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Abstract 
World energy consumption attends to increase in all sectors, which leads to more CO2 

emissions and air pollution. In 2016, the Energy Information Administration (EIA) projects that 
world energy consumption will increase up to 48% by 2040. The building sector is the largest 
consumer of the energy. Consequently, the global needs a universal proposal to mitigate and 
reduce the impacts on the environment and the natural resources. The energy consumption is 
accumulative of different aspects, such as buildings, transportation, industrial and other sectors. 
The building sector is the largest consumer of the energy.   

The energy consumption in the building is accumulative of different aspects of the annual 
usage, such as cooling, heating, lighting, and others. For instance, lighting consumes up to 22 % 
in the commercial buildings and 14% in the residential buildings in the hot-arid climate (Arizona). 
Therefore, this study focuses on proposing a method of daylight optimization that leads to Net-
zero energy buildings in the hot-arid climate. Achieving Net Zero buildings needs high efficient 
buildings at the first step to make the task more affordable. By exploring and applying the 
daylight optimization strategies, energy consumption will be reduced in the way that cut down 
the CO2 emissions and the air pollution. These strategies attempt to turn off the artificial lighting 
during the useful daylight illuminance and provides a comfortable level for the occupancies. The 
Daylight passive technique usually categories under three main topics, which are the Sidelighting, 
Toplighting, and Corelighting. Furthermore, the daylight performance is assessed through 
different methods, such as daylight factor, daylight autonomy, glare index and the useful daylight 
illuminance. The method in this study is proposing passive daylight strategies and, testing how  
the new strategy would contribute to achieving the net-zero status, and validate the results 
(physical and digital experiments have been conducted to achieve the optimum proposal) to 
maintain the daylight through the building envelope (shading device, and fenestrations 
orientation sizes  and  materials).  
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1 Chapter 01: Introduction and Defining Issues 
1.1 Energy Consumption in the World 

The world nowadays faces many environmental issues, such as increasing the CO2 
emissions and the air pollution. The scientific statistics show that these issues are increasing with 
the increase of the energy consumption, which leads to more damaging to the environment and 
depleting our valuable resources. In 2016, the Energy Information Admiration (EIA) projects that 
the world energy consumption will increase up to 48% by 2040 [20]. 

The historical records since 1990 demonstrate that the world energy consumption has 
been increased by 56.9% in 2015. Which means that the rate of the increasing is up to 2.27% 
yearly, (fig 1), [9]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Energy consumption has been obviously increased in all sectors. This increasing affects all 

energy sources, none renewable, and renewable sources. Which had led to massively increasing 
the CO2 emissions and air pollution. Furthermore, the energy prices rapidly had been increased 
all around the world. The increasing of the energy prices will put more demands on the shoulders 
of the users.  Moreover, no matter what the sources or the types of the energy are the 
unthoughtful energy consumption will increase the crisis of harming the environmental system. 
For instance, by using coal as an energy source the CO2 emission will be raised by 2.3% a year, 
1.9 % by using gas as fuel, and 0.6% a year from the nuclear sources [21].  

Consequently, this crisis raises the urgent needs for energy efficient buildings because of 
the building sector responsible up to 22 % of the energy consumption in the world [21]. 
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Figure 1: This chart shows the historical records of 25 years between 
1990-2015, the yearly energy consumption increases by 2.56% [9]. 
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Generally, the building sector refers to the residential and the commercial buildings. 

Where the household energy consumption defines the energy consumption in the residential 
sector as the consumption for heating, cooling, lighting, water heater and other appliances and 
equipment excluding the transportation consumption. There are many factors and characters 
affect the energy consumption in the buildings, such as the location, and the user characteristics, 
the weather, the equipment types and the efficiencies, the access to delivered energy, the 
availability of energy sources, and the energy-related policies. 

The projection of IEO in 2016 refers that the energy consumption attends to increase by 
1.5 % yearly from 2012 to 2040. In 2040, the energy consumption by homes will be up to 13% of 
world energy consumption. That means the increasing                                will be up to 2.1% yearly 
(IEO2016 Reference case), [22]. 

 
 
 
 

Figure 2: This chart demonstrates where the energy goes in the world. Those sectors are 
responsible for increasing energy demand and the energy crisis overall. The energy 
consumption in building sector usually relates to the commercial and residential buildings [21]. 
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Figure 3: This chart shows the historical records of 25 years between 
1990-2015, the yearly energy consumption increases by 2.56% [9]. 

1.2 USA Energy Consumption 
The historical record of energy consumption in the USA is fluctuated and attended to be 

dropped down and decreased because of the wide range of the awareness of the importance of 
our resources. The consumption has been increased since 1990 to 2015 up to 14.97% that means 
0.5 %/yearly fig 3, [9]. 

 

 

 

 

 

 

 

 

 

 

 

 
Once again, the building sector is the largest consumer of energy in the USA. It is 

responsible for up to 37% of the total energy consumption. Where the residential buildings have 
the largest chunk of energy consumption in the building sector, which is up to 51 % of the total 
of the building sector. This will have similar impacts on the CO2 emissions and the air pollution, 
[23]. 
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Figure 3: The three main sectors, which are the buildings, the transportation, and the 
industrial sector are responsible for the energy consumption in the USA [21]. 

Figure 4: This chart is a comparison between the residential and the commercial energy 
consumption [21].  
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Figure 5: this chart demonstrates the end-use energy consumption in 
residential buildings in the USA [21]. 
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Figure 6: This chart demonstrates the end-use energy consumption in the 
commercial building in the USA [21]. 

The energy consumption in a residential building is accumulated of many aspects where 
the Space Heating consumes 2%, Water Heating 13%, Space Cooling 15%, Lighting 10%, 
Electronics 8% Refrigeration 6% Wet Cleaning 5% Cooking 4% Computer 2% [21].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The following chart demonstrates the end-use consumption in the Commercial buildings 
in the USA. The Lighting consumes the larger chunk of the energy in the commercial buildings, 
which is up to 20 % of the total consumption [21]. 
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Figure 8: This chart shows the energy consumption of the 
residential and commercial buildings in Arizona [21]. 

1.3 Arizona Energy Consumption 
The building sector is the largest consumer of energy in Arizona State besides the 

industrial and transportation. It is responsible for 51 % of the total energy consumption [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The largest chunk of this consumption is for the residential building, which consumes up 
to 52 % of the total consumption of the building sector (fig 09), [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The enduse consumption (electricity) of the residential building refers to the cooling, 
heating, lighting, water heating, electronics, and computers, which are the largest aspect of the 

Figure 7: Arizona energy  consumption by sectors 2014 [21] 
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Figure 9: The end-use consumption for residential buildings in Arizona 
[21]. 
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Figure 10  end-use energy consumption for the commercial building in Arizona 
[21]. 
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energy consumption in the hot-arid climate (Arizona). The other largest aspect is the lighting. 
The lighting consumes 14 % of the total energy consumption in the residential buildings. 

Although Arizona is hot-arid climate, the heating and the water heater aspect takes the 
third place of the energy consumption [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the commercial buildings in Arizona, although the excessive heat the lighting is 
responsible for the largest chunk of the end-use consumption [21]. Thus, this study is focusing 
on mitigating this issue. 
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1.4 Lighting Consumption 
Lighting consumption responsible for the largest part of the energy consumption in both 

residential and commercial buildings. By depending, more on the daylight will cut off the 
demanding and reduce the initial cost of the construction and the operation. 

Many architects think that increasing the amount of glass in our buildings will have 
humanity value, which will increase the connection and the view to the outside. Frank Gehry in 
his master class says, “Most of our cities are built with just faceless glass, only for economies and 
not for the humanities “, [8]. Basically, the concept of covering the building with glass should be 
more in awareness and understanding the surrounding environment. The concept could be 
written in the way that has more consideration of the orientation, shading, daylight, materials 
distribution, ventilation, and other passive techniques [Alsalih]. 

