osterhaus, 2004)

Figure 3.1 compares over cast performance of dark shelves with the same size lightshelf
evaluated in a previous part of the study. The study showed low reflectance shelf resulting in
10% lower rate compared to high reflectance shelf. The table also shows different external
lightshelves reflecting into the interior space, with diverse reflectance degrees in contrast
with distance from window measurements. The amount of daylighting illuminating the space

decreases as it goes deeper into the space.
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Hua et al (2010) assessed the effectiveness of daylighting design and occupant visual
satisfaction in a LEED gold laboratory building. The study was a combination of multiple
methods that took part: occupant surveys, interviews, and illuminance measurements. A web
based survey was carried out and distributed to 75 occupants of the buildings to gain input
over occupant satisfaction levels. Additionaly, the study also include pre-survey checklist that
has been designed for occupants of the building. Results of the study showed the most of the
occupants have been satisfied with the indoor environment, yet glare was addressed to be a
major problem for occupant visual comfort. Some occupants also expressed that some

lighting in the indoor environment is very bright during the day.

Galasiu and Reinhart (2008) studied current daylighting design practices. A survey was
carried out to help look at daylight performance indicators and other tools currently being
used by design professionals. In addition, to enhance the information available and
recommended further applications in relation to design guides. The survey obtained was
distributed to 177 professionals. The survey concluded that there is no common and mutual
method on how to asses lighting performance and quality as well as energy consumption,

daylight factor, and glare.

3.3 Advantages and Disadvantages of Different Methods:

From the previous unit that consisted of a review of literature, it was made clear that the
simulation method was the one most used methods to assess energy. There are three different
methodologies to assess light performance and efficiency, which are observation and
monitoring method, experimental method, and computer simulation. It is important to further
look in depth at the advantages and the disadvantages each method to select one of these
methods. During the selection process the more methods looked at and assessed, the easier it

is to justify the selected study carried out.

Monitoring and Observing Study:

It was made clear that the monitoring and observing type of method examines existing
building that has been constructed based on realistic environmental measures. Most
assessments made from this type of method are considered accurate, since the assessment
takes into consideration realistic measures and design factors already playing part. Results
gathered do not require any sort of calculation to be performed on simulation process to

examine and work with. Although there seems to various benefits from the monitoring and
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observing method, there are some concerns that stir up. This method can be very time
consuming for the process of gathering data and assessments, which can be an issue if the
researcher is restricted to a certain time frame. Another issue is that it can be costly in where
there could be other methods that could perform in a cost effective way and in a timely matter
at the same time. Results gathered from this approach are based usually on a single profile/ or
case study, which means that it stirs up a major concern when generating a hypothesis. This is

because of the limitation of the study to one case, or the cases being studied.

Experimental Method:

This method looks closer at portraying the building targeting for the study, this depiction is
made through a type of mock up. A mock up is considered a type of prototype, which can
provide an understanding functionality of the system investigated. It is usually made for
buildings to test and get feedback from people. This method may consume numerous
amounts of money, as well as it could be very time consuming for those carrying out a
research in a strict time frame. Calculations obtained can be both confusing, which may result

in leaving some information out.

Computer Modeling Method:

Computer modeling methods are usually carried out using computerized software’s as a tool
that has the ability to assess various types of building structures in all forms. These software’s
can be both easy and challenging at the same time. In terms of predicting energy
consumption, these types of software’s are fast and time efficient and most of the time very
accessible. Many concerns debated the issue of reliability and accuracy in terms accurate
figures obtained. Hence, the huge improvements that have been integrated into programs that
made them as consistent as possible. An important benefit to pursuing computer modeling
method is that when a study is carried out, it is very quick and fast process to test different
variables, and make changes. This means that there is more room for trial and error, as well
reaching out to the conclusions expected from a certain study. With the ability of accessing
weather data files and conditions, it became easier to obtain and test models on information
based on realistic measures. Though in order to get accurate results on a specific study, it is
important to input all of the variables taking place, which is preforming an exact simulation.
There are many advantages to using the simulation modeling approach; however in any
method there is always room for things to go wrong. This is because no matter how much
computer software is integrated with all types of technology, sometimes there are hidden
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variables that could affect a study in real life, yet not be present as one of the options in the
modeling program. Additionally, it is very crucial for the weather files and data to be updated
because a lot of the time data will be inputted and not changed for years which results in

inaccurate predictions.

Subjective Evaluation (survey):

The subjective evaluation is carried out most of the time to understand the perception of
people’s viewpoint of current understanding on a certain subject. It can be done through
various approaches such as surveys, interviews, and case studies. This type of approach is
more of an occupant’s personal perception and view towards the evaluation investigated.
Many views can be obtained, and may seem very credible, since they are taken from actual
data input, and how people feel and react towards a certain type of study. The only issue with
such method to be carried out is that it may be very limited due to the variation in amount of
data collection, as well as varied viewpoints from different individuals. The analysis may be
questionable, due to various modes of evaluation, which may be correct or incorrect. When
studying lightshelves it is going to be hard to assess occupant understanding due to the
limitation of the current technology and lighting design. It would be more appropriate to test
occupant performance levels after the building has been built, and the lightshelves have been
placed. However it is more suitable to approach other methods for preliminary stages of the

design process.

3.4 Comparison Between Different Methods

After assessing the different types of methods, and looking at diverse advantages and
disadvantages, it became easier to compare and contrast between each method, before
finalizing the method should be carried out for the research. A table was created in order to

justify different criteria and compare them with each other.

Table 3.1 Comparison of Different Methods

Criteria Monitoring Experimental Simulation Method | Survey
method method

Time N N Time efficient v

consuming

Costly \ \ Cost effective Cost
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effective
Accuracy v Accurate Not as accurate Accurate
Flexibility Not flexible Not flexible \ Not

flexible
Experience v v Learning the \
needed software

The table 3.1 presents a few criteria that have been selected to make it easier to
compare and contrast between each type of method.
Time consuming: It was made clear that both methods of monitoring and experimental and
subjective evaluations approaches are time consuming compared to the computer simulation
method. This is because building a mock up for example of a building consumes enormous
efforts. As well as taking a certain building as case study could take long periods of time in

order to collect a good amount of buildings to assess together.

Cost:  The amount of money required to purchase the modeling software is adequate
compared to the funds needed for building a scale mock-up. Although the cost of surveys and

interviews is very low.

Accuracy: An important aspect to consider is that both monitoring approach and
experimenting methods are very accurate because they are based on real exact figures.
Although there are efforts taken towards making new software’s more advanced and more

accurate.

Flexible: the most flexible method is the computer simulation method, this is because data
inputted into the program can be easily accessed and changed whenever required. This
approach challenges the research to further advance and excels in researching because it
allows testing under various conditions. In addition, allowing more room for trial and error to

occur.

Experience needed: It is important to be experienced to carry out an experimental method,

this is because an experienced individual will consider various concerns that an inexperienced
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person wouldn’t notice. As for the computer simulation, it is a matter of learning the software

and there many tutorials that are accessible for everyone.

3.5 Method Selection

It is important to consider applying various environmental techniques that would help reduce
energy consumption. These techniques should take into consideration lighting levels, as well
find ways to reduce the electricity. Advancements in the industry are rising towards computer
simulation software’s that are able to help measure various design considerations. These
computer software’s have bigger advantages to the design industry since studies and
considerations are obtained at a beginning stage of the design. Not only are the computer
modeling programs are able to simulate, they are also capable of calculating input in terms of
climate change all year round. Calculations can provide the design industry with accurate and
reliable data on thermal performance, visual comfort levels, as well as energy consumption.
With much computer and technology advancements there are software’s that provide the
design industry with very precise calculations. Computer simulation and modelling method is
considered to be the most efficient, when measuring energy consumption and light density of
buildings. Over the past 50 years, hundreds of building energy programs have been

developed, enhanced, and is at use throughout the building industry. (Crawley, et al, 2005)

The main objective of the simulation software is to offer users with building performance
data information such as energy usage, demand, temperature, humidity, and costs. After
comparing and contrasting methods within the study parameters, it became clear that the
computer simulation method was most suitable and appropriate to pursue. This is due to
many reasons; control over variables is easily obtained when selecting computer simulation
method, as well as the flexibility in inputting data, and changing information. This method
also allows more room for further tests, and investigations from different angles. Funding of
the computer simulation program is considered manageable compared to other methods that
could be taken. The computer simulation method along with literature review selected
(previous chapter) helps acquire most information needed about the study of enhancing
daylighting in office buildings by using lightshelves. An important advantage to the computer
simulation study is that it is possible to examine lighting situation for different periods of the
year. This is done by assigning specific parameters like: date, time, location, and season.

Additional methods tend to require extra time, funding, and experience.
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This section of the paper, will further investigate into computer modelling software’s with the
ability to calculate energy consumption in buildings. Due to the specific research study
parameters that examines the use of lightshelves in a space, and testing energy consumption it

reduces the amount of software’s to select from.

The first program examined was ECOTECT, available at www.ecotect.com, is known for its

visual performance analysis functions with ability to look into energy, lighting, shading,
acoustics, and resource usages. This software can handle different types of structures
regardless of the complex forms, or different size. One of the main objectives of this program
is to insure designers with advantageous performance feedback, and to be able to visualize
projects. ECOTECT is also capable of importing and exporting models from other design
software’s, as well as perform the modelling process within the software. The program is
fairly flexible in terms of changing and controlling various parameters, zone settings, as well
as material. Calculations and result can be determined according to day to day measurements

or all year round statistics.

The second program assessed was IES<VE> which is available on www.iesve.com and

stands for Integrated Environmental Solutions. It comprises of modules, each of these
different modules acts in a different way to the specific calculations required. This program
aims to provide a wide range of building analysis in a single software “environment”. These
modules are “Apachesim” used for thermal simulation analysis, “Radiance” for lighting
simulation analysis, “Mechanical” for mechanical simulation analysis, and “SunCast” for
solar shading analysis. (Crawley et al, 2005) IES VE allows professionals to obtain detailed
information on building design and system performance in which it would allow access to

comfort measures as well as energy use.

Figure 3.2 and 3.3 compares and contrasts between different simulation programs in terms of

building envelope, daylighting and solar analysis, sky models, and daylighting illuminance.
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Figure 3.3 Daylighting comparison (Crawley et al, 2005)
Figure 3.2 outlined various software’s available such as: BLAST, BSim, DeST, DOE-2.1E,
ECOTECT, Ener-Win, Energy Express, Energy-10, EnergyPlus, eQUEST, ESP-r, IDA ICE,
IES <VE>, HAP, HEED, PowerDomus, SUNREAL, Tas, TRACE, and TRNSYS (Crawley
et. al., 2008) and looked at solar radiation and daylighting.

3.6 Selection of Simulation Tool

After comparing and contrasting various computer software’s it important to ensure that these
software’s aim to measuring the amount of daylight penetrating into the space, energy
consumption, and light intensity in office spaces. This is since the study is specific and
focuses on a certain subject. When Daylight simulation is used, it allows studying effects and
changes in any one aspect, keeping other aspects constant. At the same time with new
technology advancing in software applications it became easier to test models according to
real weather conditions, and taking into considerations realistic measures. The comparison
done in the previous section made it clear to select which software to carry out during the
study of lightshelves and energy performance in buildings. (IES) Integrated Environmental
Solutions will be the software selected for the study, and the next section will look deeper
into the software’s properties and capabilities, and the results that could be reached from the

research.

3.6.1 Integrated Environmental Solutions

Integrated Environmental Solution is a virtual software that compiles a highly integrated
collection of applications linked together. The software consists of different modules to
assess specific calculations such as thermal simulations, lighting, mechanical, and solar
shading simulations. The software offers a virtual environment to obtain detailed analysis and
evaluation of various buildings, systems, and designs. These evaluations are allowed to be
test according to many criteria’s such as comfort, and energy use. Glasgow-based (IES)
started its software in 1994, and offered a range of applications to evaluate a wide range of
building performances. These ranges of performances are formed to provide sustainable
solutions for the initial design processes. Different parameters can be selected when using
this software, such as location, specifying materials, usages of spaces, as well as alter HVAC
systems according to required needs and preferences. IES includes different utilities as well
such as a modeling builder, Energy, Solar, Lighting, Cost and Value, Egress, Mechanical, as

well as CFD. The following utilities are a very beneficial since they are dedicated to offer
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explicit objectives for the researcher. Since the research field looks into both daylighting and

energy use, this program is most suitable to use.

3.6.2 Validity and Reliability

A significant advantage to using simulation software for a research is when assessing
different lighting situations for various periods of the year; the software’s has the capability
to assign various parameters such as location, as well as date, timing and sky condition. This
is very crucial to have since it’s the most information that matters to carry out a study.

An attempt to insure validity and reliability of the software program selected is made. A case
study is used in order to test and simulate the same climatic condition, as well as orientation,

in order to reach same or similar results.

Joarder et al (2009) presented a paper that addressed daylighting assessments according to the
height of light shelves. The study looks at enhancing daylighting quality in tropical climates
in the city of Dhaka, Bangladesh. The main aim of the study was to show the effectiveness of
the lightshelves to the interior quality. Six different modules were assessed and generated

used Ecotect for the simulation. Radiance was also used to be able to validate the study.

The following data have been derived from Joarder et al (2009) research in order to perform
the validation process.

Location of the study: Dhaka, Bangladesh.(90.40 E, 23.80 N)
Calculation Settings: Full Daylight Analysis
Sky IHlumination Model: CIE Overcast

Dimensions of the space: 25m x 28.5m
Total floor area: 692 sgm

Usable office space: 577 sqgm

Service area: 115 sgm

Height of office space: 3m

Window to floor ratio: 0.36

Work Plane height: 0.75m

The following materials used:
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Ceiling/ Roof: White painted plaster (reflectance: 0.7).
Internal wall: White painted brickwork (reflectance: 0.7).
Floor: Reddish ceramic tiles finishes (reflectance: 0.6).

Glazing: Single pane of glass with aluminium frame (reflectance: 0.92, U value: 6 W/m2K).

Lightshelf height:
2.75m ,2.50m ,2.25m, 2m, 1.75m, 1.50m

The following parameters were inputted into the IES-VE software in order to reach similar

results. The lightshelf height of 2 meter has been the module that was experimented with.
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Figure 3.4 Ecotect Daylight Analysis Figure 3.5 IESVE Daylight Analysis

Figure 3.4 and Figure 3.5 shows the 2 m height of the lightshelf that has been placed on the
office module. As seen colors closer to the window shows brighter shades of yellow. As light
penetrates further there’s an average of around 300 lux in the overall of the room. The
simulation made in IES has reconfirmed the ECOTECT and RADIANCE studies that were

performed in the original studies that showed 314.79 lux shown in figure 3.4
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Results confirmed similarity in results from the study in order to illustrate the software’s

reliability.

3.7 Defining Research Parameters:

The research’s parameters will help obtain the final results. Some of the parameters would
remain constant others will vary depending on the objective trying to reach. After

investigating various research papers, it was easier to set out parameters to work with.

Constant parameters:

Climatic Data:

The outdoor environment has a major significance in affecting the user’s
performance. This is due to the daylight intensity coming from the sun. This research looks
into enhancing daylighting in office buildings by using lightshelves. In which, light intensity
from the sun should be suitable for the research to be carried out.

Building Usage Data:

The type of practise occurring in a space defines the kind of utilisations required. This
is most crucial when looking into lighting decisions, in which activities/tasks are major
influences taking part in the decision making process of the design. Various internal factors

affect occupants in any environment.
Variables:

Design Data: The choices selected throughout the design process have the most
influence on the buildings energy consumption. For architectural design the following

variables were to be studied:

Orientation of the building:

The orientation of a building is one of the most important variables in the design

process. This is because in order to understand the study, and compare and contrast results it
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is vital to look at experiment from various aspects. Orientations include North, East West,
and South sides that could be examined. Results obtained will determine the optimum
orientation that would maximise the use of daylighting at the same time reduce energy
consumption loads in the spaces selected. By studying the four facades the effect of the
orientation of the building on energy will be examined. This test will enable the study to

provide information on the optimum orientation which suits the building.

Space chosen:

There are going to be four different office plans presented. The study will be based on trying

to provide lighting deeper into the space for more daylight illumination.

Office timings:

A crucial part of the research is setting the buildings occupancy timing. This is to depict the
exact office hours that are considered realistic. A general idea of the working days of the
week is usually five-day work week Sunday through Thursday. This is to consider that the
study set will be based on the working hours of the week, where energy is consumed most of

the time.

Materials Data:

The selection of materials in a study is a very crucial step in order to get valid results.

Opaque construction materials:

Types of materials that are going obtained for the Roof, Ceiling, External and internal walls,
flooring, and doors. This information also includes glazing types for internal and external
areas, as well as roof light. These materials may affect the experiment slightly, but results

vary most of the time in larger amounts accumulated.

Light shelve materials:

This section of the study will include light shelve variables such as: location, opening type as
well as number of openings placed in the office. In addition to the internal and external depth

the lightshelves extends onto the space selected.
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CHAPTER 4: BUILDING THE SIMULATION
MODELS
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4.1 Introduction:

The previous chapters carried out provided a foundation for the study, in which delivered
great evidence of research and results that would support the research question. The
following chapter addresses the research matrix, parameters, as well as the scenarios decided
on for the modelling process. The simulation process involves creating a virtual environment
that depicts the original setting for example: climate and various parameters that could be
inputted in order to obtain reliable results. The results obtained from the study went through
various stages of modeling in order to reach accurate results. Is crucial to provide the
essential information inputted in order to compare and contrast different parameters. In

addition, to familiarize the reader with the different scenarios tested to reach effective results.

4.2 Parameters of the Base Cases

4.2.1 Assigning Weather Data:

The city of Dubai has been chosen for this study, since the sun is bright and daylight
is present throughout the year, it is suitable to take Dubai as a case study. IES<VE> weather
data are attained from ASHRAE weather Database©, 2005. In which the Dubai International
Airport was selected for the study. The file was accessed through the Aplocate tab. The file
consists of different information on Location and site data.

The following information was selected for Dubai, United Arab Emirates:
- Longitude: 55.33° E
- Latitude: 25.25° N
- Altitude: 5 meters above sea level

- Ground reflectance: 0.20

Dubai’s Climate:

Dubai’s climate is considered very hot, in which summer temperatures can easily extend to
42 °C. Winters in Dubai are usually warm with temperatures averaging from 29°C. The table
below presents an estimate on temperature records throughout the year. Humidity is also one
of the eminent things Dubai is known for. (You may refer to Table 4.2 for graphs that clarify

Dubai’s sun bath, dry-bulb and wet bulb temperature, solar altitude, solar azimuth, direct
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radiation, relative humidity, wind speed and cloud cover.) Table 4.1 and 4.2 present weather
data that has been obtained from the IES-VE database, according to Dubai, United Arab

Emirates weather conditions.

Table 4.1 Design Weather Data (IES-VE database)

Design Weather Data

Design Weather Data Source & Statistics

Source of Design Weather ASHRAE design weather database

ASHRAE weather location Dubai Intl Airport, United Arab
Emirates

Monthly percentile for Heating Loads design 99.6 %

weather

Monthly percentile for Cooling Loads design 0.4 %

weather

Heating Loads Weather Data

Outdoor Winter Design Temperature -4.65°C
Cooling Loads Weather Data

Max. Outside Dry-Bulb 29.49°C
Max. Outside Wet-Bulb 19.17°C

Table 4.2 Weather Model Data (IES-VE database)

Weather model data

Temperature Humidity  Solar Radiation
Dry bulb T Min Dry bulb T Wet bulb T Linke Turbidity
Max at Max Factor
dry bulb
(°C) (°C) (°C)
Jan 10.13 12.26 10.42 2.10
Feb 8.90 12.79 10.33 2.20
Mar 9.50 15.68 11.00 2.50
Apr 11.32 19.75 12.78 2.90
May 14.96 24.79 16.36 3.20
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Jun 16.97 27.30 18.18 3.40

Jul 19.42 29.49 19.17 3.50
Aug 20.15 29.15 18.84 3.30
Sep 17.17 24.22 17.40 2.90
Oct 15.02 19.63 15.26 2.60
Nov 12.73 15.28 13.30 2.30
Dec 11.74 13.44 11.63 2.20

4.2.2 Building Usage Data:

An important section of the research where most lighting decisions are made, this is because
the major activities and tasks that occur in a certain environment are mostly affected by
lighting. It was proven by various research papers that office buildings are most energy
consumers. Therefore, the study was set on examining office buildings. IESVE provides the
user a series of tabs that could determine custom operations. For example: this utility enables
the user to provide specific timings for plan equipment to operate. In addition to customizing
various internal and external heat gains as well as specify time intervals for them. Table 4.2
and 4.3 show the internal and external source of heat. In this study three different source of
heat were inputted into the IESVE: Fluorescent lighting, people, and miscellaneous. Since
fluorescent lighting is mostly used in office buildings, it was selected for the study. The
following values were entered: Max. Sensible Gain 11.840 W/m? Max. Power 2.691 W/m?
with a radiant fraction of 0.45. The second source of heat that was selected for the study was
people with the following data: sensible heat gain 0f73.268w/m? Other sources of internal heat
were set to miscellaneous with a sensible gain of 10.764 W/ m?. As for the external heat gains
presented in table 4.3 infiltration was set to be the source of external gains with a maximum
flow of 0.167.

Other room conditions took into consideration that the heating profiles are off continuously
since the UAE is a hot and humid climate that does not require heating. As for the cooling

profile it was set as part of ASHRAE 8am-6pm with a constant cooling set point of 23.9 C.

Internal gains:
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Table 4.3: Internal Gains of Heat

Type Max. Max.Latent ~ Occupan Max. Radiant Fuel Variatio
Sensible Gain cy Power  Fraction n Profile
Gain
Fluorescent 11.840 - 11.613 2.691 0.45 Electricit (8 till 6)
lighting W/m? m2/per W/m? y
People 73.268 58.614 10m°/per - - - (8till 6)
w/m? W/per.
Miscellaneous  10.764 - - 10.764 0.22 Electricit (8 till 6)
w/m? W/m? y

External gains:

Table 4.4: External Gains of Heat

Type Max. Flow

Unit

Variation Profile

Infiltration 0.167

Ach

On continuously

Occupancy schedule:

Office working hours in a typical office is considered to be 8AM to 6PM. As for Dubai the
working days are from Sunday through Thursday in which most energy consumption occurs.

Office hours have been imported from the IESVE database that provides built-in profiles that

could be inputted.

(Modulating Profiles) ASHRAE 8am - 6pm No Lunch/ Sun- Thursday

Figure 4.4 shows the occupancy and lighting schedule that was set for Sunday through
Thursday, as illustrated the working hours of the day are set from 8am to 6pm, where lighting

and energy is at use. Figure 4.5 shows the occupancy and lighting schedule for Friday and

Saturday when there is no working hours, and the energy is not consumed.
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Figure 4.2 Occupancy and lighting schedule set for Friday and Saturday

4.3 Variables:

Most of the variables are design data chosen throughout the study which has most
impact on the energy consumption. The following variables are discussed in detail, as well as

proving the exact input inserted into IESVE.

4.3.1 Area of Focus

Every valid research must have an area of focus, and certain parameters to test and examine.

Table 4.5 presents the research parameters selected (marked in red). These parameters
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consist of climatic data based on the setting of the study. Design data of the model such as

the orientation of the model looked at, as well as the plan size. Other data examined are the

Lightshelves that are placed, while listing the configurations for them such as the height of

placement, interior and exterior projection and number of openings.

Table 4.5 Base Cases

Climatic Data Design Data Lightshelf Data
) ) Plan | #of ) Exterior Interior
Orientation ) Height o
depth | openings Projection | Depth
East ox5m 0.5 0.5 2.5
Dubai, UAE
5x10
South m 1 1 5
5x15
West m 1.5 2 7.5

4.3.2 Orientation of the building:

Looking at the model from different aspects is setting different building orientations. As for

the study East, South, West orientations are selected, as well as placing lightshelves and a

glass opening on the side studied. The South Orientation of the building will be the base case

for the study. Figure 4.1 provides an example of the East side of the building, the lightshelf

placed over the window. Eastern orientation is expected to get daylight in the early hours of

the day. As for the Southern window it is expected to have less daylight compared to the east

orientation due to the higher solar angles for a longer period of time.
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Figure 4.3 3D Model

4.3.3 Space chosen:
Three alternate office plans presented. Plans dimensions are 5x5meters, 5x10 meters, 5x15

meters, and height of 3 meters. The 5x10 meters plan will be the base model and focus of the
study. In which most of the analysis will be contrasted in depth in comparison to the 10 meter
base model. Figure 4.2 shows the base case plan. The bigger and deeper the plan the more the
challenge for daylight to be able to illuminate the whole space as well as provide adequate

working environment.

L]

Light Shialf
Figure 4.4 Plan (left) and Section (right) 10 meters
4.4 Module Materials and Finishes Data:
The selection of materials in a study could be one of the final steps before preforming the

simulation. The light shelves material consists of aluminium.

4.4.1 Opaque Construction Materials:
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Table 4.6 Opaque construction materials

Opaque material U-value W/m
Roof Flat roof (2002 regs) 0.2497
Ceiling Carpeted 100mm reinforced-concrete ceiling 2.2826
External Wall Standard wall construction (2002 regs) 0.3495
Ground Floor Standard floor construction (2002 regs) 0.2499

Table 4.7 Glazed Materials

Glazed U-value Total shading
coefficient
External Glazing Low-e double glazing 0.76 0.7333
(6mm+6mm) (2002 regs)

4.4.2 Lightshelf Materials:

This section of the study will include light shelve variables such as: location, opening type as
well as number of openings placed in the office. In addition to the internal and external depth
the lightshelves extends onto the space selected.

Reflectance value: 0.950

Default reflectance values were used for ceiling, walls and floors in the model.

4.4.3 Lightshelf Height:

Height of the lightshelves will vary according to table 4.5, the dimensions going to be

selected are: 0.5m, 1m, 1.5m.

4.4.4 Number of Lightshelf Openings

As for the lightshelves, different approaches may enhance daylight penetration deeper into
the space. The research looks at introducing openings into the lightshelves, this occurs in

order for the light to illuminate certain areas and redirect the rest of the light through the
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shelf. The base case scenario is going to have one opening in each lightshelf tested. Other

tests will test two openings and three openings in each shelf in order to attain the best results.

4.5 Energy Conservation Measures:

In order to decrease the cooling load and the lighting energy daylighting dimming sensors

were incorporated into the model with the following logic.

Daily DIM

100%

20% =—

0% I
0 Lux 300 Lux

- ramp(el,0,1.0,300,0.2)
Figure 4.5 Dimming Graph

Ramp: The ramp basically allows the lights to dim when enough daylight is illuminating the
space. It activates through RADIANCE, and the dimming of the electrical lights will occur
when the sensor is fully working. Ramp (el, 0,1.0,300,0.2) is explained as when daylight

levels reach 300 lux at the sensor, the lights are dimmed to 20% in a sloping profile.

Sensors:
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Three sensors were placed to show the effects of the proximity of the window to the center of
the office space and to the end of the room. The sensors were placed at 0.85 heights which

were assumed to be the working plane. Figure 4.11 demonstrates the sensor placement in the

model.

Figure 4.6 Sensors in the Plan

4.5.1 Basis of analysis:

Lights energy, chillers energy, and daylight levels are going to be looked at in each annual

study.