By opening a window does not mean enhancing the daylight. The process of the daylight 
is more complicated than just a window. It is a system of strategies should be integrated together 
to achieve the highest performance and the highest efficiency [Alsalih]. 

In the commercial building, lighting consumption is twice as in residential because of the 
hours of the compunction and the building typology (the size of the building and the type of the 
functions). 

One of the other major differences in the lighting aspect is the climatic conditions which 
determine the sky conditions.  Although in the climate zone when is mostly overcast conditions, 
artificial lighting should not be used during the availability of a 1000 lux or more. That means 
there is no need for using artificial lighting. Unless the sky too dark less than 1000 lux. However, 
many scholars refer to some survey that the 100 lux of the natural daylight will be enough for 
some tasks such as reading. 
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2 Chapter 02: Research Frame Work 
 

This chapter discusses the holistic ideas and the main concept of the research and provides a 
deep understanding of the research question and the thesis statement. 

The main concept deals with proposing a method that leads to net zero buildings. Achieving 
net zero buildings required to have an efficient building to have affordable net-zero buildings 
with minimum years of payingback. The efficiency aspect is important and it could be achieved 
by applying passive strategies in the early stages of the design or enhancing the existing building.  

After having an efficient building, the next step will be to understand the design of the 
renewable energy. Because of dealing with efficient buildings, the tasks for the renewable energy 
will be cheaper and easier to achieve the goal of the net-zero buildings [Alsalih]. 

2.1 Thesis Statement 
Energy consumption is a critical manner that affects our environment through CO2 

emissions, air pollution, and threats our natural resources. It is also an economic aspect, which 
puts more demands on the shoulders of the users. The building sector is responsible for about 
50 % of the energy consumption. Consequently, the major goal of this study is to tackle this issue 
by achieving a net-zero energy consumption states in the hot-arid climate. That will achieve 
through passively designed buildings and focusing on the aspect of daylight and the impact of the 
envelope fenestrations and orientation on the quality and quaintly of the daylight to turn off the 
artificial lighting during the useful daylight illuminance. 

2.2 Research Question 
What are the advantages and the benefits of optimizing and mitigating daylight? How this 

optimization will contribute in the net-zero building in the hot arid climate? 

2.3 Assumption 
This question has many aspects. First one is the human visual comfort level. The human 

comfort level is the main goal of having shelters. Many aspects in the daylight affect the human 
visual comfortable level and these aspects consider the baseline for assessing the daylight 
performance level, such as these aspects are daylight factor, daylight autonomy, useful daylight 
index and glare index. These aspects could be modeled in a digital and physical manner for testing 
and assessing the performance. 

The second assumption is the energy consumption aspect. Theoretically, by depending 
on the daylight as a source for lighting up the space, is considered as a strategy for energy 
conservation. However, there are many questions within this concept, such as what is the  type 
of the daylight? What is the level of the daylight to be enough for the tasks that would happen in 
the spacific typology? What are the influences of using the daylight on the heating and the cooling 
aspects? 
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Finally, what is the definition of the net zero energy and what are the strategies in the hot 
arid climate that could lead to net zero buildings ? [Alsalih]. 
The following points could summarize the objectives of these questions: 
1-Energy: to reduce Energy consumption in commercial building towards Net Zero buildings, 
reduce CO2 emission and Air pollution 
2- Education: filling the gap of knowledge that relates to the impact of the envelope fenestrations 
and orientation on the quality and quantity of the daylight. 
3-Social: Providing a comfortable level of natural daylight for the occupancies in the commercial 
building, such as offices. 

Consequently, the main goal of this study is to understand the relationship between 
different strategies of the net-zero buildings and figuring out the role of the architects to achieve 
this goal at the earlier stage of the architectural schematic design. The question of the high 
envelope performance would not be clear until the stage of the energy modeling and validation. 

However, the bioclimatic design that has been established in the mid of the 20 century 
defines many strategies to ensure a high envelope performance. The wise selection of the passive 
techniques plays an important role in the amount of the energy consumption and the thermal 
comfort level.  The energy consumption is a critical issue in terms of the negative impacts on the 
surrounding environment. It is obvious that the more energy consumption is more CO2 emission. 
The largest consumer sectors of the energy around the world are transportation, buildings and 
industrial sectors. The largest sector is the buildings; it is responsible for more than 20 % of energy 
consumption around the world, which means more CO2 emission and air pollution. 
Consequently, the reducing of energy consumption by the buildings sector would help to reduce 
the impact on the surrounding environment. 

This study is developing a method to test the application of the theory and validating the 
results. In addition, the study defines the major passive architectural strategies and focusing on 
the daylight aspect to assess the ability and the benefits of applying the passive strategies. 

There are many factors play an important role in designing and optimizing the daylight 
aspect. These would be considered as variable to enhance the daylight distribution inside the 
space and avoiding the direct sunlight. 

By depending on the daylight will reduce the lighting load and the internal heat gain. The 
optimum daylight design that one achieves the optimum quality and quantity [Alsalih].  
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3 Chapter 03: Literature Review 
3.1 Net zero energy is a global solution 

The globe faces many issues that cause water reduction and resources scarcity, increasing 
energy demands and costs, shrinking of the fossil fuel sources, and a changing the climate.  The 
net zero energy is a universal solution to tackle these issues. The net-zero energy is a community 
responding to reduce the impacts on the environment and defining the way we inhabit our 
environment. The society members should work together to tackle these issues throughout 
different contribution of different disciplinary is to cut the edges of the energy consumption and 
reduce CO2 emissions and air pollution. 

The net-zero approach aims to create a group of Architects, Engineers, environmentalists, 
Economists, and other of the society members (Linear steps). They are able to address the issues 
and propose solutions. Which is at least improve the way that the human habitats the 
environment and provides a basic knowledge to ensure a good quality of life. This team has the 
ability to understand the major influences and design a sustainable society. For instance, the 
architects could address these issues through buildings envelopes and propose solutions to 
reduce the energy consumption through the high-efficiency buildings that passively designed to 
reduce the demands on the energy. Buildings are the tools, which would shape the future of the 
net-zero status that has significant impacts on the environment, the society, and the economic 
[11]. 

3.1.1 Defining Net Zero Energy Buildings 

Net zero energy is a measurement of the buildings that have zero energy bills by the end 
of the year. The net-zero building does not mean that the building uses no energy, nonrenewable 
energy sources (fossil fuel and nuclear) may be used. However, over the course of the year, 
enough renewable energy is generated that makes the project offset or exceed the use of the 
non-renewable energy. The net-zero energy building will be very expensive without the high 
efficiency and low energy consumption buildings. Consequently, the ideal situation of the net-
zero buildings is to have high performance and efficient buildings to reduce the energy 
consumption by the passive strategies and produce renewable energy by the active system to 
use it over a year of full program demands. 

Nonetheless, the operation is an important aspect of the net-zero building. The 
measurement of the net-zero building is over a one year of operation that includes all the seasons 
of the year. The net-zero energy building cannot achieve only by the design, but the actual 
measurement of the operation, which is the important part of the net-zero concepts. The 
operation refers to deliverable the project and not just the design. The operation also enforces 
more integrated process overall by aligning the owners, the occupants, and the construction and 
the professional design for delivering the project. Thus, the design for the net zero status is just 
a single step of the multi-steps process that includes operation and delivery of the project. Based 
upon that, one of the largest object of the net-zero status is the operation. The operation includes 
many aspects, such as the actual performance of the project, such as the quantity benefits, 
carbon emission reductions and the cost savings [11]. The following chart shows the process of 
achieving the net-zero buildings in a graphical way. 
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Figure 11: This diagram shows the relation between the linear aspect of the net zero energy 
buildings where the buildings with the high efficiency need less cost to be net zero in 
comparison to the inefficient buildings (high energy consumption). Furthermore, the payback 
period for the efficient buildings is less than the inefficient buildings[Alsalih]. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Since the Net Zero Approach is a global solution that can tackle 

and cut the energy consumption of the buildings sector, many authorities 
have defied this approach. American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE) has four definitions of the net-
zero building which is net zero site energy, net-zero source energy, net-
zero energy emissions, and net zero energy cost fig 12, [17]. 