— Annual energy consumption totals kwh
— Hourly peak data kW

— Instantaneously daylight levels (lux)

4.6 Office Modules

This is section of the paper will look at the various office modules that are going to be studied
and analysed in the succeeding chapter. Both a plan and a 3D model will illustrate each study

based on the parameters in Table 4.5.
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Figure 4.7 East orientation plan and 3D

Figure 4.8 South orientation plan and 3D:

Figure 4.9 West orientation plan and 3D
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Figure 4.10 5x5 plan and 3D

Figure 4.11 5x15 m plan and 3D
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Figure 4.12 2 Openings Plan and 3D

Figure 4.13 3 Openings Plan and 3D

Figure 4.14 0.5m Height plan and 3D
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Figure 4.15 1.5m Height of LS

Figure 4.16 0.5m Exterior Projection

Figure 4.17 1 m Exterior Projection
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[

Figure 4.18 2.5 Interior Depth

Figure 4.19 7.5 Interior Depth
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CHAPTER 5: RESULTS AND DISCUSSION
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5.1 Introduction:

This chapter of the research will look at results, as well as showing energy consumption.
Results will vary, some with energy savings, and others on the same energy consumption
level compared to the baseline set for the study. To comprehend the results, it is essential to
understand the base case scenario the study is focused on marked in the first column in Table
5.1. (South Orientation, 5x10 plan depth, number of opening: 1, height of the light shelf 1m,

projection of the Exterior shelf 2m, depth of the interior 5m).
The study carried out measures the percentage savings by method followed:
Percent savings are calculated by: 100 x (studied model — baseline model) / baseline model

Part of the study will include percent savings, peak hour energy consumption graphs, and
daylight flux figures which are able to illustrate light penetration into the space. These figures
and graphs give a better understanding of what is actually occurring in each of the office
modules. Final studies will looked at a collective outlook of energy consumption in each of
the cases, and a combined study of the most ideal parameters that would make the most

reduced energy consumption result.
5.2 Study for orientation

The study will look at testing the same constant parameters except for changing model
orientation. South, East, and West orientations are going to be looked at and analysed shown
in Table 5.1.

Table 5.1 Orientation parameters

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x10m 1 Im 2m 5m

East 5x10m 1 Im 2m 5m

West 5x10m 1 Im 2m 5m

Table 5.1 presents baseline energy consumption values for the study. It consists of the data
that the analysis is going to be compared to. The baseline in this study is an office without
lightshelves. To be able to examine the difference in energy consumption, as well as the
addition of the dimming of lights it is important to consider these figures. Since chillers are
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mostly used throughout the UAE due to the hot and humid climate, it consumes large energy

demands that should be looked at. Lights are the focus of the study, which means looking at

both chillers and lights energy in the model will demonstrate the total energy consumed in the

office. Table 5.2 will show the baseline for the orientations, as well as Table 5.3 presenting

the results of the study for orientation.

Table 5.2 Baseline for orientation

Baseline Chillers (MWh) Lights (MWh) Total Energy
(MWh)

South 5.5489 1.5639 7.1128

East 5.2683 1.5434 6.8117

West 5.2872 1.5434 6.8306

Results for (SEW, 2Ext, 5In, 1 H) *1 opening

— Orientation: South, East, West

— Plan size: 5x10m

— Exterior Light shelf projection: 2 meters
— Interior Light shelf depth: 5 meters

— Height depth: 1 meter

— Openings: 1 opening

Orientation Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
LS LS/ LS LS
opening/ opening opening/ LS /opening | opening/no | LS /opening/
no DIM with DIM no DIM Dim DIM with Dim
South 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
% savings | -19.2% -21.7% 0% -26.0% -15.0% -22.6%
East 4.4185 4.2867 1.5434 1.1546 5.9619 5.4413
% savings | -16.1% -18.6% 0% -25.2% -12.5% -20.1%
West 4.4705 4.3129 1.5434 1.0769 6.0139 5.3898
% savings | -15.4% -18.4% 0% -30.2% -12.0% -21.1%

Table 5.3 Study for Orientation
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In Table 5.3 three different orientations with and without dimming profiles are compared to
their respective baselines shown in table 5.2. When the dimming profile is switched off there
is no reduction in the lights energy as shown in in the three different cases of south east and
west. The chillers energy savings are the greatest in the southern orientation when the
daylighting dimming is switched off and when dimming is switched on. However the west
facade demonstrated higher reductions in lights energy. This is due to the increased daylight

on the western facade creating heat and resulting in more reductions.

In the eastern exposure when the solar gain is maximum, it’s early in the morning and the
office is not fully occupied. The western facade has greatest energy when daylight dimming
is switched off, the office is fully occupied and it all adds up to the peak cooling load. Figure
5.1 shows the peak hour energy consumption, which is mostly around 8:30 am August 12.

Figure 5.2 demonstrates Flux DL daylight penetration into the space of the office modules.

The Southern facade has more reductions in light and chillers energy with the daylight
dimming sensors on. This also reflects to the total energy savings which is around 22.6%. A
20% reduction in total energy that was achieved in the South fagade, while the east facade

showed 20.1% reductions.
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Figure 5.1 South fagade Peak hour at Aug/12

Figure 5.1 shows the South fagade energy consumption peak hour at 8.30 am Aug/13. The

graph shows corresponding results to the percent reductions displayed in Table 5.3. The
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graph displays the chillers energy as well as total lights energy in KW. The chillers energy in
red shows highest in energy consumption reaching up to 3.4 kW. This is due to the heat in a
city of Dubai where cooling is needed. When dimming profile is applied, the Chillers energy
reductions in blue show minor reductions in energy. However, when the dimming profile is
applied total lights energy marked in blue, reductions reach up 0.3kW. This is due to the light

illuminating the space on the south side.
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Figure 5.2 South fagade Light shelf Daylight flux analysis

Figure 5.2 shows the South fagade which is the base case on the daylight flux analysis.
Higher levels of light penetration are shown in the interior space of the office through the
opening and window. This also would mean that greater solar heat gain would also access the
space from the south orientation. Referring to the daylight (lux) key, colors determine how
much lux penetrates into the space. The close to it to the blue the higher the lux level reaches,
the more the lighting in the office. The close it is to the red the less the lux levels in the office
space. Lighter shades of red, yellow, and green and blue confirm daylight levels reaching

more than half of the office space.
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Figure 5.3 East facade Peak hour graph at Aug/12
Figure 5.3 shows the peak hour graph for the East facade. On the east orientation, chillers
energy show high levels of energy being consumed reaching up to 4kW at 8 am.. Even when
dimming profile is turned on the reduction is minor. However on the east side lights energy
demonstrates a significant amount of reduced energy. From the graph it is show that solar

heat gain has made it harder for energy to be reduced.
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Figure 5.4 East facade Daylight flux analysis

Figure 5.4 illustrates the East facade that shows more light penetration coming into the deep
part of the space. This also would mean that greater solar heat gain would also access the

space. Wherever the opening is located, around it there are more daylight levels. Light levels
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do reach up to more than half the office space, which means the office is almost lit, while the

rest of the office remains around 100 lux.
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Figure 5.5 West facade Peak hour graph at Aug/12

Figure 5.5 shows the west facade energy consumption peak hour at Aug/12 at around 8.30
am. This mostly happens when the working day starts. This graph is parallel to the results in
table 5.3; the west facade shows greatest results when compared to the other orientations.
Higher reductions in lights energy are shown. This is due to the increased daylight on the

western facade creating heat and resulting in more reductions.
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Figure 5.6 West facade Daylight flux
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Figure 5.6 daylight flux level displays greater light penetration into the office space. The
West facade day lux study is corresponding to table 5.3. As seen, lux levels in brighter blue
reached up to 500 lux from the openings, window and lightshelves that have been placed. The
rest of the office remains approximately at 80-100 lux which means that the office is almost
lit.

5.3 Study of Plan depth:

In order to keep the study coherent deep plan depth was chosen. The study selected plans that
are shown in Table 5.4. When the plan got deeper in depth, the harder it was for light to
penetrate into the space. Therefore three different plan sizes have been tested in order to show
light illumination in office spaces. Table 5.4 shows the constant base case, which are the
orientation, number of openings, lightshelf height, exterior projection and interior depth. The

only variable that is going to be changing is the plan depth.

Table 5.4 Plan depth

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x5m 1 im 2m 5m

South 5x10m 1 im 2m 5m

South 5x15m 1 im 2m 5m

Figures that measure the chillers and lighting energy used in alternate plan sizes are shown in
table 5.5. As the south orientation is the base case, it remains unchanged, while only
changing the plan of the depth. The figures are calculated without the use of lightshelves, in

order to compare results. Table 5.6 will then show results for the study of plan depth.

Table 5.5 Baseline for Plan Depth

Baseline Chillers (MWh) Lights (MWh) Total Energy (MWh)
South 5x5m 4,062 0.7787 4.8407
South 5x10m 5.5489 1.5639 7.1128
South 5x15m 7.0211 2.3512 9.3723

Results for (S, 2Ext, 5In, 1 H) *1 opening
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— Plan size: 5x5m, 5x10m, 5x15m

— Exterior Lightshelf projection: 2 meters
— Interior Lightshelf depth: 5 meters

— Height : 1 meter

— Openings: 1 opening

Table 5.6 Study for the Plan Depth

Plan Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
South LS with LS/ LS LS/opening/ LS LS/opening/
opening/ | opening | opening/no Dim opening/no | with Dim
no DIM | with DIM DIM DIM
5x5m 2.9578 2.827 0.7787 0.3923 3.7365 3.2193
%
savings | -27.2% -30.4% 0.0% -49.6% -22.8% -33.5%
5x10 m 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
%
savings | -19.2% -21.7% 0% -26.0% -15.0% -22.6%
5x15 m 5.9983 5.9486 2.3512 2.2052 8.3495 8.1538
%
savings | -14.6% -15.3% 0.0% -6.2% -10.9% -13.0%

Table 5.6 shows the alternative sizes of deep plan offices examined. Three different sizes
were selected for the study in order to find optimal energy savings. Dimensions for the plans
are: 5x5m, 5x10m, and 5x15m. Lightshelves were placed on the south side, and dimensions
of the lightshelves were based on the base case of the model presented in table 5.4. The
lightshelf size for the model 5x5m had to be altered since the base case parameter of the
lightshelf is bigger than the plan itself. The size of the lightshelf tested for 5x5m plan is:
2.50m interior depth, and 2m exterior projections. As for the other two plans the dimensions
were unchanged. From the calculations provided it is clear that the smaller the plan the more
daylight is accessible into the space as seen in the total energy of the 5x5 m plan at -33.5%
reductions. However, the chillers energy in the 5x5m plan presents high percentages in
reduction without dimming, which is the daylight being the contributing factor that requires

on going cooling from the excessive amount of daylighting penetrating the space. When
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dimming is turned on the chillers are to quickly cool the space since it is 5x5 meter is not
considered a deeper plan. Lights energy indicates the most beneficial results in the first case,
since the space is small and is easily lit by daylighting. Artificial lights will not be working
when there is sufficient light. However, lights energy reaches up to 49.6% in the 5x5m case.
As for a deeper plan of 5x10m, when dimming is switched off, chillers energy shows a -
19.2% in reduced energy. Yet when dimming is switched on 5x10m plan shows greatest
results of -21.75 in chillers energy savings. The lightshelves are playing a part as a shading
device as well as letting in some light to penetrate into the space. As for the deepest plan
5x15m it is shown to have the lowest chillers energy percentage and lowest in the lights
energy reductions. This is due to the deeper space, in which achieved only -6.2% reduction in
lighting, due to the electrical lighting that is highly depended on in deeper spaces. The
optimal case would 5x10m plan in which is more ideal in terms of both energy saving and
covering a bigger space. Even though 5x5m configuration gives us the best and highest
energy reduction in the office space realistic usage requirements demand a bigger and deeper
space. Therefore, a deeper and more ideal plan is the selection of the 5x10m. As the plan gets
deeper, the energy usage intensity increases.
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Figure 5.7 5x5m plan depth Peak hour graph at Aug/12

Figure 5.7 demonstrates 5x5 plan depth hour graph at Aug/12, the graph is parallel to the
percent reductions in table 5.6 which shows greatest reductions in energy consumption.Due

to the smaller space, light easily illuminates the whole area. As demonstrated in the graph, at
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8 am when the office gets occupied energy is being consumed therefore the chillers energy
reaches 2 kW. However when the dimming profile is switched on, the office space is easily
cooled due to the small space. Similarly, the lights energy is also consumed during working
hours in which light quickly illuminates the space and reaches up to 300 lux where the

sensors switch off lighting fixtures.
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Figure 5.8 5x5m Plan Depth Daylight Flux Levels

Figure 5.8 represents the daylight flux level for the 5x5 plan depth office. The figure shows
the highest amount of daylight penetrating into the spaces from the window and opening
compared to all the cases that have been looked at. This is due to the smaller plan depth
compared to the other deeper plan cases also creating higher solar heat gain. Lighting levels
reach up to 580 lux at the opening of the lightshelf which means that the lightshelf with open

helps light illumination into the space.
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Figure 5.9 5x10m plan depth Peak hour graph at Aug/12

The graph in figure 5.9 illustrates the energy consumption in a 5x10 m plan office. Most
energy consumed is occurring during early hours of the morning when the office building
begins to operate. Chillers energy is shown to be highest during the peak hour at around 8:30
am when the working day begins.
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Figure 5.10 5x10m plan depth Daylight flux levels
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Figure 5.10 shows the daylight flux levels in which the southern facing offices are expected
get Daylight. Brighter colors of red and orange show daylight levels ranging up to 460 lux as
light penetrates deeper into the space through the lightshelf opening and windows.
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Figure 5.11 5x15m peak hour graph at Aug/12

Figure 5.11 shows the energy consumption figures at a deeper plan of 5x15m. The graph
verifies that the energy reduction is the least in deeper plans because of the dependency on
electrical lighting and chillers energy. The bigger the office plan the more energy is
consumed which is why the chillers energy reached up to 5kW at 8 am. Even when the
dimming profile is switched on the energy consumption level remains high, due to the

massive space that needs to constantly cooled and lit up for the office to be able to function.
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Figure 5.12 5x15m plan depth Daylight flux levels