3.1.1.1 Net zero site energy building 
This definition stands for producing energy as much as has been 

consumed by the building, and measuring that by the on-site meters. 
This is helpful for verification the performance through the on-site 
meters, which tends to encourage the efficient designs. In this definition, 
there is no consideration for distinguishing between fuel types or 
clarifying the inefficiencies of the utility grid [17]. 

3.1.1.2 Net zero source energy building 
This definition refers that the net zero building produces energy 

and comparing it to the energy sources on an annual basis. The 

Figure 12: This 
diagram represents 
the four definitions 
of the net-zero 
buildings  [Alsalih]. 
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measurement includes the building consumption, the transmission system, the power plant, and 
the energy consumed in getting the fuel source to the power plant. This clear definition 
demonstrates the total impact of the energy consumption. 

3.1.1.3 Net zero energy emissions building 
This definition is the most interested in the green buildings aspect, which refers to reduce 

the CO2 emission to a be zero by the end of a one year of operation. However, it is difficult to 
calculate and estimated the total CO2 emission [17]. 

3.1.1.4 Net zero energy cost buildings 
This definition looks at the net zero from the energy cost perspective including the 

infrastructure. This definition is the most interested in the building owners when they look at the 
net zero as a business plan. The measurement for this definition could be done by looking at the 
utility bills, the infrastructure, and the cost that make achieving net zero status difficult task. The 
energy grids may give credits for returning energy, but most of them do not give credit below the 
zero on an annual basis [17]. 

In conclusion, there is a single definition for the net-zero building which is referred to 
reduce the impact on the environment by conserving our resources, thus; the net-zero energy 
building is the one that produces as much energy as it uses when measured at the site [17]. 

3.1.2 Net Zero and the Leadership in Energy and Environmental Design (LEED) 

As green building codes, LEED has a tremendous effort in defining and leading the green 
building requirements. It is universally recognized standard for the green building. The green 
buildings in minimum words are also high efficiency buildings with minimum impacts on the built 
environment. 
For this reason, net zero will definitely achieve at least platinum certification by LEED [17]. 

3.2 Net Zero Strategies 
 

This part is exploring the methods of achieving an efficient building (consuming minimum 
energy before applying the renewable energy strategies). Although the net-zero energy is hard 
and costly to achieve, the understanding the design approach of the passive and the active 
system to design an efficient energy building would be the ideal situation for achieving net zero 
status. To achieve a high efficient building the demanding on the major consumption in the 
buildings (heating, cooling, and lighting) should be reduced by the passive techniques to boost 
the performance of the building. The following are the descriptions of the main passive strategies 
with deep discussing of the daylight aspect.  
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3.2.1 Heating and cooling strategies in the hot-arid climate 
3.2.1.1 Orientation 

Many theories talk about the optimum orientation 
for the envelope in order to achieve the best thermal 
comfort for the occupants and reduce the energy 
consumption. Felix Marboutin calculated the heat 
intensity for the surfaces. He concluded, that the south 
orientation considers the best orientation for the 
locations in the upper equator. Because the south 
orientation receives the maximum solar radiation in the 
winter (over heated period) and by using, the solar control 
the building will receive the minimum solar radiation in 
the summer (under heated period).  The buildings that 
face the southeast or the southwest are cold in the winter 
and warm in the summer [2]. 

 
 

3.2.1.2 Envelop and optimum form 
The optimum form usually the one which losses 

the minimum BTU in winter and receives minimum Btu in summer. In general, the square is the 
practical shape to accomplish this notion because the surface to volume ratio in the cube is less 
than other shapes. 

In the location in the upper latitudes, the south facade in winter receives twice radiation 
than the north façade in the summer. The east and the west façade in the upper latitude receive 
21 more times radiation in the summer than in the winter. The north façade usually receives the 
minimum amount of solar radiation for the location north of the equator. The roof usually 
receives the maximum solar radiation in the summer; thus, the orientation of the form 
determines the amount of the solar radiation for each surface [16]. Consequently, the influences 
on the form are dependent on the climate conditions and the form location. Usually, there are 
cold, temperate and hot regions. In general, the low temperature leads the form to be more 
compact to reduce the climate impact on its surfaces. On the other hand, the high temperature 
and radiation lead to elongate the form in the east-west direction [2]. 

3.2.1.3 Shading (solar control) 
Shading is an adequate strategy in the hot arid climate. The heat gain from the sun needs 

a lot of energy to be removed from the spaces. It is relevant for heating up space in (winter) 
under heated period. The solar control in the overheated period (summer) attends block the 

N 

Figure 13: These diagrams 
demonstrate the optimum 
orientation and proportion in the hot 
arid climate [16]. 



27 
 

Figure 14: Different types of shading devices horizontal, vertical and combined shading device 
with their shading mask [16]. 

unwanted solar gain. The solar control plays an important role in the quality, quantity and the 
distribution pattern of the daylight that will penetrate through the fenestrations inside the 
spaces. For instance, the light shelves provide many benefits, such as block the unwanted solar 
gain and let the sun to penetrate in the under heated period and help the daylight to be reachable 
in the far places from the perimeter. In addition, the light shelves will enhance the visual comfort 
level by blocking the direct gain. Some examples are the roof overhangs, vertical fins, and the 
blinds [16]. The location of the solar control is preferable to be outside the envelope to prevent 
the solar radiation from penetrating inside the building [2]. Thus, the shading devices work to 
control the ways that the sun’s rays strike the building. Many buildings need to redesign their 
solar control devices in order to provide appropriate protection from undesirable solar radiation 
[3]. Some important idioms related to the solar control need to clarify, such as the Profile angle, 
which is the angle between the sun’s rays, which is perpendicular to the window plane, and the 
normal to the window. The profile angle is considered the most important factors to compute 
the position and dimension of shading devices [16]. The overhangs are the horizontal plane or 
any extension above the opening of building to provide protection from the sun rays [16]. The 
fins are the vertical planes or any extensions that provide protection for the windows or any 
opening from the undesired sunrays usually on the north elevations [16]. For the south façade, 
the overhang or the horizontal blinds could be enough because the sun angle is high at the south 
orientation. Because of the sun angles on the north, elevation is at a low altitude during sunrise 
and sunset, this allows for the use of the vertical fins to block the undesired sunrays. For the west 
and the east facades, the eggcrate shading types are preferred as a way to block the undesired 
sun rays on those facades. 
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3.2.1.4 Surface-to-volume Ratio 
The responding of the envelope shape to the thermal comfort has a significant impact on 

the energy conservation. The influence of the envelope shape is related to the fact that the forms 
with different geometric shapes of the same volume have different surface areas. This is usually 
expressed by the surface-to-volume ratio: s/v ratio. The second concept is related to the fact that 
a given form with a smaller size has a lower s/v ratio than the larger one of the same geometric 
shape. Low volume to area ratio buildings need more time to be influenced by the outdoor 
conditions than the high volume to area ratio buildings. Thus, the larger surface to volume ratio 
the more heat gains and loss through its surface. The smaller surface to volume ratios have the 
minimum amounts of heat gains and losses. The lower area to volume ratio is optimum for the 
hot and dry regions where it offers two advantages. The first advantage is that as the surface 
area becomes smaller, the influence on the outside wall will become less than a large area. 
Second, it reduces the amount of energy for heating and cooling because the heat gains and 
losses through surfaces become lower. Furthermore, the optimum surface to volume ratio in the 
cold climate should also be as low as possible to minimize heat loss. 

Theoretically, the optimum shape that achieves the minimum surface to volume ratio is 
the sphere. A sphere building is not practical for the occupancy, although it achieves minimum 
surface to volume ratio [15]. The compact shape that achieves this notion is a cube. However, 
this notion leads to the issue that the core of the floor area will be far from the perimeter and 
this will reduce the amount of the natural daylighting for this large core area. In the contrary, the 
elongated shape considers the optimum proportion for natural daylighting and ventilation since 
more of the internal area is near to the perimeter. Thus, the elongated shape saves on the cooling 
loads because it allows for more natural ventilation and daylighting [15]. 
  There are many strategies that would reduce the heating and the cooling load and provide 
a comfortable environment for the occupancies, such as the insulation, infiltration, exterior 
colors, thermal mass distribution, evaporative cooling and thoughtful natural ventilation. 
Furthermore, the selection of the active System will have a huge impact on the consumption of 
the heating and the cooling load.  

3.2.1.5 Daylight 
Many factors affect the daylight quality, such as the orientation of the fenestrations and 

the size, the glass types, the materials of the interior finishing have a huge impact on the daylight 
distribution inside the space. There are many strategies play an important role in the quantity 
and quality of the daylight. For instance, the orientation and the form determine the quantity 
and quality of the daylight. Since the south façade receives the larger chunk of the sun rays 
throughout the day and the year. Thus, this orientation is ideal for daylight. Moreover, the 
sunlight is desirable in the winter to bring more heat inside the space. The shading devices could 
play an effective role in the orientation. The second desirable orientation for the daylight is the 
north façade. The amount of the daylighting on the north facade is low, but it has an adequate 
quality because of a constancy and the even distribution of the daylight. Since the direct light has 
a large amount of glare the north façade is preferable than the south façade as a quality. The east 
and the west façade are considered the worst orientations for the daylight because those 
orientations receive more solar radiation in the summer than in the winter. Furthermore, those 
orientations receive half the amount of the sunlight during the daytime. Moreover, the sun angle 
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in the east and the west façades is less than the other façades, thus the amount of the glare on 
these façades will be more than others [13]. The horizontal opening considers an important 
solution to provide natural daylight for one-story buildings or the top floor plan of multistory 
buildings. It has two important advantages; the first is that it could provide good amounts of light 
for large areas since the vertical openings are limited up to 15 feet. Second, the amount of 
daylight that penetrates through the horizontal openings is more than the vertical openings 
because the horizontal windows receive more lighting than the vertical ones. Although the 
horizontal opening has many advantages, it also has many problems where the amount of 
intensity is greater in the summer than in the winter. In addition, it is difficult to use the solar 
control for the horizontal openings. Thus, it is preferable to use the vertical openings more than 
the horizontal, such as clerestory windows, monitors and sawtooth arrangement [13]. The shape 
of the envelope determines the amount of the daylight that has access to the inner space. Thus, 
the first 15 feet of the perimeter could be fully daylighted and the other 15 feet beyond that will 
be partially daylighted [13]. 
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3.3 Daylight Optimization 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 were born of light. The 
seasons are felt through 
light. We only know the 
world as it is evoked by light. 
. . . To me natural light is the 
only light, because it has 
mood—it provides a ground 
of common agreement for 
man—it puts us in touch 
with the eternal. Natural 
light is the only light that 
makes architecture 
architecture. Louis I. Kahn 
 

Figure 15: Costanti phoenix Arizona. This is one of the 
inspirations of this study. The daylight is the soul of the 
architecture, without the daylight, architecture is hard to 
understand.Dayligt defines the exterior form and the interior 
spaces. It is also a major influence of the energy consumption in 
the buildings [Alsalih]. 
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Figure 17: This diagram demonstrates the relationship between 
the light terminologies and their units [Alsalih]. 

3.3.1 Light terms and definitions 

In this section of the research, there are brief descriptions and definitions of the light 
terminologies. 

Light is the part of the electromagnetic spectrum that the human eyes could visual (fig 
15), [13]. The human eyes sensitive to the visible part, other creatures, such as the rattlesnakes 
are sensitive to the infrared 
radiation that emitted by 
the warm-blooded animals. 
The insects could see the 
ultraviolet radiation. The 
important part of this 
description that the human 
skin sensitive to the heat in 
the infrared radiation [13]. 
It is one of the 
electromagnetic that is 
important in the 
architectural field.  

 
The thermal cameras use to visual the infrared radiation and determine the temperature 

of the surface as. However, this thesis is about the visible part of the solar spectrum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16: This diagram demonstrater the solar radiation and the part 
that is important for the architects is between the 10-8 – 10-4 ( 
ultraviolet, visible spectrum, the infrared). In this study the visible 
spectrum id s the major factor [3]. 
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3.3.1.1 Lumen 

A unit that measures the luminous flux. Imagining water spray out of the garden hose, it 
is the same way that the light sources emit light energy. That means the quantity of light is 
indicated by the lumen value [13]. 

3.3.1.2 Efficacy 
Architects look for designing the space that fully lighted by the daylight because using the 

artificial lights need energy. The ratio of the energy that put to run the artificial light to the output 
energy is called the efficacy. The decision of choosing the type of the artificial lighting depends 
on this ratio, for example, fluorescent lamps emit about four times as much light as incandescent 
lamps for the same amount of electricity [13]. 

3.3.1.3 Candlepower 
It is the description of the beam intensity in any direction, which is measured in candelas. 

Usually, the manufacturers of the artificial lights have a graph shows the shape of the fixtures. 
The spot lamp has an intense narrow beam, while the flood lamp has a much wider beam with 
less intensity [8]. 

3.3.1.4 Illuminance 
It is descripting the number of lumens from the light source that will illuminance a specific 

surface. It is measured by the square either lumens per square foot (foot-candle) or lumens per 
square meter (lux). The study uses the lux as the primary units for the calculation and the 
experimental [13, Alsalih]. 

3.3.1.5 Brightness/Luminance 
Those two terms are close to each other, where the brightness refers to the perception 

of the human eyes and the luminance related to the measurements of the light meter for the 
surfaces. Luminance represents the actual amount of lux while the brightness represents how 
the human eyes observe light.  

Lights will generally appear much brighter at night than during the day, but they will 
register the same luminance on the light-meter at any time. Since we design light for people and 
not light-meters, it is usually more important to focus on the brightness than the luminance [13]. 

3.3.1.6 Color Temperature 
The color in the daylight refers to the time during the day and the seasons, (sun raises 

sunsets, winter spring, summer and autumn).  
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Figure 18: This image shows that each color has the different tempretur that will affect 
the heat gain inside our buildings[3]. 

 
 
 
 
 
 
 
 
 
 
 
 

3.3.1.7 The importance of  the Daylight 
The following description is clarifying the advantages of using the daylight instead of the 

artificial lighting.  

3.3.1.8 Vision and Tasks 
The main reason of the light is to provide enough amount of illuminance that light up the 

spaces for different tasks with general requirements of visual comfort level, such as less to no 
glare and comfortable level of illuminance up to 500 lux for normal Office Work, PC Work, Study 
Library, Show Rooms, and Laboratories [13]. 

The outside conditions play an important role on the availability of the daylight on the 
inner spaces. Daylight is changeable based upon the natural changes from daytime to nighttime, 
from season to season (the winter snows to summer sunlight), where each season has its own 
characters of daylight. In addition, weather to weather, bright sunny days versus dark cloudy days 
from climate zone to another. Daylight has the capacity to change and vary. The changing in the 
daylight availability is the heart of the daylight. By understanding, this aspect makes it easier for 
determining the design requirements.  The human eyes are adaptable for these condations. The 
connection with the outside is important and necessary to provide information on the outside 
conditions and influence the inner spaces form [10]. 

 
 

3.3.1.9 Sunlight 
Sunlight is the form-giver for architecture. The useful of daylight is vary from climate 

condition to another. The question is if the sun: problem or opportunity? [10]. Direct sunlight is 
a major source of the heat gain and glare. There are many factors should be considered to 
determine the way of using the sunlight, such as orientation, solar control, building typology. 
There are many strategies has been used to mitigate the issues of the sunlight; for instance, there 
is a specific type and form of glazing use to cut and reduce the amount of the glare by reducing 
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the light transmission. The use of this glazing should be design in the way does not dim down the 
inner spaces permanently. It is just to reduce the amount of the daylight when there is a potential 
of the glare or the heat gain [10]. 