Figure 5.12 illustrates the daylight flux levels, lighting does penetrate into the office the light shelf
through the opening and window. However light does not penetrate much deeper into the office due
to the longer area. The deeper the office is the harder it is for light to penetrate further. Light levels
reach up to 460lux mostly at the openings, and remain around 100 lux in most areas. The dimming
profile is not working which makes the office rely on electrical lighting, and therefore consume

more energy.
5.4 Study of lightshelf Height

In order to understand what parameter affects lighting penetration deeper into the office space
it is essential to look at lightshelves placement height. The placement height of the lightshelf
may play a major role in light reflection and redirection. Therefore tests have been attempted
to show the differences in values. Table 5.7 presents the different lightshelves heights that are
assessed. As highlighted in table 5.7, 0.5 meters, 1 meter, 1.5 meter are the dimensions of the
lightshelves from the roof. Table 5.8 looks at the baseline for a model without the placement
of lightshelves, which is then used for the calculation of percent savings. Table 5.9 will show
the results of the study of lightshelf height, as well as the total percentages in energy

reduction.
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Table 5.7 Lightshelf Height

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x10m 1 0.5m 2m 5m

South 5x10m 1 im 2m 5m

South 5x10m 1 1.5m 2m 5m

Table 5.8 Baseline

Baseline Chillers (MWh) Lights (MWh) Total Energy (MWh)
No lightshelves 5.5489 1.5639 7.1128
Results for (S, 2Ext, 5In) *1 opening
— Exterior Lightshelf projection: 2 meters
— Interior Lightshelf depth: 5 meters
— Height of shelf: 0.5m, 1m, 1.5m
— Openings: 1 opening
Table 5.9 Lightshelf Height
LS Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
Height
South LS with LS/ LS LS/opening/ LS LS/opening/
opening/ | opening | opening/no Dim opening/no | with Dim
no DIM | with DIM DIM DIM
0.5m 4.4405 4.2691 1.5639 1.0594 6.0044 5.3285
%
savings | -20.0% -23.1% 0% -32.3% -15.6% -25.1%
im 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
%
savings | -19.2% -21.7% 0% -26.0% -15.0% -22.6%
1.5m 4.6331 4.6067 1.5639 1.4854
6.197 6.0921
%
savings | -16.5% -17.0% 0% -5.0% -12.9% -14.4%
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Table 5.9 looks at 3 different lightshelf heights of the following dimensions: 0.5m, 1m, 1.5m.
These different heights are compared to the base case as it was done in the previous studies,
and then obtaining a percent savings on the energy reduction and total energy. It is indicated
that when the dimming profile is switched off, there is no reduction in electricity
consumption. When dimming is switched on total energy reduction occurs the most with the
highest height which is the 0.5m closer to the roof. The least amount of reduction at 1.5m in
height since the total reduction reaches 14.4%. What could be said is that the higher the light
shelf height the more it can serve as a shading device, and could stop heat from entering the
space. When this happens there is a less need for chillers to be fully switched on.
Lightshelves placed at 0.5m in height from the roof shows the least in reduction of lighting
energy, which could be that the shelf is fully blocking the sun light in which shifted the
dependency onto the electrical lighting to be used. The light shelf works best in terms of

reducing the cooling energy and increasing the daylight when it’s closer to the roof.
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Figure 5.13 0.5m Height of Light shelf peak hour graph at Aug/12

Figure 5.13 shows the first case the light shelf height that has been assessed. The graph
presents parallel information to table 5.9 of energy consumption levels. Peak hours are
usually around 8:30 am when the building starts to operate. Energy consumption levels reach

up to 3.3 kW early in the morning when the office is functioning and decrease throughout the
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day. When the dimming profile is applied, drastic changes in the total lights energy are

present due to the daylight availability.
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Figure 5.14 0.5 height of LS Daylight flux levels

Figure 5.14 demonstrates the daylight flux levels, in which lights penetrate into the space,
while serving as a shading device. Lightshelves placed at 0.5 height level shows very intense
daylight penetration. Light penetration does reach almost to the middle of the office space

and does remain constant at 150 to 200 lux level.
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Figure 5.15 1 m Height of Light shelf peak hour graph at Aug/12



Figure 5.15 shows the peak hour graph for 1 m height of the light shelf. Results of the study
demonstrate that Aug/12 at 8:30 with the greatest solar heat gain, which shows most energy
consumption levels. Chillers energy in the graph reach up to 3.3 kW, while this amount gets
reduced throughout the office hours. Slight changes occur when the dimming profile is
switched on, yet it is mostly effective with lights energy level. This is because enough
daylighting is accessing the space and lighting the office area, which reduces the dependency

on artificial lighting.
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Figure 5.16 1m height of LS Daylight flux
Figure 5.16 shows daylight flux levels for 1m height of lightshelves. Results demonstrate less light

penetration into the space when compared to the other cases. However, daylight levels reach up to

460 lux at the opening of the lightshelf.
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Figure 5.17 1.5 m Height of Light shelf peak hour graph at Aug/12

Figure 5.17 shows the peak hour graph which is also at Aug/12 at around 8:30 demonstrated
in the study. The Results of the graph are parallel with the table 5.9 where energy reductions
are the least when compared to other light shelf heights. Chillers energy reach up to 3.3 kW,
and even when the dimming profile is switched there is no reduced consumption level. Even
when looking at the total lights energy, the 1.5 shelf height is certainly serving blocking the

sun from illuminating the same, as well as serving as a shading device.
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Figure 5.18 1.5 m Height Daylight flux analysis
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Figure 5.18 shows daylight penetrating into the space, and happening most through the

lightshelf opening and window. However, it was understood that the lower the lightshelf from

the ground more it is serving as a shading device, while blocking the sun. The figure shows

the least lux levels in the interior space when compared to other lightshelf height scenarios.

5.5 Study of Number of Openings in the Lightshelf

It was understood from previous cases that openings made in the lightshelves have the ability

to penetrate light into the space, while bouncing the rest of the light further. This section of

the study looks at the placement of openings within the lightshelves. The scenarios goings to

be looked at are a total of 3 openings 2 openings, and 1 opening which is the base case

scenario presented in table 5.10. Results obtained are presented in table 5.12, and then

compared to the baseline shown in table 5.11.

Table 5.10 Number of Openings

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x10m 1 Im 2m 5m

South 5x10m 2 im 2m

South 5x10m 3 im 2m 5m




Table 5.11 Baseline of No Lightshelves

Baseline

Chillers (MWh) Lights (MWh)

Total Energy (MWh)

No lightshelves

5.5489 1.5639

7.1128

Results for (SEW, 2Ext, 5In, 1 H) *1 opening

— Exterior Lightshelf projection: 2 meters

— Interior Lightshelf depth: 5 meters

— Height of light shelf: 1 meter

— Openings: 1 opening, 2 openings, 3 openings

Table 5.12 Study of Lightshelf Openings

Number Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
of

opening

South LS with LS/ LS LS/opening/ LS LS/opening/
opening/n opening opening/no Dim opening/no with Dim
o DIM with DIM DIM DIM

1 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
%

savings -19.2% -21.7% 0% -26.0% -15.0% -22.6%
2 4.4889 4.3505 1.5639 1.157 6.0528 5.5075
%

savings -19.1% -21.6% 0% -26.0% -14.9% -22.6%
3 4.4913 4.3528 1.5639 1.157 6.0552 5.5098
%

savings -19.1% -21.6% 0.0% -26.0% -14.9% -22.5%
0 4.4837 4.3688 1.5639 1.225 6.0476 5.5938
%

savings -19.2% -21.3% 0.0% -21.7% -15.0% -21.4%

Table 5.12 shows three different lightshelves; each lightshelf consists of either 1

opening, 2 openings or 3 openings or a case without any openings. Since the openings are
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placed inside the lightshelf, it does not contribute to the shading which is shown in the first
column. When a lightshelf is placed, but without an opening it serves more as a shading
device, this is because an opening can let some daylight into the space. However when 2
openings are placed, light energy savings increased to 26%. The percent savings for the
chillers ranges from 21.6% to 21.7% when dimming profile is switched on, this can be due to
the lightshelf blocking the heat. The total energy percent savings show similar reductions in
most scenarios, however the placement of two or three openings show 22.6 and 22.7%. To
understand this study one should recognize that the more the openings in the lightshelf the
more the daylight can come into the space, while serving as a shading device at the same
time. Overall, between 1, 2 and 3 opening no significant change in energy consumption is
observed. Therefore, this analysis is likely not sensitive enough for studying the number of
openings on the lightshelf.

3.5+

kK

|$|||

Power (kW)
N
1 ?I 11

|$|||

i

0]

0.0 T T T T T T T T T T T T T T T T T T T T T T T ]
00:00 06:00 12:00 18:00 00:01

Date: Thu 12/Aug

— Chillersenergy: (5x10 dim with Is newest.aps) — Chillersenergy: (5x10 no dim with Is newes.aps)

— Total lightsenergy: (5x10 dim with Is newes.aps) — Total lightsenergy: (5x10 no dim with Is newest.aps)

Figure 5.19 1 opening in the Lightshelf peak hour graph at Aug/12

Figure 5.19 illustrates the energy consumption peak hour which is in Aug/12 around 8:30 am.
The graph energy reduction is parallel to the results in table 5.12, which is the base case with
one lightshelf and one opening placed. Reductions occur mostly in the total lights energy,

while chillers energy remain high even with dimming profile being switched on.
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Figure 5.20 1 opening in lightshelf Daylight flux analysis

Figure 5.20 shows light penetration deeper into the space through the placement of one

opening in the lightshelf. With this module being the base case, light levels reach up to 460

lux shown in shades of blue, while reaching 280 lux even after the lightshelf. This module

shows that the placement of lightshelf with an opening makes a difference in the results
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Figure 5.21 2 openings placed on the Lightshelf peak hour graph at Aug/12
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We can see that findings of the annual analysis reaffirm the findings of the data in table 5.12.
Peak hour remains at 8:30 am when the building starts to operate. What was understand that
after the placement of two openings, still light and heat would penetrate into the office space,
even with the dimming profile being switched on chillers energy still remained high to be
able to cool the space. Total lights energy did decrease but the total energy reduction level

was not very high.
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Figure 5.22 2 openings in the Lightshelf Daylight flux analysis

5.22 illustrate that the more the openings placed in the lightshelf the more light can penetrate
into the space. Daylight levels show similar ranges to 1 opening at 460lux. As mentioned,
that the more the opening the more the light and heat the is accessible to the space. The more
the chillers energy has to be consumed to be able to cool the office space. Light levels do

reach into the space with double the amount of openings than the base case.
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Figure 5.23 3 openings in the Lightshelf peak hour graph at Aug/12

Figure 5.23 reaffirms the findings and data obtained in table 5.12. When three different
openings are placed on the lightshelf, light and heat still are entering the space, while chillers
energy level is greater than lights energy therefore the total energy becomes high compared to
the rest of the lightshelf opening scenarios. Lights energy shows improvement when the

dimming profile is switched on, although it doesn’t completely affect the total energy reduced
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Figure 5.24 3 openings in the Lightshelf Daylight flux levels analysis
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Figure 5.24 demonstrates similar results as the previous daylight flux levels, whereas the
openings help daylight penetration into the space. With three openings placed on the
lightshelf, more light illuminates the space. 460 lux levels are shown closer to the window,
which is considered bright and may produce a lot of glare, and disrupt the occupants. Light

levels do remain constant at around 100 lux.
5.6 Study of Lightshelf Exterior projection

There is a difference between the interior and the exterior projection of the lightshelves. The
exterior projection is the focus of this segment of the study. It is the projection that extends
outward, and the first interaction between the sun light and the light shelf. From previous
studies it was understood that difference in exterior projections may alter results. Table 5.13
offers the three lightshelve heights examined marked in red. Table 5.14 shows the baseline

case with no lightshelves to be able to compare results obtained in table 5.15.

Table 5.13: Exterior projection

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x10m 1 im 0.5 5m

South 5x10m 2 im im 5m

South 5x10m 3 im 2m 5m

Table 5.14: Baseline for No lightshelves

Baseline Chillers (MWh) Lights (MWh) Total Energy (MWh)

No lightshelves 5.5489 1.5639 7.1128

Results for (S, 2Ext, 5In, 1 H) *1 opening

— Exterior Lightshelf projection: 0.5m, 1m, 2m

Interior lightshelf depth: 5m

Height of lightshelf: 1m

Openings: 1 opening

Table 5.15: Study of Exterior projection
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Light shelf Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
Exterior
projection
South LS with LS/ LS LS/opening/ LS LS/opening/
opening | opening | opening/no Dim opening/no | with Dim
/no with DIM DIM DIM
DIM
0.5m 5.0069 4.8373 1.5639 1.0651 6.5708 5.9024
% savings | -9.8% -12.8% 0.0% -31.9% -7.6% -17.0%
im 4.779 4.6125 1.5639 1.0743 6.3429 5.6868
% savings | -13.9% | -16.9% 0.0% -31.3% -10.8% -20.0%
2m 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
% savings | -19.2% | -21.7% 0% -26.0% -15.0% -22.6%

Table 5.15 demonstrates the different lightshelf exterior projections extended

outward. Three different exterior lightshelves were looked at: 0.5m, 1m, and 2m. Table 5.15

shows that the more the lightshelves extend outward the more it creates a shading effect. This

mostly shows in the chillers energy percentage rate with an outward depth of 1m and 2 m.

Lights energy seems to be the most consuming of energy in the 2meter exterior projection

since the light shelf was serving as a shading device, although the total energy reduction is

most ideal at 2 m extension. This is because chillers energy consumption is greater than the

lights overall. When shading happens, there is a need for depending on artificial lights.