The climate condition determines 
the use of the sunlight. The rule of thumb 
at any climate zone, the sunlight is 
desirable for heating and lighting up the 
spaces in the under heated period 
(winter) and undesirable in the 
overheated period (summer).  

Another aspect of sunlight has 
been used to create a specific 
atmosphere. This depends on the building 
typology. For instance, in the cathedrals, 
the architects attempt to create a shaft 
on the south elevation to create spiritual 
influences that would add to the space 
holly effects. For example, the daylight 
creates a special effect in the cathedral of 
Notre-Dame in France designed by Le Corbusier [19]. 

3.3.1.10 The color of the daylight 
Daylight has a different color at the sun rays, noon and sunset. In addition, the weather 

of the day determines the color of the daylight, which it depends if it is a cloudy or a sunny day. 
The important of the color of the daylight on the interior and how the color will be rendered on 
the surfaces, which affect the perception of the human eye. It is important to see the surrounding 
in the daylight instead of the artificial lighting. For example, the traditional thought in the 
shopping to take the objects to the outside because the colors will look completely different 
which will show the real color of the objects. Other important aspects of the daylight that the 
daylight is enhancing the vision of the objects because the daylight provides a significant range 
of contrast color and natural color that will increase the visibility. Some research shows the 
requirement of illuminance level of artificial light for vision is much ways more than the natural 
daylight [15]. 

 
 
 
 
 
 
 
 

Figure 19: The sunlight creates special spiritual 
fellings. The picture is in a famous cathedral ( 
Notre-Dame in France ) for Le Corbusier in 1920 
[19]. 



35 
 

Figure 20: This image defines and demonstrates the color of the daylight throughout the 
different time of the day. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.1.11 View and Health 
Building windows are 

our connection to the outside 
for experiencing the daytime, 
changing in the weather and 
seasons. The connection with 
the outside is a phycological 
need for the visual comfort and 
the adapting with the outside. 
The connection with the outside 
gives us the perception and the 
awarness of the distances and 
our location in the building. The 
view to the outside is not an 
option; it should be especially in 
the green building codes. 
Working in the daylight is less 
stress and discomfort than working in the electric lighting. Although the daylight could be a 
source of the glare and if it is delivered inappropriate way, the daylight enhances the color 
rendering many ways better than the artificial lighting because of the huge contrast in the 
daylight [18]. As well as in observations of the human behaviors and the arrangement of office 
space many scholars demonstrate that the connection to the outside encourage patients to 
recover faster especially when it connects to the nature. The availability of daylight is part of the 

Figure 21: The importance of the daylight in the offices 
(the new building in the school of architecture-south 
elevation) [Alsalih]. 
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healing process. Dr Hobday’s book (The Healing Sun) reminds us of some principles of Vitruvius 
in the first century BC in his ten books of architecture, the architects should select a healthy site 
for their projects and design the building in the way that prevents illnesses. He had referred that 
the healthy sit has a suitable orientation for introducing natural daylight. Nevertheless, Vitruvius 
has qualitative and quantitative the aspects of the daylight; besides, he had established roles to 
assess the daylight performance. Nowadays, architecture had gone beyond Vitruvius thoughts. 
Also, the daylight is an important to reduce the Seasonal Affected Disorder (SAD). The 
productivity is affected by the daylight. The lack of daylight has many influences on people health, 
the poorly designed daylight could lead to stress, eye discomfort, such as dry or itching eyes, 
aches, pains and other symptoms, often known as Sick Building Syndrome. The measurement for 
the daylight performance is not the energy consumption. It is the human visual comfort level 
[15]. 

3.4 Daylight Types 
The way that daylight penetrates in the inner spaces are determined by three ways. 

3.4.1 Sidelighting 

This technique is using the 
vertical fenestration to light up the inner 
spaces. There are many issues 
associated with the Sidelighting, such as 
heat gain, and direct and excessive 
sunlight of the area near to the 
apertures that will lead to the irritating 
dazzling phenomena. To reduce the 
issues of the Sidelighing, there are many 
considerations should such as the 
orientation, shading devices, and other 
passive teaches. In terms of the 
orientation, the east and west receive 
the largest amount of the direct sunlight 
because of the lower angles of the sun 
on those orientations.  It is hard to 
shade the east and the west façade in 
order to block the heat gain and reduce 
the glare issues. Thus, those 
orientations are irrelevant for the 

Figure 22: This image is an example of the Sidelighing 
where the north vertical curtain wall in the new 
building of the school of architecture provides an 
adequate amount of the daylight for the studios, 
[Alsaih]. 

Figure 23: This diagram illustrates the notion of the 
Sidelighting where the side fenestrations are providing 
the natural daylight for the inner spaces [Alsalih].  
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daylight. The north side receives the minimum amount of the daylight and the direct sunlight 
comparing to other orientations. The quality of the daylight is better than other orientation 
because there is no direct sunlight. The south orientation has a tremendous amount of the 
daylight with the use of the solar controls to block the direct sunlight and let the diffuse daylight 
to light up the inner spaces that will be a perfect scenario for the passive daylight strategies. 
There are other considerations to use the Sidelighting, such as the size of the apertures, the depth 
of the space and the obstacles inside and outside the space. The proportion of the space where 
the daylight could be enough for a specific task where the space has a ratio between the height 
and the depth about 1:2. If the ratio between the height and the depth more than 1:2 by 25% 
the difference in the brightness between the zone immediately facing the window and the central 
part of the room will be huge that leads to glare issues. Consequently, one side of the daylight 
probably has glare issues. Where the human’s eyes try to adapt to the difference of the daylight 
around the objects with glare behind. This will cause fatigue and tiredness to the human’s eyes 
besides the irritating dazzling phenomena, which attributed to a general lack of brightness along 
the length of the room [15]. 

3.4.2 Top lighting 

The other techniques of bringing the 
daylight into the inner spaces is by using the 
Toplighting. The Toplighting techniques have 
many advantages, which provides an adequate 
amount of daylight for the inner space. The 
Toplighting usually uses for a few stories. Some 
of those techniques, such as skylights, roof 
monitor with operable or fixed members, 
sawtooth, and others. 

The main goal of the top lighting is to 
have uniform daylight distribution with 
minimum reflection. The Toplighting is filtered 
the light with the minimum reflection that 
brings direct illuminance to the spaces fig 26, 
[18]. 

However, there are many issues are associated with the Toplighting, such as the 
overheating around the apertures, glare, and hard to control and provide shading for the roof 
openings. In addition, the Toplighting has absent of the view and connections with the outside 
and this is a major issue for the space that needs to be connected to the outside. There are many 
considerations of designing the Toplighting, such as blocking the direct sunlight in the overheated 
period, which needs a careful decision with a careful sizing and orientating the openings. 
Furthermore, the finishing materials are an important decision (the texture, the color, and the 
distribution of the materials). 

 

Figure 24: The toplighting in a simple 
representation. Where the top fenestration 
bring the daylight into the inner spaces [Alsalih]. 
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3.4.3 Corelighting 

Core lighting is a complex technique of the daylight strategies. It includes the passive and 
the active systems. Usually, the passive system refers to the architectural aspect, such as 
courtyard or atriums. where the other spaces are opened to a courtyard or an atrium (fig 27) [7, 
Alsalih]. The active system refers 
to the techniques of using 
optical devices. The first 
historical coreligting strategies 
had been found in the ancient 
Egyptian pyramids. The tunnels 
inside the pyramid attempt to 
bring the daylight to the inner 
room and those concepts were developed the methods and the tools of the optical devices. The 
evolution of the active system usually relates to the development of the optical technologies. 
The benefits of the Corelighting is to bring the daylight to the spaces on the lowest floors and the 

deepest 
spaces 

without 

glare or direct sunlight. The techniques of the Corelighting that uses the duct system or other 
optical components bring the daylight to space even that do not have a connection to the outside. 
Such as those active systems are mirrors and independent optics regulated by photosensitive 
cells, reflections of incident sunbeams, collected by Fresnel lenses ducts coated with reflective 
materials [18]. 