However, there is less heat entering the space due to the shading effect from the light shelf in

which less air-conditioning is necessary which is shown to be the greatest energy saving at 2

m exterior projection.
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Figure 5.25 0.5 m Exterior projection of Lightshelf peak hour graph at Aug/12

Figure 5.25 reaffirms the data obtained in table 5.15. Where high electricity demands occur
during early in the morning when the building starts to operate. The 0.5 m exterior projection
shows the least in reduction on chillers energy. This is due to high solar heat gain that
penetrates into the space. However when the dimming profile is switched on, total lights
energy is saving up to 30% because light is entering the space and reaching up to 300 lux,

and then would reduce the dependency on electrical fixtures.

Daylight (lux)

400.00
aa0.00
ano.no
7a0.00
700.00
B50.00
600.00
Ba0.00
500.00
450.00
400.00
350.00
300.00
2a0.00
200.00
150.00
100.00
50.00
0.0o0

r
k

Figure 5.26 0.5 m Exterior projection of Lightshelf Daylight flux analysis



Figure 5.26 illustrates the light penetration into the space when the lightshelf outward depth
extends at 0.5 m. Higher levels of light reach up to 900 flux causing more heat gain to the
space. This module makes it clear why the chillers energy was high, this is because there is
plenty of light, yet at the same time chillers need to be constantly cooling the exposed space.
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Figure 5.27 1 m Exterior projection of Lightshelf peak hour graph at Aug/12

Figure 5.27 demonstrates a 1 m exterior projection of the lightshelf at 8:30 am, where energy
is most consumed. 1m exterior depth allows daylight into the space, allowing the dimming of
artificial lighting to occur.
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Figure 5.28 1 m Exterior projection of Lightshelf Daylight flux analysis

Daylight flux levels in figure 5.28 demonstrate more light entering the space than other
exterior projection studies. Lux levels range up to 950 lux, however do not penetrate deeper
into the space. The daylight flux levele remain constant at around 100 lux in the interior of

the office.
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Figure 5.29 2 m Exterior projection of Lightshelf peak hour graph at Aug/12
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Figure 5.29 reaffirms the study in table 5.15. Energy consumption peak hour happens at
around 8:30 am in Aug/12. Chillers energy reaches up to 3.3 kW which is considered high
compared to the rest of the exterior projection scenarios. However, the 2 meter projection
serves a great advantage to the office, in which it serves as shading device and at the same

time reflects light deeper into the space.
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Figure 5.30 0.5 m Exterior projection of Lightshelf Daylight flux

Figure 5.30 illustrates daylight penetration into the space, and confirms the results obtained in
table 5.15. Light levels reach up to 900lux causing solar heat gain. When solar heat gain
occurs chillers energy is more consumed. The module shows more light reflecting into the
space where light reaches more than half the office which is because of the lightshelf

projection.
5.7 Study of Lightshelf Interior depth

After assessing the exterior projection of the lightshelves, it is crucial to look at the interior
depth. The interior depth of the lightshelf is the part that extends inward, towards the interior
of the space. It was understood from previous studies that the interior depth of the
lightshelves may alter the light reflection and redirection into the space. Therefore a table
5.16 shows the different light shelf depths examined. Table 5.17 shows the baseline of the
study with a module without lightshelves to compare results obtained. Results obtained are

presented in Table 5.18.
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Table 5.16: Study of Interior Depth

Orientation Plan depth Number of LS height Exterior | Interior
openings

South 5x10m 1 Im 2m 2.5m

South 5x10m 2 Im 2m 5m

South 5x10m 3 im 2m 7.5m

Table 5.17: Baseline for No Lightshelves

Baseline Chillers (MWh) Lights (MWh) Total Energy (MWh)
No lightshelves 5.5489 1.5639 7.1128
Results for (S, 2Ext, 5In, 1 H) *1 opening
— Exterior Lightshelf projection: 2m
— Interior Lightshelf depth: 2.5m, 5m, 7.5m
— Height of lightshelf: 1m
— Openings: 1 opening
Table 5.18: Interior Depth of Lightshelf
Light Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
shelf
Interior
Depth
South LS with LS/ LS LS/opening/ LS LS/opening/
opening/ | opening | opening/no Dim opening/no | with Dim
no DIM | with DIM DIM DIM
2.5m 4.5083 4.3681 1.5639 1.1513 6.0722 5.5194
%
savings | -18.8% -21.3% 0.0% -26.4% -14.6% -22.4%
5m 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
%
savings | -19.2% -21.7% 0% -26.0% -15.0% -22.6%
7.5m 4.5001 4.358 1.5639 1.1474 6.064 5.5054
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%
savings | -18.9% -21.5% 0.0% -26.6% -14.7% -22.6%

Table 5.18 looks at various inward depths of the lightshelves. Three dimensions were
looked at: 2.5, 5m and 7.5. The 7.5 m interior depth preforms better in which it can be said
that this happens due to the deeper penetration to the space through reflectance. When the
dimming profile is switched off the 2.5 meter shows the least in energy reduction. This could
be that the sun is penetrating into the space, and creating heat. When dimming is switched on
better reduction rates occur in the 5 meter depth and 7 meter depth and higher reduction rates
ranging from 22.4% to 22.6% for both 7.5m and 5m depth. As for the lights energy, when
the dimming is switched off it is constantly at 0% reduction, but when dimming is switched
on the optimal case would 7.5meters depth. This is because of the total energy reduction of
22.6% which is the highest amongst the other interior depths. What could be is that the 7.5m
case has the most shading, and most reflectance into the space, therefore results in the

optimum energy savings.
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Figure 5.31 2.5m Interior depth of Lightshelf peak hour graph at Aug/12

Figure 5.31 reaffirms that the least energy consumption occurs at 2.5 depth of lightshelf due
to solar heat gain. However daylight reduction occur when the dimming profile is switched

on.
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Figure 5.32 2.5 Interior depth of Lightshelf Daylight flux analysis

Figure 3.32 illustrates the results obtained in table 5.17, where more light is penetrating into
the space when the lightshelf is extending inwards at 2.5m depth. The lightshelf seems to act
as a shading device hence blocking the sun and at the same time reflecting light deeper into

the space.
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Figure 5.33 5m Interior depth of Lightshelf Peak hour graph at Aug/12



Figure 5.33 confirms the the results obtained, and that energy consumption higher than 2.5m
interior depth due to the light shelf serving as a shading device and therfore blocking solar

heat gain.
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Figure 5.34 5m Interior depth of Lightshelf Daylight flux analysis

Figure 5.34 shows daylight penetration into the space, as well as the lightshelf serving a
shading device. Daylight reaches 900 lux through the window and lightshelf opening. Which

could cause glare disturbances closer to the window.
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Figure 5.35 7.5m Interior depth of Lightshelf peak hour at Aug/12

Figure 5.35 shows the peak hour in Aug/12 happening around 8:30 am. The graph reaffirms
the results obtained in table 5.17.
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Figure 5.36 7.5m Interior depth of Lightshelf Daylight flux analysis
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Figure 5.36 confirms that the 7.5 meter inward depth is an ideal case, since light is
penetrating into the space, as well as blocking solar heat gain. This module shows most light
penetration into the space when compared to the rest of the interior depth of the lightshelves.
It was understood that the lightshelves both serve as a shading device that blocks the sun, and
at the same time the reflectance level of the lightshelf helps the light illuminate the space
further.

The graphs and figures reconfirm the results obtained from each study and case looked at. IES-VE
calculations show that peak day and hour happen in every case during Aug/12 at around 8:30am. It
is important to understand the connection between daylight flux levels, and the energy consumption
graphs. If the figures show difference this means the study is done incorrectly. Correct studies

should be parallel to the percentages obtained and therefore could be validated.

5.8 Optimal Configuration Analysis

A combined study was tailored according to the greatest energy reductions and daylight
penetration into the space. This study selected parameters from the cases analysed and was
inputted into one office module. To further understand each study, it is important to consider
that different parameters have been examined, and according to the most ideal case was to be

chosen. The parameters selected for the combined study are:

— Orientation: South

— Plan depth: 5x10m

— Lightshelf height: 0.5m from the roof
— Number of openings: 2

— Exterior projection: 2m

— Interior depth: 7.5m

All of the parameters were then calculated and compared to the base case which is a 5x10
South orientation excluding dimming profile and Lightshelves. This was attempted to be able
to understand the difference in results, as well as the reduction in energy and light
penetration. Table 5.20 demonstrates the study that was examined as well as showing the

percent savings compared to the base case presented in table 5.19.
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Table 5.19: Baseline

Baseline Chillers (MWh) Lights (MWh) Total Energy
(MWh)
South 5.5489 1.5639 7.1128
Table 5.20: Combined study
Combine ) )
Chillers (MWh) Lights energy (MWh) Total Energy (MWh)
d Study
LS/
LS with : LS : LS
: openin : LS/opening/ : LS
South | opening/n : opening/no : opening/n : :
g with Dim opening/Dim
oDIM DIM o DIM
DIM
Combine
q 4.4471 4.285 1.5639 1.0862 6.011 5.3712
%
: -19.9% | -22.8% 0.0% -30.5% -15.5% -24.5%
savings

From table 5.20 the maximum reduction in energy is obtained through selecting the most

ideal parameters. The south facade has demonstrated great potential for reduction of chillers

energy in the previous studies. Chillers energy reaches up to 22.8% when dimming profiles

are switched on. The lightshelf is simply serving as a shading device, in order to let some

light in, without heat gain. Lights energy show a major reduction at 30.5%, which means that

the two openings were placed in a very beneficial way to the interior of the space. Lighting in

the office module is purely penetrating into the space through reflection as well as through

the two openings added. The total energy consumption is equal to 24.5% which shows the

highest and most ideal when compared to previous studies.
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Figure 5.37 Combined study peak hour graph at Aug/12

Figure 5.37 shows results for the combined study, the early morning hours of the graph
indicate that when the building is not under direct solar load from the glazing. What could be
understood from this graph is that each kW of reduction in light energy saves a KW in cooling
energy. Table 5.21 shows the average reduction in chillers energy per each kW saved from
dimming profiles in lighting energy.
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Table 5.21: Calculation of Average Reduction in Chillers Energy per each kW Savings in

Lighting Energy.

1050.00
1000.00
950.00
900.00
850.00
800.00
750.00
700.00
650.00
600.00
550.00
500.00
450.00
400.00
350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00

Figure 5.38 Combined study Daylight flux analysis
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Total Total Reduction | Chillers | Chillers | Reduction | Chillers Average
lights lights in Lights | energy energy in chillers | energyvs Ratio
energy | energy Energy (kw) (kw) energy Lights
(kw) (kw) (kw) (kw) energy
reduction
ratio
A B C=A-B D E F=D-E G=F/C AVG(G)
South | Combined South | combined
Base Base Base Dim
Time
08:30 | 1.1841 | 0.8037 0.3804 6.8315 6.3462 0.4853 1.275762 | 1.024499
09:30 | 1.1841 | 0.8051 0.379 45991 | 4.2531 0.346 0.912929
10:30 | 1.1841 | 0.8629 0.3212 4.0904 | 3.8062 0.2842 0.884807
Daylight (lux)




Figure 5.38 shows the combined study daylight flux analysis. Flux levels reach up 1050 when
placing two openings, while remaining constant at 250 lux in the rest of the office space.
Total energy consumed is less due to the lightshelf serving as a shading device and therefore
lowering the amount of chillers energy needed.
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Figure 5.39: Overall Combined Energy Analysis Graph

Figure 5.39 offers a deeper understanding of the energy reductions throughout the whole
research paper. It also demonstrates each case breakdown and then compared to the baseline
it was associated with. Cooling energy is marked with a blue color, and lights energy with a
yellow color, as well as the percent savings shown in green. Baseline modules are marked
with darker shades of blue and orange. Baseline cases are marked with darker shades of
orange and navy blue, while regular parameters are marked with lighter yellow and lighter
blue. Each case is placed close to its baseline in order to easily compare scenarios. The green
squares show the percent savings obtained from each case. As shown in figure 5.39, the
combined study demonstrates the highest in the total energy reductions compared to all the
cases of the research. This is because of the ideal parameters selected and tailored the study

to maximize energy reductions.
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Combined Daylight flux analysis for all cases:

Daylight (lux)

480.00
440.00

420,00

400,00

380,00

i 360.00
340.00

32000

I 30000

280,00

260.00
240.00
220.00

200.00

180.00

160.00

140.00

. 120.00

100.00

j—y 80.00

€0.00
40.00
20.00
0.00

~
]
-

—
F i
.

South East West

Daylight (lux)

460.00
440.00
420.00
400.00
380.00
360.00
340.00
32000
I 30000
280.00
260.00
240.00
220.00
200.00
180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
— 0.00

=

b
b

| g |
prin

-‘D___./I F - p— ?
b Tekt

A\H..T

5x5m Plan 5x10m Plan 5x15m Plan

113



0.5m H of Lightshelf

o

o

o
}—{!

1m H of Lightshelf

m]

]

A

e
=

-

d

Diaylight ()

1.5m H of Lightshelf

u

Daylight (lux}

450.00
440.00
420.00
400.00
380.00
360.00
340.00
320.00

Y 300.00
280.00
260.00
240.00
220.00
200.00
180.00
160.00
140.00
120.00
100.00
80.00
£0.00
40.00
20.00
0.00




o

[ S il

e
|
=

— L

|
)

u
u

O i (|
.
ot

[ = —

0.5m Ext Projection

= 0
C Iy
| I |

= - ]

2.5m Int Depth

1m Ext Projection

5m Int Depth

2m Ext Projection

[w} 0

e
e

L
F;

oy
i

} oy €

7.5m Int Depth

Daylight (lux)

460.00
440.00
420.00
400.00
380.00
360.00
340.00
32000
I 30000
280.00
260.00
240.00
220.00
200.00
180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00

Daylight fus)

560,00
540,00
520,00
500,00
480,00
480 00
440,00
420,00
400,00
360,00
30,00
340,00

il
300,00
280,00
260,00
24000
22000
20000
0.0
0.0
0.0
720,00
100,00
a0.00
B0.00
40.00
2000

115




Diagdi ght lux)

2400.00
2300.00
2200.00

2100.00
2000.00

Daylight {lux)

1050.00
1000.00
950.00
900.00
850.00
800.00
750.00
700.00
85000 1300.00

EUUUU - -
e —————

1300.00
150000
10000
160000
150000
1400.00

550.00 100,00
500.00
450.00
400.00
350 00
300.00
250 00

000,00
A00.00
00,00
TO.00
E00.00
SO0.0o0
200.00 400,00
150.00 F00.00
100.00 200.00
100.00
0.00

50.00
- - 0.00

r
b

i
n

Combined Optimum Energy Study Combined Maximum Daylighting Study

Figure 5.40 Combined Study of All Daylight flux Analysis

Figure 5.40 illustrates a combined study of the daylight flux analysis simply shows all the
cases that have been tested and examined. It helps with comparing and contrasting between
all modules that were looked at. To further expand the study, daylight flux levels have been
tested for two different combined daylight flux analysis. The first combined study examined
the optimum energy reduced; while the second combined flux study looked at maximum
daylight penetration. What could be understood is that without energy conservation daylight
is maximized in the office module reaching around 2400 lux -100 lux in most spaces.
However, when selecting parameters that improve energy reduction lux levels

reach up to 1050- 50lux in most areas.
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5.9 Summary and Discussion:

A study that compared the east, west, and southern orientations of a model has been
examined. The three models had every other parameter fixed for the impact of lightshelves in
three orientations. Three Baselines were modelled for each orientation without lightshelves.
These baselines are then compared to models with the same orientation incorporated with
lightshelves. Western baseline consumes significantly higher energy when compared to
southern and eastern baselines. This is expected because the peak solar heat gains are
coinciding with the peak internal heat gains. When the daylight dimming is enabled, the
southern orientation demonstrated the greatest reduction in chillers energy at 21.7% in
reductions. With the lower angles penetrating into the space high daylight levels are
achieved. Artificial lighting energy is reduced due to high daylight levels, thus light fixtures
are not generating as much heat which results in the additional cooling energy savings.
Therefore, in the total energy with lightshelves and daylight dimming on, south orientation
achieves 22.6% saving, the greatest among the three orientations. The east facade shows

21.1% in the total reductions, while the west facade revealed the least reductions at 20.1%.

Three varying deep plans were selected, dimensions are: 5x5m, 5x10, and 5x15m. These
models have been studied with parameters set to the south orientation which is the base case
of the study, while every other parameter remained constant. Three baselines were modelled
for each plan without the addition of lightshelves to compare models with the same plan
depth including lightshelves. The 5x15m baseline plan revealed to have considerably higher
energy consumption when compared to the other plan depth baselines. This is expected
because of the greater plan size and depth that it would demand constant cooling and lights
energy and higher energy usage intensity. The 5x5m plan with lightshelves shows the least in
chillers energy when the dimming profile is switched off. This is because of daylighting
being the contributing factor that accumulates heat, which then would require constant
cooling. However, when the dimming profile is enabled, the 5x10m plan shows the higher
reduction levels in chillers energy. The correlation between the size of the plan and amount of
light and heat that can penetrate into the space affected the chillers energy significantly. The
5x10m office plan would be the most ideal case to select amongst the other cases; this is
based on realistic usage requirements for an actual office. In addition, one should take into
consideration that the bigger and deeper a plan gets, the higher the energy usage intensity. In
addition, when looking at the lights energy the 5x5m plan showed greatest energy reductions.
When compared to the other plan depths it was understood that the smaller the plan meant
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daylight was the penetrating into the whole space. When that happened, artificial lights were
not needed due to the daylighting available in the space. As a result the highest total
reduction is the 5x5m plan that resulted in 33.5% which was considered the highest out of the
other plan depths. The 5x10m plan revealed 22.6% in reductions, while the 5x15 achieved
13%.

The study of different lightshelve heights of 0.5m, 1m, and 1.5 from the roof was examined
in three models. The baseline of the study was a case without lights shelves to be compared to
the varying lightshelve heights. The total energy of the baseline without a lightshelves is
fairly high. This is because the lightshelves are not present to serve as shading device and
have the ability to block heat. The 1.5 m height of the light shelf shows the least in chillers
energy when the dimming profile is switched off. However when the dimming profile is
enabled 0.5m height of light shelf shows highest chillers energy reduction. This is because
the higher the light shelf from the roof the more it served as a shading device, while blocking
the heat from entering into the space and reducing the chillers demand. Lightshelves placed at
1m height show the least in reduction of lights energy when dimming profile is enabled.
Therefore, the total energy reductions of the 0.5 height revealed 25.1%, which was
considered the highest figure compared to the other cases. 1m height showed 22.6%
reduction, while 1.5m height at 14.4%. What could be understood from this study is that the
closer the light shelf to the roof the more it can reflect light into the space. The higher it is
from the ground the more it would block solar heat gain, and at the same time serve as a

shading device.

The placement of openings within the lightshelves was studied in four forms. These four
forms were: 0 openings, 1 opening, 2 openings, and 3 openings which had set parameters that
follow the base case. These four models were then compared to the baseline that was set
without lightshelves. It was expected to get higher total energy values in the baseline of the
study without having lightshelves as it contributed as shading device while blocking heat.
Reductions showed similar values in the chillers energy when the dimming profile is not
switched on. However, when the dimming profile is enabled 2 openings and 3 openings
placed in the lightshelves demonstrated similar percentages in chillers energy reduction. This
is to understand that the lightshelf openings helped light penetrate into the space, in which the
more the openings in the lightshelves the more light can penetrate into the space. When two
openings are placed it is revealed to have the highest in lights energy reduction, when the
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dimming is enabled. This is because of the daylight levels entering the space, and balancing
out daylight levels. Results for the total energy of two openings resulted in 22.6%, as well as
1 opening showed 22.6%. Three openings showed %, significantly close values to all the
cases. The total energy consumed without openings on the lightshelves showed the least
reduction at 21.4%. Generally, between cases of 1, 2 and 3 openings no significant change in
energy consumption is observed. Therefore, this analysis is likely not sensitive enough for

studying the number of openings on the lightshelf.

The Exterior projection of the lightshelves were analysed in three models. Each model
consisted of the following projections: 0.5m, 1m, and 2m while the rest of the parameters
remained fixed to the base case. A baseline with no lightshelves was used to compare each
model. As mentioned in the previous studies that the baseline model with no lightshelves will
definitely consume a significantly higher total energy than a model with a shading device or
barrier to sun. As for the models, the 0.5m exterior projection revealed the least in reductions
when the dimming profile was switched off. However, when the dimming process was
enabled 2m exterior projection showed highest reductions among other cases. This is
expected because of a city of Dubai’s climate, it was confirmed that it is more beneficial to
use the lightshelves as shading manner. Interestingly enough, the study demonstrated that the
2m exterior projection shown least in lights energy reductions, while the 0.5m exterior
projection showed the highest reductions. What could be understood from looking at the
lights energy only, one can easily be tempted to conclude that 0.5m projection is better than a
longer 2m projection. The energy benefit from the shading effect is more desirable with a
longer projection in the exterior. As for the total energy, the 2m exterior projection showed
22.6% reductions. Followed by 0.5 exterior projection that showed 17% and 1m reductions at
20% in reductions. As an overall understanding, the chillers energy consumption is greater
than the overall lights energy. A city like Dubai is considered to be one with a cooling
dominant climate, therefore when placing a light shelf; one must make use of it as a shading

device.

A study that looked at three different interior Depths was carried out. The different
lightshelves examined were: 2.5m, 5m, and 7.5m depth. These models were set to the same
fixed parameters of the base case and then compared to the baseline with no lightshelves. The
total energy consumption of the baseline is a fairly high value because the lightshelves are

not present to serve as shading device. From the study it was revealed that the 2.5m interior
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depth showed the least reduction when the dimming profile was switched off, while the 5m
and 7.5m depth showed the highest energy reduction. Even though the dimming profile was
not switched on the 7.5 m interior depth had a high energy reduction rate. Moreover, the 5m
and 7.5m interior depth still managed to have the highest reductions even when the dimming
profile was enabled. It was understood that the deeper the lightshelves into the space the more
it can serve as shading device and at the same time have the most reflectance into the space.
Lights energy revealed to also have the highest reductions at 7.5m interior depth. The 2.5m
interior depth presented the least in total energy reduction, which could be concluded that a
climate like Dubai would always benefit from the most shading. The highest total energy

reductions remained at the 7.5m and 5m interior depth that both showed 22.6%.

One of the final studies of the research was the combined study. This study was specifically
personalised model that gathers the most parameters that would result in the highest energy
reduction levels as well as light illumination into the space. The model parameters consisted
of: South orientation, 5x10m plan depth, 0.5m height from the roof, 2 openings, 2m exterior
projection, and 7.5m interior depth. This model was then compared to a baseline model that
consisted of no lightshelves. The south baseline has shown to consume significantly high
energy. This was expected because the peak solar heat gains are that coinciding with the peak
internal heat gains in the west orientation. However, when looking at the chillers energy
while dimming profile is enabled the study confirmed greater results. This was shown
because of the lower angles penetrating into the space high daylight levels are achieved. Then
the reliance on artificial lighting energy is fairly reduced, as well as the lighting fixtures are
not generating heat which results in less cooling load. Lighting energy is supposed that it is
happening through reflection as well as the placement of the two openings. The total energy
consumption is revealed to be 24.5% which showed the highest and most ideal when
compared to all the previous studies in the research. From the study, an important aspect that
came across was the earlier in the morning findings confirmed that the building was not
under direct solar load form the glazing. A general conclusion that could be derived is that

each kW of reduction in light energy saves a kW in cooling energy.
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CHAPTER 6: CONCLUSIONS AND
RECOMMENDATIONS
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6.1 Conclusion:

With an ever-growing energy demand, a city like Dubai necessitates various building
approaches that can be applied, and therefore improve daylight illumination. At the beginning
of the research, a problem that was identified was the absence of rules and regulations that
were placed in regard to the environment. This negligence has resulted in great amounts of
energy consumed in every building. While energy consumption demands grew, higher carbon
emissions expanded. In addition to the high energy demands, an issue with illumination of
deep plan offices was identified. Deeper plans would have lower chances of receiving full
daylight illumination it the space, resulting in the dependency on artificial lights.

The literature chapter was one of the core stones of the research. The research began
with inspecting various researches, and comparing and contrasting between them in order to
gain a fundamental knowledge of energy consumption demands as well as illumination in
deeper plans. After forming ideas over the utmost energy that consumed in office buildings in
a city like Dubai that requires a constant cooling demand, if daylighting is not utilised, then
lighting energy will only increase the total intensity usage. It was essential to find solutions
that would alleviate the issue of energy consumption in office buildings and at the same time
penetrate daylight deeper into the space. According to the research papers in the literature
review section, energy can be reduced when switching the dependency from artificial lighting
to daylighting. The first solution was to incorporate a dimming profile that would be based on
300 lux levels. When lux levels are reached, artificial fixtures would immediately be
switched off, hence reducing energy. The literature review results found that daylighting
systems could be beneficial for light to penetrate deeper into the space. Engineers, architects
and interior designers have the upper hand in controlling and finding solutions that could be

simple and inexpensive solutions that take the environment into consideration.

As for a daylighting system that has an impact on buildings energy consumption,
research papers confirmed that lightshelves is one of the options that could be carried out.
Adopting lightshelves as a daylighting strategy was to be studied and examined in order to
test its efficiency. At the same time it should be able to provide light penetration deeper into
the space. The next step was to look at the methodologies in order to find the best method to
take on the research. After assessing different research papers, and looking at the pros and

cons of each method, the simulation method seemed to fit the research objectives and
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requirements for the study. Different parameters were generated to be inputted into the

simulation program.

The selection of the computer program is one of the essential aspects of the research
since it would provide the research with the most realistic and valid results. Before selecting
the simulation program, an assessment was made that compared and contrasted the different
software’s. IESVE was the selected software due to its great ability to calculate and predict
energy consumption of varying spaces. The models were then based on the parameters

derived from different research papers tailored to suit the city of Dubai.

An important aspect of the research was the idea of incorporating sensors that detect
daylight levels since it would shift the dependency on electrical lighting to natural lighting.
Of course, this procedure only happened at certain times of the day, and was not a long
lasting procedure. However, it helped reduce the total energy consumption levels majorly. A
vital aspect that was considered is the contribution of the openings that were placed in the
lightshelves to light the space. The more the openings placed, the more the light would have
an easier path into the interior plan of the office.

What could be derived from the whole study is that there are six main factors that
contributed to both daylight illumination and energy reductions in the offices modules. 1)
Orientation 2) plan depth 3) height of the light shelf, 4) openings, 5) exterior projection 6)
interior depths. It was confirmed from the study that the western orientation preformed best
in terms of energy reductions due to the lower angles penetrating into the space high daylight
levels are achieved. Artificial lighting energy is reduced due to high daylight levels, thus light
fixtures are not generating as much heat that would result in the additional cooling energy
savings. As for the plan depth, the study reconfirmed the concept that the smaller plan space
the most daylight illumination. However, the smaller the space the more it received excessive
heat. From the study, the 10x10m plan was considered the most ideal plan depth in which
received the greatest results in the chillers energy savings. It was made clear the light shelf
was playing a significant role as shading device, at the same time letting some light into the
space. As for the deeper plan of 5x15m, chillers energy and lighting was the lowest in
reductions. This is because of the depth and size of the plan is greater than rest of the cases,

where it needs constant lighting, and cooling a larger area.
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The height of the lightshelves also played an important role in the reduction of energy
as well as illuminating the space. The outcome of the study revealed that the closer the light
shelf from roof, the more it can reflect light into the space. This is as well as serving as a
shading device and blocking heat gain from the space. Similarly, the placement of openings
in the lightshelves was a significant factor for light penetration. The more openings placed in
the lightshelves the more light penetrated in the space, with no harm of excessive heat
because the light shelf served as a shading device. Lightshelves exterior projection and
interiors depth both played an important role to the efficiency of the lightshelves. This is
because the longer the exterior projections of a light shelf the more it was advantageous as
shading device for a city like Dubai. As for the interior depth, the outcome of the study
revealed the deeper the lightshelves extended inward, the more it can illuminate the space
through both the reflection and the openings while blocking solar heat gain. Therefore,
through the accumulated and examined research and observation, lightshelves have indicated
a potential in the ability to penetrate light into the space as well as reduce energy

consumption levels.