Figure 26: This figure shows the most popular Corelighing strategies, which is the solar tubes. 
Where the top of the solar tube (reduce and block the heat gain) is a Fresnel lens that directs 
the sun rays to the shiny inner surface of the solar tube body and this surface reflects the sun 
rays many times to be delivered to the space below [5]. 

Figure 25: The Corelighting (courtyard) in simple 
representation. Where there is a core techniques bring the 
daylight into the inner spaces through the side openings 
that connected to the courtyard [Alsalih]. 
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3.5 Daylight performance 
3.5.1 Daylight factor 

Trotter had introduced the daylight factor in 1895. The daylight factor is a method to 
assess the performance of the daylight inside the spaces. Basically, it is the ratio (percentage) of 
the daylight illumination on a specific point in the inner space of a certain height of the horizontal 
plane and the light received either directly or indirectly from the sky or other surfaces outside or 
inside (total amount). Each space has specific requirements for the daylight factor to be 
considered as an optimum level [15]. The direct sunlight is excluded from the interior and the 
exterior illumination values. There are three components that are determind the daylight factor 
which are the sky component (SC), the external reflected component (ERC) and the internal 
reflected component (IRC) (fig 28). The summation of these three components give the total DF. 
Although the daylight factor is popular in the daylight design community, the daylight factor DF 
has many limitations because it does not represent the change in illumination levels in the inner 
spaces due to the temporal variation of the sky luminance. In addition, the orientation of the 
building are not considered in the calculation of the daylight factor. Furthermore, there is no clue 
or indication about the glare issues that is caused by the daylight [18]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25: This diagram demonstrates the components of the daylight factor. 
Where the SC is the sky components, the ERC is the external reflections and 
the IRC is the internal reflection DF=SC+ERC+IRC, [16, Alsalih]. 
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3.5.2 Daylight Autonomy (DA) 

Daylight autonomy is an indicator of the daylight performance by determining the 
minimum threshold of the illuminance which is 500 lx to light up the work plane. When this level 
of illuminate could be achieved by the daylight only. The daylight autonomy is tracking the 
working hours of the occupancies, which are the hours when the daylight is an adequate to be 
used. Also, that the Daylight Autonomy has limitations. Daylight Autonomy has no clue about the 
percentage of the daylight illuminances that are below the threshold. Also, Daylight Autonomy 
has no indication of the amount by which the threshold illuminance is exceeing a certain daylight 
level, where the glare is happening and thermally discomfort [7]. 

3.5.3 Useful Daylight Illuminance (UDI) 

Besides, it provides information of the direct sunlight, and orientation. The Useful 
Daylight Illuminance is a climate based analysis that indicates the indoor illumination distribution. 
It represents the indoor illumination distribution for a whole year as a function of the outdoor 
time-varying of skies and the sun conditions. Furthermore, the Useful Daylight Illuminance gives 
an indication where the level of the daylight exceeds the useful level and where it associates with 
the glare and thermally discomfort or where the daylight is below the threshold and where the 
artificial lighting is needed [7]. 

3.5.4 Glare Index 

The optimum and the efficient daylight design ensure the visual comfort level. The visual 
comfort level is an important way to assess the performance of the daylight design. One of this 
performance aspect is to enjoy the vision outside without stress or over brightness issues. The 
term that refers to the performance of the visual comfort is the glare index. Although there many 
mathematical equations and other experimental to address the glare index, the best way is the 
human eyes and the experiences [7]. 

3.6 Author Experiences and the Daylight 
In this part of the study, I have explored different spaces in the college of Architecture, Planning, 

and Landscape Architecture (CAPLA). The reason is to provide a better understanding of the daylight 
issues, such as illuminance level and glare. The first example is the studios apace in the second floor of 
the new building (East building) (North-South oriented). The study has been done on April 10, 2017, at 
12:00 pm. The following is the practical application of the experimental. The tools that have been used a 
photometer (to measure the entire visible spectrum, which is sensitive to the wavelength 400 mm-
700mm). The illuminance level is plotted on the cross section (East-West) to give a comprehensive 
understanding of the daylight distribution from the side opening. 
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 The daylight 
amount in CAPLA-
East Building- 
studios are very 
bright that makes 
the students to put 
some materials to 
block and reduce 
the glare of the 
daylight on the 
north curtain wall. 
In the early morning 
(summer time) and 
late evening the 
direct sunlight 
penetrates into the 
studios which 
makes it hard to 
look at the 
computer screen. 
The following is the 
author 
measurements to 
show and address 
these issues by 
numbers.  
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Figure 26: The new building of CAPLA has been oriented North south) the 
studios have a large curtain wall that provides excessive amount of the 
daylight and connection with the outside. Usually, the students are 
complaining about the huge amount of the daylight in the space, which 
associates with a glare. The student has issues of using their computer 
because it is too bright and it is hard to figure out what is going on your 
computers screens. The Author combines a photo and the illuminance 
level to demonstrate the light level inside the space. It is too obvious that 
the light level is high near to the curtain wall and too low near to the 
south wall (solid wall) [Alsalih]. 
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 Another 
experimental has been 
done in the West 
Building. Many offices 
in the west building of 
CAPLA don't have 
direct daylight. They 
just receive the 
daylight from the main 
courtyard (the sun 
gallery).  The south 
office has the ability to 
open to the south to 
obtain even distribution 
of daylight.  The other 
experimental has been 
done for the other 
space, which is oriented to west-east (Dinsmore Room in CAPLA). The concept is to look at the 
space to identify the lux level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dinsmore With Curtain 

Figure 27: This diagram demonstrates the illuminance level in a 
space with two opposite openings (with curtain on the West) (East-
West) [Alsalih]. 

Figure 28: This diagram demonstrates the illuminance level in a space with 
two opposite openings (without the curtain on the West) (East-West) 
[Alsalih]. 

Dinsmore Without Curtain 
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4 Chapter 04: Case Study Selection 
4.1 Case Study (Organ Pipe Cactus National Monument Park) 

The case study that had been selected is the visitor center at the Organ Pipe Cactus 
National Monument. Where is  in the heart of the Sonoran Desert, southwest Arizona, the Organ 
Pipe Cactus National Monument occupies 517 square miles. It is designated as a preserved 
national park with its unique type of cactus named Organ Pipe Cactus. 

Most of the people attend that place to explore and learn about the unique ecological life 
over there. The National park has many facilities management and the visitor center is one of 
them, which is located southeast of the park. It is considered as a landmark for the park (fig 33-
36) [Alsalih]. 

The following is the description of the location and in the Appendix A you will find the 
detailed description of the climate condition to give a sufficient understanding of the condition 
of the case study. 

4.2 Location 
The national monument is in Ajo, Pima County, Arizona, USA the exact location of the 

visitor center is 31.95477 for the longitude, -
112.801102 for the latitude. According to the 
climate map of Koppen, Ajo is classified BSh (B: 
Warm Temperate, S: steppe, h: hot arid) [16]. 
In general, the climate in Ajo is hot in the 
summer and temperate in the winter. The 
seasons consist of two major sessions (summer 
and winter) with three minor seasons, which 
are fall, spring and monsoon season [Alsalih]. 

The visitor center considers as a 
historical national registered building. It 
consists of two main parts. The first part is the 
public part, which has the main lobby, a 
gallery, an auditorium with storage and 
outside restrooms. The second part has offices, 
a mechanical room, and a small kitchen. The 
northeast part of the visitor center consists of 
offices are arranged and opened around a close 
corridor (fig 41) [Alsalih]. 

Figure 29: The Organ Pipe Cactus National 
Monument map. The visitor center is located 
in the south of the monument [Alsalih]. 
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Figure 32: A close-up Google Map shows the visitor center ( the orientation of the visitor center 
is 72 degrees from the south ) [Alsalih]. 

Figure 31: The main perspective of the visitor center (South -East) [Alsalih]. 