Overall results of the study:

- The maximum efficiency of a lightshelf that has been tailored for this study is 24.5%,
when the most ideal parameters were selected and put together to form a combined
study for energy.

Table 6.1 presents the highest results obtained from the different studies looked at.

Table 6.1 Results of Maximum Energy Reduction

Study for Orientation 22.6%
Study for Plan Depth 33.5%
Study for Lightshelf Height 25.1%
Study for Lightshelf Openings 22.6%

Study for Lightshelf Exterior Projection 22.6%

Study for Lightshelf Interior Depth 22.6%
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Combined study 24.5%

- The research paper confirms that a lightshelf can ensure great promises in terms of
energy efficiency and penetrating daylighting into the space.

- Together with the light shelf, the dimming profile demonstrated a major control over
energy reduction factors. This is because when the sensors were placed and detected
daylight levels up to 300 lux, electrical lighting would be switched off. This results in
major energy reductions.

- Lightshelves does deliver good shading from the sun.

- Afeasible and sustainable solution that could provide and introduce lighting into deep

plan offices.
6.2 Recommendations for future work

There are several ways this research could be expanded and therefore result in even
more energy reductions. The current research applied only one ramp (dimming profile) which
may be a specific only to the daylight levels set to be detected at 300 lux. However, another
study should include even lower lux levels of 200 lux ramp, which is also considerably
acceptable for daylight illumination. This change in the ramp that is inputted can significantly

alter energy consumption results.

Other ways in continuing the research is to develop a good benchmark that shows a
balanced energy usage for each office building. This benchmark would set all the requirement
and necessary energy demands to a limit. Through the benchmark companies will be able to

see if they have exceeded energy consumptions levels or not.

Throughout the study, the interior environment was considered to be a vacant office
for the simulation and modeling process. However, the addition of furniture and

arrangements in the space could have a different effect on the output of the study.

This research could continue in the path of testing the effect of internal materials and
finishes, ceiling heights, glass material on daylight penetration. The study should look at most

different reflective materials, as well as compare between them.

The present interest in sustainability and the need for environmental solutions will

ensure continued research efforts in the area of daylighting in deep plan offices as well as its
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effects on human health. The most ideal selection of daylighting strategies will continue to be
an area of interest since it’s a broad area depending on the research objectives. Daylight is an
intriguing infinite topic that continues to challenge researchers while creating endless

possibilities for further research.
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Appendix A: Simulation Results

A.1 Study for Orientation:

East Total Total Chillers  Chillers
lights lights energy  energy
energy energy (MWh) (MWh)
(MWh)  (MWh)
5x10 5x10 5x10 5x10
eastno  east eastno  east
dim Dim dim dim

Date

Jan 01-31 0.1247  0.095 0.1015 0.0916

Feb 01-28 0.1187  0.0905 0.1577  0.1482

Mar 01-31  0.1365 0.1007 0.2482  0.2361

Apr 01-30 0.1247  0.0945 0.3362 0.326

May 01-31  0.1306  0.0988 0.4469  0.4362

Jun 01-30 0.1306  0.0972 0.5186  0.5072

Jul 01-31 0.1247  0.0938 0.5911  0.5806

Aug 01-31  0.1365  0.099 0.6137  0.6009

Sep 01-30 0.1306  0.0958 0.5462  0.5344

Oct 01-31 0.1247  0.0913 0.4176  0.4063

Nov 01-30 0.1306  0.099 0.2894  0.2786

Dec 01-31 0.1306  0.099 0.1513  0.1405

Summed 15434  1.1546 44185  4.2867

total
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5.9619  5.4413

Chillers  Lights  Total
Energy  Energy  Energy

Baseline 5.2683 15434 6.8117

Savings 44185  4.2867 15434 11546 5.9619 5.4413

%savings -16.1%  -18.6% 0.0% -25.2% - -
12.5% 20.1%

South Total Total Chillers Chillers
lights lights energy  energy
energy energy (MWh) (MWh)
(MWh)  (MWh)

5x10 5x10 no 5x10 5x10 no

dim dim dim dim
Date
Jan 01-31 0.0875 0.1263 0.1618 0.1748
Feb 01-28 0.0871 0.1203 0.1599 0.1711
Mar 01-31  0.1009 0.1383  0.2289  0.2416
Apr 01-30 0.0942 0.1263 0.2826  0.2936
May 01-31  0.1047 0.1323 0.4098 0.4192

Jun 01-30 0.1067 0.1323 0.4861 0.4949
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Jul 01-31 0.0983 0.1263  0.558 0.5676
Aug 01-31  0.1054 0.1383  0.565 0.5763
Sep 01-30 0.0964 0.1323 0.5215 0.5337
Oct 01-31 0.0915 0.1263 0.4171 0.429

Nov 01-30 0.0941 0.1323 0.3321 0.3452
Dec 01-31 0.0901 0.1323  0.2232  0.2376

Summed 1.157 15639 4.3461  4.4846

total

nodim dim
total e 5.5031

6.0485

Chillers  Lights total

5.5489  1.5639 7.1128
Baseline S
savings 44846  4.3461 15639 1.157 6.0485 5.5031

% savings  -19.2% -21.7% 0.0% -26.0% - -
15.0% 22.6%
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West Total Total Chillers Chillers
lights lights energy energy
energy energy (MWh) (MWh)

(MWh) (MWh)

5x10 5x10 5x10 5x10
west west  westno  west

nodim  dim dim dim
Date
Jan 01-31 0.1247 0.0923 0.1109 0.1002
Feb 01-28 0.1187 0.0823 0.1613 0.1491
Mar 01-31 0.1365 0.0911 0.2516 0.2363
Apr01-30 0.1247 0.0848 0.3293 0.3157

May 01- 0.1306 0.0915 0.4557 0.4425
31

Jun 01-30 0.1306 0.0943 0.5404 0.5281
Jul 01-31 0.1247 0.086  0.5999 0.5868
Aug 01-31 0.1365 0.0914 0.6113 0.596

Sep 01-30 0.1306 0.0847 0.548 0.5325
Oct 01-31 0.1247 0.0883 0.419 0.4066
Nov 01-30 0.1306 0.0937 0.287 0.2745
Dec 01-31 0.1306 0.0966 0.1561  0.1447

Summed 15434 1.0769 4.4705 4.3129

total

nodim dim
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6.0139 5.3898
Chillers Lights  Totals

Baseline west 5.2872 15434 6.8306

savings 44705 43129 15434 1.0769 6.0139 5.3898

% savings -154% -18.4% O -30.2% -12.0% -21.1%

A.2 Study for Plan Depth

5x5mplan  Total Total Chillers Chillers
lights lights energy energy
energy energy (MWh) (MWh)

(MWh) (MWh)

5x5 no 5x5 5x5 no 5x5

dim dim dim dim

Date

Jan 01-31 0.0629 0.0286 0.151 0.1395
Feb 01-28 0.0599 0.0277 0.1322 0.1214
Mar 01-31 0.0689 0.0326 0.1424 0.1301
Apr01-30 0.0629 0.0312 0.1929 0.1822

May 01- 0.0659 0.0383 0.2697 0.2604
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31

Jun 01-30
Jul 01-31

Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

baseline

savings

% savings

0.0659

0.0629

0.0689

0.0659

0.0629

0.0659

0.0659

0.7787

0.0385

0.0347

0.0357

0.033

0.0306

0.0328

0.0286

0.3923

2.9578

-27.2%

0.311

0.3561

0.3588

0.3145

0.2865

0.2499

0.1928

2.9578

3.7365

4.062

2.827

-30.4%

0.3018

0.3465

0.3475

0.3034

0.2755

0.2387

0.1801

2.827

3.2193

0.7787

0.7787

0.0%

4.8407

0.3923 3.7365 3.2193

49.6%

22.8%

-33.5%
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5x10 Total Total Chillers Chillers
lights lights energy energy
energy energy (MWh) (MWh)
(MWh) (MWh)
5x10 dim  5x10no  5x10 dim  5x10 no
dim dim
Date
Jan 01-31 0.0875 0.1263 0.1618 0.1748
Feb 01-28 0.0871 0.1203 0.1599 0.1711
Mar 01-31  0.1009 0.1383 0.2289 0.2416
Apr 01-30 0.0942 0.1263 0.2826 0.2936
May 01-31  0.1047 0.1323 0.4098 0.4192
Jun 01-30 0.1067 0.1323 0.4861 0.4949
Jul 01-31 0.0983 0.1263 0.558 0.5676
Aug 01-31  0.1054 0.1383 0.565 0.5763
Sep 01-30 0.0964 0.1323 0.5215 0.5337
Oct 01-31 0.0915 0.1263 0.4171 0.429
Nov 01-30  0.0941 0.1323 0.3321 0.3452
Dec 01-31 0.0901 0.1323 0.2232 0.2376
Summed 1.157 1.5639 4.3461 4.4846
total
no dim dim
total e 5.5031
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6.0485

Chillers Lights Total
Energy Energy Energy

5.5489 1.5639 7.1128
Baseline S
savings 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
% savings -19.2% -21.7% 0.0% -26.0% - -

15.0% 22.6%

5x15m Total Total Chillers Chillers

lights  lights energy energy

energy energy (MWh) (MWh)

(MWh) (MWh)

5x15 5x15 5x15no 5x15

nodim dim dim dim
Date

Jan 01-31 0.1899 0.1751 0.201 0.196

Feb 01-28 0.1809 0.1671 0.2323  0.2277

Mar 01-31 0.208  0.1961 0.3163 0.3123
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Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

Baseline

savings

% savings

0.1899
0.1989
0.1989
0.1899
0.208

0.1989
0.1899
0.1989
0.1989

2.3512

Chillers
Energy

7.0211

8.3495

5.9983

-14.6%

0.1794
0.1874
0.1889
0.1792
0.1956
0.1884
0.178

0.1858
0.1841

2.2052

Lights
Energy

2.3512

8.1538

5.9486

-15.3%

0.3994
0.5682
0.6776
0.7777
0.794

0.7195
0.5857
0.4433
0.2833

5.9983

Total
Energy

9.3723

2.3512

0.0%

0.3958

0.5642

0.6742

0.7741

0.7898

0.7159

0.5816

0.4388

0.2782

5.9486

2.2052

-6.2%

8.3495

-10.9%

8.1538

-13.0%
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A.3 Study for Lightshelf Height

0.5m Height  Total  Total Chillers Chillers
lights  lights  energy energy
energy energy (MWh) (MWh)
(MWh) (MWh)

5x10 5x10 5x10 5x10

nodim dim nodim dim

Date

Jan 01-31 0.1263 0.0846 0.1795 0.1655
Feb 01-28 0.1203 0.0803 0.1643 0.1508
Mar 01-31 0.1383 0.0932 0.2244 0.2092
Apr 01-30 0.1263 0.0864 0.2939  0.2802
May 01-31 0.1323 0.0912 0.4187 0.4048
Jun 01-30 0.1323 0.0914 0.4943 0.4804
Jul 01-31 0.1263 0.0868 0.5668  0.5533
Aug 01-31 0.1383 0.0944 0.5762 0.5613
Sep 01-30 0.1323 0.0896 0.5184  0.5038
Oct 01-31 0.1263 0.0846 0.4135 0.3992
Nov 01-30 0.1323 0.0884 0.3487 0.3337

Dec 01-31 0.1323 0.0886 0.2418 0.2269
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Summed total 1.5639 1.0594 4.4405 4.2691
6.0044 5.3285
Chillers Lights  Total
Energy Energy Energy
Baseline 55489 15639 7.1128
Savings 44405 42691 15639 1.0594 6.0044 5.3285
% savings -20.0% -23.1% 0.0% -32.3% -15.6% -25.1%
1m Height Total Total Chillers Chillers
lights lights energy energy
energy energy (MWh) (MWh)
(MWh) (MWh)
510 dim  5x10no  5x10 dim  5x10no
dim dim
Date
Jan 01-31 0.0875 0.1263 0.1618 0.1748
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Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

total e

Baseline S

savings

0.0871
0.1009
0.0942
0.1047
0.1067
0.0983
0.1054
0.0964
0.0915
0.0941
0.0901

1.157

no dim

5.5031

Chillers
Energy

5.5489

4.4846

0.1203
0.1383
0.1263
0.1323
0.1323
0.1263
0.1383
0.1323
0.1263
0.1323
0.1323

1.5639

dim

6.0485

Lights
Energy

1.5639

4.3461

0.1599
0.2289
0.2826
0.4098
0.4861
0.558

0.565

0.5215
0.4171
0.3321
0.2232

4.3461

Total
Energy

7.1128

1.5639
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0.1711

0.2416

0.2936

0.4192

0.4949

0.5676

0.5763

0.5337

0.429

0.3452

0.2376

4.4846

1.157

6.0485 5.5031



% savings

15m
Height

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30

Oct 01-31

-19.2%

Total
lights
energy
(MWh)

5x10

no dim

0.1263
0.1203
0.1383
0.1263
0.1323
0.1323
0.1263
0.1383
0.1323

0.1263

-21.7% 0.0%

Total Chillers Chillers

lights energy energy
energy (MWh) (MWh)
(MWh)