Figure 30: The main entrance of the visitor center (South -East) [Alsalih]. 
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4.3 The Visitor Center Issues 
The visitor center has many design decision issues, such as a lack of natural daylight (which 

is the main concern of this study), a proper orientation, a proper solar control, unwise materials 
selection, lack of Insulation and natural ventilation. Finally, there is no consideration for the 
renewable energy (Photovoltaic Panels or Thermal Collector), (refer to the diagrams and the 
pictures from the site visit) [Alsalih]. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 33: This picture is from the North-East corner shows the designated office in this study. 
This office has two windows are facing north-east without shading devices that make the inner 
space recives direct heat gain in many instances during the day and the year, [Alsalih].   

Figure 35: This diagram shows one of the 
issues in the visitor center which is the lack of 
daylight, where (the gray area ) represents 
lack to no daylight in these spaces [Alsalih]. 

Figure 34: The diagram shows the orientation 
of the visitor center [Alslaih]. 

N 
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Figure 37: This section demonstrates other issues of the visitor center which is the lack of 

the natural ventilation, daylight and shading devices..etc [Alsalih]. 

Figure 36: This section is through the auditorium ( East- West) to demonstrate the lack of the 
shading decvices[Alsalih]. 

Figure 38: This is the Ground Floor Plan of the visitor center [Alsalih]. 

N 
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4.4 Case Study Measurement and Description 
The experiments have been done in the far office in the corner that faces northeast with 

two windows (45.12 ft square) 
(fig44), [Alsalih]. Those windows 
have lack of shading devices and 
daylight consideration. However, 
there are more than two Mosquito 
trees on the east side of the room, 
in the early morning (summer) 
sunlight penetrates inside the 
space, which associates with heat 
gain and a huge amount of glare. 
The daylight in the inner space is 
distributed in an uniform way that 
creates dark spots, especially in the 
corners. 

4.4.1 Basecase Digital model 

The digital model has been 
done by using Revit to draw the 
existing building and other 
architectural drawings. In addition, 
Rhinoceroses have been used to 
accommodate the digital daylight 
simulation and create 2D drawings 
of the Basecase and the strategies 
for enhancing the daylight of 
Basecase [Alsalih]. 

Figure 40: Floor Plan of the designated office [Alsalih]. 

Figure 39: Interior space of the Basecase shows the two 
northeast windows [Alsalih]. 

North East North West 
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Materials 
The simulation for the 
room is unfurnished 
with light colored 
surfaces (wall -white, 
floor-gray, Ceiling-
white) [Alsalih]. 
 
 
 
  
 
 
 
 
 
 
 

Test Office XXX Length Width Height 
Windows 
Area 

Occupancy 
# 

Geometry 25’ 24’ 9’ 45.12 1 

Figure 43: This chart demonstrates the dimensions of the Basecae and the number of the 
occupancies [Alsalih]. 

Figure 41: North East elevation of the designated office. This elevation has no shading devices 
that protect the openings from the heat gain in the overheated period [Alsalih]. 

Figure 42: The diagram demonstrates the physical properties of the inner 
space of the Basecase [Alsalih]. 
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The methods 
The following steps are the ideal situation that needs to achieve the net-zero status, the 

daylight simulation in this study is an example of these steps. 

1- Select Case Study (page 33)
2- Identify Climate zone of the case study (Appendixes A)
3- Energy Modeling for the Basecase.

Figure 44: The diagram shows the main concept of the methodology that has been used in this 
study to achieve the optimum daylight strategies [Alsalih]. 
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4.4.2 Basecase Energy Modeling  

The energy modeling has been done by using eQUEST. eQUEST is an energy simulation tools. 
It is a professional, sophisticated, easy and fast tool. It is created and developed by the 
department of energy [5]. The building is oriented 72 degrees from the south. That means the 
longest elevation facing northeast and southwest. Referring to the optimum orientation, the 
building has the worst orientation that receives the maximum solar radiation in the overheated 
period (summer) and the minimum in the underheated period (winter) [Alsalih]. 

The building has a 
lack of proper solar control 
devices. The building will be 
uncomfortable thermally 
and that will increase the 
consumption of the energy. 
Especially, if we know that 
the windows are single pane 
glasses that will conduct a 
lot of amount of heat. The 
solar heat gain for the 
windows will be a major 
problem on the thermal 
comfort level and the 
energy consumption in the 
building. The construction 
materials in the main lobby, 
gallery, and the south-west 
offices are stick frames 6*2 
with insulation of R-13. The 
auditorium, the storage, and 
the northeast offices are slum block 8 inches without insulation. 

The slab is exposed slab on grade without consideration to use the thermal mass as 
strategies because of the wrong orientation and the lack of the solar control. The roof is coated 
white.  

The building schedule that has been used is a credit to the students in the ARC 461e-561e 
Spring 2016. This course teaches by Professor Nader Chalfoun. The energy model for the 
Basecase is a helpful tool to understand the yearly energy consumption. In addition, it helps to 

Figure 45: This is a screenshot inside eQUEST shows the 3D 
digital model of the Basecase (Northeast perspective) [Alsalih]. 

Figure 46: This is a screenshot inside eQUEST shows the 3D 
digital model of the Basecase (Northeast perspective) [Alsalih]. 
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assess and test the passive and the active strategies that will be applied to enhance and optimize 
the basecase [Alsalih]. The following is the energy modeling that had been done by eQUEST: 

Figure 47: The annual Energy Consumption by end-use [Alsalih]. 
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4.4.3 Design process 

The goal is to minimize the energy consumption that leads to achieving a net zero status. 
The conceptual design is to reduce the heating, cooling, lighting, ventilation, plug/process, and 
the energy sources. This study focuses on the passive techniques of the daylight optimization 
[Alsalih].  

4.4.3.1 Daylight Optimizing toward the Net Zero Energy Statue 
As the previous description of the target of reducing the energy, consumption to achieving 

the net zero building. By addressing, the natural daylight will be an important aspect of cutting 
the energy consumption and providing a comfortable visual level for the occupancies [Alsalih].  

Figure: 48 Annual electricity consumption [Alsalih]. 
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The goal of the daylight simulation is to identify and assess the daylight performance and 
propose strategies to enhance and optimize the Basease. The tasks in the space are the major 
consideration of the assessment. For example, the offices need about 500 Lux with an even and 
uniform daylight distribution without glare and direct sunlight (2-5 % Daylight Factor) [17]. 

4.4.3.2 Daylight Simulation Tool 
The digital software that has been used is called DIVA. DIVA is a plugin for daylight 

simulation, it is hosted inside Rhinoceros (3D modeling software). DIVA has been created and 
developed by the Graduate School of Design at Harvard University. Currently, DIVA is distributed 
and developed by Solemma LLC. It has a decent potential of simulating many environmental 
performance and evaluations, such as Radiation Maps, Photorealistic Renderings, Climate-Based 
Daylighting Metrics, Annual and Individual Time Step Glare Analysis, LEED and CHPS Daylighting 
Compliance, and Single Thermal Zone Energy and Load Calculations. 

DIVA gives an opportunity to simulate the LEED aspect and it will tell if the space has 
achieved LEED points or not based upon the LEED c4 2012 requirements. 

As mentioned in this study that the goal to achieve 2 %-5% daylight factor with an even 
and uniform distributing and without glare. 