5x10 5x10 5x10

dim no dim dim

0.1203 0.1907  0.1887
0.1075 0.2136  0.2093
0.1331 0.2558 0.254
0.1217 0.2946  0.293
0.1279 0.42 0.4186
0.128  0.4959  0.4945
0.1218 0.5689 0.5674
0.1331 0.5768 0.575
0.1272 0.5466  0.5449

0.1163 0.4548 0.4514
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-26.0%

15.0%

22.6%



Nov 01-30 0.1323 0.1259 0.3684  0.3662
Dec 01-31 0.1323 0.1228 0.247 0.2438

Summed 15639 1.4854 4.6331 4.6067
total

6.197 6.0921

Chillers Lights  Total
Energy Energy Energy

Baseline 5.5489 15639 7.1128

Savings 46331 4.6067 15639 14854 6.197 6.0921
%savings -16.5% -17.0% 0.0% -5.0% -12.9% -14.4%
A.4 Study of Lightshelf Openings
1 Opening Total Total Chillers Chillers
lights lights energy energy

energy energy (MWh) (MWh)
(MWh) (MWh)

5x10 dim 5x10 no 5x10 dim 5x10 no
dim dim

Date
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Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

total e

Baseline S

savings

0.0875
0.0871
0.1009
0.0942
0.1047
0.1067
0.0983
0.1054
0.0964
0.0915
0.0941
0.0901

1.157

no dim

5.5031

Chillers
Energy

5.5489

4.4846

0.1263
0.1203
0.1383
0.1263
0.1323
0.1323
0.1263
0.1383
0.1323
0.1263
0.1323
0.1323

1.5639

dim

6.0485

Lights
Energy

1.5639

4.3461

0.1618
0.1599
0.2289
0.2826
0.4098
0.4861
0.558

0.565

0.5215
0.4171
0.3321
0.2232

4.3461

Total
Energy

7.1128

1.5639

0.1748

0.1711

0.2416

0.2936

0.4192

0.4949

0.5676

0.5763

0.5337

0.429

0.3452

0.2376

4.4846

1.157

6.0485 5.5031
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% savings -19.2% -21.7% 0.0% -26.0% - -
15.0% 22.6%

2 Openings Total lights Total lights Chillers Chillers
energy energy energy energy
(MWh) (MWh) (MWh) (MWh)
5x10 no 5x10 dim 5x10 no 5x10 dim
dim dim
Date
Jan 01-31 0.1263 0.0875 0.1748 0.1618
Feb 01-28 0.1203 0.0871 0.1712 0.16
Mar 01-31  0.1383 0.1009 0.2417 0.229
Apr01-30 0.1263 0.0942 0.2941 0.2832
May 01-31  0.1323 0.1047 0.4203 0.4109
Jun 01-30 0.1323 0.1067 0.4949 0.4862
Jul 01-31 0.1263 0.0983 0.5681 0.5585
Aug 01-31  0.1383 0.1054 0.5781 0.5669
Sep 01-30  0.1323 0.0964 0.5338 0.5215
Oct 01-31 0.1263 0.0915 0.429 0.4172
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Nov 01-30  0.1323 0.0941 0.3452 0.3321
Dec 01-31  0.1323 0.09 0.2377 0.2232
Summed 1.5639 1.157 4.4889 4.3505
total
6.0528 5.5075
Chillers Lights Total
Energy Energy Energy
baseline 5.5489 1.5639 7.1128
savings 4.4889 4.3505 1.5639 1.157 6.0528 5.5075
% savings  -19.1% -21.6% 0.0% -26.0% - -
149% 22.6%
3 Openings Total Total Chillers  Chillers
lights lights energy energy
energy energy (MWh) (MWh)
(MWh) (MWh)
5x10 no 5x10 5x10 no 5x10
dim dim dim dim
Date
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Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

Baseline

Savings

% savings

0.1263
0.1203
0.1383
0.1263
0.1323
0.1323
0.1263
0.1383
0.1323
0.1263
0.1323
0.1323

1.5639

Chillers
Energy

5.5489

4.4913

-19.1%

0.0875
0.0871
0.1009
0.0942
0.1047
0.1067
0.0983
0.1054
0.0964
0.0915
0.0941
0.09

1.157

Lights
Energy

1.5639

4.3528

-21.6%

0.1749
0.1712
0.2418
0.2945
0.4213
0.495

0.5682
0.5786
0.5338
0.4291
0.3452
0.2377

4.4913

Total
Energy

7.1128

1.5639

0.0%

0.1619

0.16

0.229

0.2835

0.4119

0.4862

0.5586

0.5674

0.5216

0.4172

0.3322

0.2233

4.3528

6.0552 5.5098

1.157 6.0552 5.5098

-26.0% - -
149% 22.5%
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0 Chillers Chillers Total Total
Openings  energy energy lights lights
(MWh) (MWh) energy energy
(MWh) (MWh)
5x10 dim 5x10 no 5x10 dim 5x10 no
dim dim
Date
Jan 01-31 0.1642 0.1746 0.0954 0.1263
Feb 01-28 0.1618 0.1711 0.0927 0.1203
Mar 01-31 0.2314 0.2416 0.1081 0.1383
Apr 01-30 0.2848 0.2936 0.1005 0.1263
May 01- 0.4113 0.4192 0.1092 0.1323
31
Jun 01-30 0.4867 0.4949 0.1082 0.1323
Jul 01-31  0.5598 0.5676 0.1033 0.1263
Aug 01-31 0.5668 0.5763 0.1103 0.1383
Sep 01-30 0.5237 0.5337 0.1028 0.1323
Oct01-31 0.4187 0.429 0.0961 0.1263
Nov 01-30 0.3342 0.3451 0.1004 0.1323
Dec 01-31 0.2254 0.2371 0.0981 0.1323
Summed  4.3688 4.4837 1.225 1.5639
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total

5.5938 6.0476

Chillers Lights Total
energy energy Energy

Baseline ~ 5.5489 1.5639 7.1128

Savings 4.4837 4.3688 1.5639 1.225 6.0476 5.5938

% savings -19.2% -21.3% 0.0% -21.7% - -
15.0% 21.4%
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A.5 Study of Exterior Projection:

0.5m Total Total Chillers Chillers
Lightshelf lights lights energy energy
Exterior  energy energy (MWh) (MWh)
Projection (MWh) (MWh)

5x10 5x10 5x10 5x10

dim nodim dim no dim
Date
Jan 01-31 0.0851 0.1263 0.2536 0.2675
Feb 01-28 0.0812 0.1203  0.2387 0.2519
Mar 01-31 0.0935 0.1383  0.262 0.2772
Apr 01-30 0.0856 0.1263  0.2865 0.3004

May 01- 0.0915 0.1323 0.411 0.4248
31

Jun01-30 0.0916 0.1323  0.4851 0.4989
Jul 01-31 0.0865 0.1263  0.5602 0.5738
Aug 01-31 0.0944 0.1383 0.5661 0.581

Sep 01-30 0.0902 0.1323  0.5408 0.5552
Oct01-31 0.0857 0.1263  0.4924 0.5063
Nov 01-30 0.0909 0.1323 0.4294 0.4436
Dec 01-31 0.0889 0.1323 0.3115 0.3263

Summed  1.0651 15639 4.8373 5.0069

total

5.9024 6.5708
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Baseline 55489 15639  7.1128

Savings 5.0069 4.8373 15639 1.0651 6.5708 5.9024

%savings -9.8% -12.8% 0.0% -31.9% -7.6% -
17.0%

im Total Total Chillers Chillers

Exterior lights  lights energy energy

Projection energy energy (MWh) (MWh)
(MWh) (MWh)

5x10 5x10 5x10 5x10

nodim  dim no dim dim
Date
Jan 01-31 0.1263 0.0856 0.2333 0.2196
Feb 01-28 0.1203 0.0816 0.2231 0.21
Mar 01-31 0.1383 0.0937 0.2465 0.2313
Apr 01-30 0.1263 0.087  0.3023  0.2889

May 01- 0.1323 0.0927 0.4231 0.4096
31

Jun 01-30 0.1323 0.0943 0.4973 0.4844
Jul 01-31 0.1263 0.0874 0.5715 0.5582
Aug 01-31 0.1383 0.0948 0.5824 0.5676
Sep 01-30 0.1323 0.0903 0.5357 0.5214
Oct01-31 0.1263 0.0863 0.4633  0.4496

Nov 01-30 0.1323 0.0911 0.4067 0.3926
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Dec 01-31

Summed

total

Baseline

Savings

% savings

2m
Exterior

Projection

Date

Jan 01-31

Feb 01-28

Mar 01-31
Apr 01-30
May 01-31
Jun 01-30

Jul 01-31

0.1323 0.0897 0.2938
15639 1.0743 4.779
5.5489 15639 7.1128
4779 46125 1.5639
-13.9% -16.9% 0.0%
Total Total
lights lights
energy energy
(MWh) (MWh)
5x10 dim 5x10 no
dim
0.0875 0.1263
0.0871 0.1203
0.1009 0.1383
0.0942 0.1263
0.1047 0.1323
0.1067 0.1323
0.0983 0.1263

0.2792

4.6125

1.0743

-31.3%

Chillers
energy
(MWh)

5x10 dim

0.1618
0.1599
0.2289
0.2826
0.4098
0.4861

0.558

157

6.3429 5.6868

6.3429 5.6868

10.8% 20.0%

Chillers
energy
(MWh)

5x10 no

dim

0.1748
0.1711
0.2416
0.2936
0.4192
0.4949

0.5676



Aug 01-31  0.1054 0.1383 0.565 0.5763

Sep 01-30 0.0964 0.1323 0.5215 0.5337

Oct 01-31 0.0915 0.1263 04171 0.429
Nov 01-30 0.0941 0.1323 0.3321 0.3452
Dec 01-31 0.0901 0.1323 0.2232 0.2376
Summed 1.157 1.5639 4.3461 4.4846
total

Chillers Lights Total

Energy Energy Energy

5.5489 1.5639 7.1128

Baseline S
savings 4.4846 4.3461 1.5639 1.157 6.0485 5.5031
% savings 19.2% 21.7% 0.0% 26.0% 15.0% 22.6%

A.6 Study for Lightshelf Interior Depth

2.5m Total Total Chillers Chillers

Interior lights lights energy energy

Depth energy energy (MWh) (MWh)
(MWh) (MWh)

5x10 5x10 5x10 no 5x10

no dim dim dim dim

Date

Jan 01-31 0.1263 0.0914 0.1749 0.1631

158



Feb 01-28 0.1203 0.0862 0.1815 0.17
Mar 01-31 0.1383 0.0999 0.2414  0.2283
Apr01-30 0.1263 0.0936 0.2987  0.2875

May 01- 0.1323 0.103  0.4203 0.4104
31

Jun01-30 0.1323 0.1019 0.4952  0.4849
Jul 01-31 0.1263 0.0956 0.5684  0.558

Aug 01-31 0.1383 0.1026 0.5799  0.5677
Sep 01-30 0.1323 0.0959 0.5333  0.5209
Oct01-31 0.1263 0.0902 0.4324 0.4201
Nov 01-30 0.1323 0.0963 0.3447 0.3324
Dec 01-31 0.1323 0.0947 0.2377  0.2249

Summed 15639 1.1513 4.5083 4.3681

total

Chillers Lights  Total 6.0722  5.5194
Energy Energy Energy

Baseline 5.5489 1.5639 7.1128

Savings 45083 4.3681 15639 1.1513 6.0722 5.5194

% savings 18.8% 21.3% 0.0% 26.4%  14.6% 22.4%

5m Interior Total Total Chillers Chillers

Depth lights lights energy energy
energy energy (MWh) (MWh)
(MWh) (MWwWh)
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Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed

total

Baseline

savings

5x10 dim

0.0875
0.0871
0.1009
0.0942
0.1047
0.1067
0.0983
0.1054
0.0964
0.0915
0.0941
0.0901

1.157

Chillers
Energy

5.5489

4.4846

5x10 no

dim

0.1263
0.1203
0.1383
0.1263
0.1323
0.1323
0.1263
0.1383
0.1323
0.1263
0.1323
0.1323

1.5639

6.0485

Lights
Energy

1.5639

4.3461

5x10 dim

0.1618
0.1599
0.2289
0.2826
0.4098
0.4861
0.558

0.565

0.5215
0.4171
0.3321
0.2232

4.3461

Total
Energy

7.1128

1.5639
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5x10 no

dim

0.1748

0.1711

0.2416

0.2936

0.4192

0.4949

0.5676

0.5763

0.5337

0.429

0.3452

0.2376

4.4846

1.157

6.0485 5.5031



% savings

7.5 Interior
depth of
Lightshelf

Date

Jan 01-31
Feb 01-28
Mar 01-31
Apr 01-30
May 01-31
Jun 01-30
Jul 01-31
Aug 01-31
Sep 01-30
Oct 01-31
Nov 01-30
Dec 01-31

Summed total

19.2%

Total
lights

energy

(MWh) (MWh)

5x10

no dim

0.1263

0.1203

0.1383

0.1263

0.1323

0.1323

0.1263

0.1383

0.1323

0.1263

0.1323

0.1323

1.5639

Chillers

21.7%

Total
lights

energy

5x10

dim

0.0879
0.0874
0.0977
0.0947
0.1049
0.1023
0.0969
0.1055
0.095

0.0907
0.0939
0.0906
1.1474

Lights

0.0%

26.0%

Chillers Chillers

energy
(MWh)

5x10

no dim

0.1683

0.1902

0.2425

0.2986

0.4202

0.4951

0.5682

0.5798

0.5344

0.43

0.343

0.2298

4.5001

Total

161

energy
(MWh)

5x10

dim

0.1553
0.179

0.2286
0.2878
0.4108
0.4849
0.5581
0.5686
0.5216
0.4177
0.3298
0.2155

4.358

15.0%

22.6%



Energy Energy Energy

Baseline 5.5489 15639 7.1128
Savings 45001 4.358 15639 1.1474 6.064  5.5054
% Savings -18.9% -21.5% 0.0% -26.6% -14.7% -22.6%
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