The following are the detail simulation for the Basecase This study has explored the three 
major ways of measuring the performance, which is digital simulation, physical simulation, and 
actual mesuremt to give a complete understanding of the daylight considerations and 
terminologies [Alsalih]. 
Basecase Daylight Simulation 

The digital Simulation has been done for the daylight factor, illuminance level, for nine 
instances (March 21 @ 9:00 am, 12:00 pm, and 3:00 pm), (June 21 @ 9:00 am, 12:00 pm, and 
3:00 pm), and (December 21 @ 9:00 am, 12:00 pm, and 3:00 pm). Also, the spatial daylight 
autonomy has been considered to assess the LEED aspect. LEED has a 300-3000 Lux as a threshold 
with a percentage of the hourly occupant that will be covered by this threshold. When the 
threshold is achieved the requirements, LEED will give points based upon that. 
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4.4.3.3 Digital Simulation: Daylight Factor of the Basecase 
The mean daylight factor 

of the space is 1.83. That means 
the space is dark most of the time 
and need an artificial lighting to 
meet the requirements of the 
luminance level of the offices. 
The distributing of the daylight 
factor is uniform and needs to be 
reconsidered. Consequently, the 
strategies attempt to raise the 
luminance level and to have an 
even and uniform distribution in 
the way that provides visual 
comfort and without the need for 
the artificial lighting [Alsalih]. 
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Figure 50 The daylight factor of the Basecase has been plotted on the (SW-NE section) 
[Alsalih]

Figure 49: The daylight factor of the Basecase, where the 
main daylight factor is equal to 1.83 % [Alsaih]. 
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4.4.3.4 Illuminance Simulation 
The simulation has been done during the equinox and the solstice time to identify the 

illuminance distribution and the relation with the orientation in the case of the direct sunlight, 
diffused and reflected [Alsalih]. 

The direct sunlight could be an adequate in the under heated period because of the heat 
gain, but in terms of the optimum daylight, it is the worst scenario. In the overheated period, it 
is preferable to block the direct sunlight. The following are the simulation for the Basecase in 
March 21, June 21, and December 21. 

4.4.3.4.1 March at 9:00 am 
The space at this time has direct sunlight, which means high illuminance level, and high 

contrast, which is associated with a glare. Especially, because of the space has openings on one 
side. Furthermore, the direct sunlight associates with heat gain that increases the energy 
consumption for cooling. There is an adequate amount of the daylight on the ceiling above the 
apertures that could be used as a secondary source of light to be reflected in the inner space (Fig 
54) [Alsalih].

March 21 @ 12:00 and 3:00 pm 

During this time, the space does not receive direct sunlight, but there is not enough and 
even distribution of the illuminance level which is required additional strategies to fix this issue 
especially in the corners. Where it is too dark. The ceiling still receives the maximum illuminance 
especially around the apertures (Fig 55-56) [Alsalih]. 

Figure 51: Left: showing the real rendering. Right: showing Illuminance level on March 21 @ 
9:00 am [Alsalih]. 



56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

June 21 21 @ 12:00 and 3:00 pm  

During the overheated period, especially in the early morning, the space receives direct 
sunlight that associates with glare and high level of brightness in addition to the heat gain. The 
ceiling receives the maximum amount of the illuminance.  During the mid-day and the afternoon, 

Figure 52: March 21 @ 12:00 pm, (right) is the visual rendering during at this time. (Left) is the 
false color that shows the lux level [Alsalih].  

Figure 53: Left: shows the realistic rendering of the space. Right: Illuminance level on March 21 
@ 3:00 pm [Alsalih]. 

Figure 54: Left: showing the realistic rendering of the space. Right: showing the Illuminance 
distribution during June 21 @ 9:00 [Alsalih].   
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Figure 55: Left: showing the real rendering. Right: showing the Illuminance distribution during June 21 
@ 12:00 pm [Alsalih].   

the space does not receive direct sunlight because the space is North- East oriented. The ceiling 
still receives the maximum amount of the illuminance level. Which could be used as a secondary 
source of the daylight [Alsalih]. 

 

December 21 

December 21 @ 12:00 and 3:00 pm 

The observation of the following simulation gives an indication that space receives direct 
sunlight early morning. Furthermore, the ceiling above the aperture receives the maximum 
amount of daylight, which is a potential to use reflected materials on the ceiling to reflect the 
daylight in the space [Alsalih].  

Figure 56: Left: shows the real rendering. Right: shows the Illuminance distribution. During June 
21 @ 03:00 pm [Alsalih].   
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Figure 57: Left: shows the real rendering. Right: shows the Illuminance distribution. During 
December 21 @ 9:00 [Alsalih].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following drawings show the illuminance level study of the previous descriptions by numbers for 
March 21, June 21, and December: 

 

 

 

Figure 58: December 21 @ 12:00 

Figure 59: December 21 @ 3:00 pm 
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March 21: 

 

 

Figure 60: Illuminance, March 21 @ 9:00 [Alsalih]. 

Figure 61: Illuminance, March 21 @ 12:00 pm 
[Alsalih]. 

Figure 62: Illuminance, March 21 @ 3:00 pm 
[Alsalih]. 
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June 21: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63: Illuminance, June @ 9:00 am [Alsalih]. 

Figure 65: Illuminance, June 21 @ 3:00 pm 
[Alsalih]. 

Figure 64: Illuminance, June 21 @ 12:00 pm 
[Alsalih]. 
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December 31: 

 Figure 67: Illuminance, December 21 @ 3:00 pm 
[Alsalih].  

Figure 68: Illuminance, December 21 @ 12:00 
pm [Alsalih]. 

Figure 66: Illuminance, December 21 @ 9:00 am 
[Alsalih].  



62 
 

Illuminance level of the Basecase (digital simulation) 

In general, the area near the window (floor, walls and ceiling) receives the maximum 
illuminance level with direct sunlight on the floor early morning. By understanding the required 
level of illuminance which is approximately 500 lux could give an idea that the space doesn’t meet 
these requirements or over the illuminance level in many instances. Consequently, the following 
chapter shows the strategies that will be applied to reduce these issues with even and uniform 
daylight distribution without glare or direct sunlight (heat gain) [Alsalih].  

LEED and Spatial daylight autonomy (sDA) 

The space has no LEED points because 25% of the space has a sDA 300lx value for more than 
50% of occupied hours. The Daylight Autonomy (DA) analysis shows the mean daylight autonomy 
is 40% for active occupant behavior. The percentage of the space with a daylight autonomy 
larger than 50% is 34% for active occupant behavior, (fig 72) [Alsalih]. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 69: This simulation demonstrates the spatial daylight autonomy; the 
threshold for this simulation is 300 lux. The occupancy is 8 hours a day for 3365 
days. Where 25% of the space has sDA 300lx value for more than 50% of 
occupied hours. 
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4.4.4 Physical Experimental 

The methodology addresses a real application of a major strategy of the net-zero 
approach, which is the daylight for an office space in a commercial building to provide an 
adequate daylight distributing, to reduce the glare intensity level and to reduce the energy 
consumption. The lighting equipment is not only consuming energy, but also heat up the inner 
space which leads to the high internal gain that is required energy to remove the heat from the 
inner spaces. The software simulation is for testing the quality, quantity and energy consumption 
and validate the result of the quality through the physical models. 

The physical is an important part of this research for many reasons. Validating the digital 
simulation, testing new strategies and providing the visual and physical understanding of the 
daylight distribution. Because we are designing for the human eyes not a photometer. The 
material that had been used is an opaque material (chipboard has been tested under the direct 
sun to ensure no lighting going through) and had been sealed to block the light from going 
through. The Scale is 1-0”=1’-0” (fig 66) [Alsalih]. 

 

Tools description 
Overcast sky simulator 

The overcast sky simulator simulates an artificial sky in the overcast conditions. The lux 
level has been used in the study is 1700 lux, which is the worse condition. There are six sensors 
connected to the Megatron Architectural Light Meter gives the illuminance level in lux. The 
overcast sky simulator has been used to measure the lux level and find the daylight factor for 
the Basecase and the advanced strategies, (fig 74-75) [Alsalih]. 

Figure 70: The process of the physical model [Alsalih]. 
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Figure 72: the over Sky simulator gives an 
even and uniform daylight distribution to 
mimic the overcast sky condition [Alsalih]. 

Figure 72: Up: the Megatron Architectural Light 
Meter. Below: The image shows the brightness 
level during the overcast sky simulator during 
the experimental to assess the daylight factor 
[Alsalih]. 

Figure 73: The location of the sensors during the overcast sky simulator. Where the sensors 
have been locating in the front of the opening in a deep location far from the perimeter 
about 16 feet to assess the daylight factor [Alsalih]. 
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Location of the sensor 
Daylight factor sensors 

The sensors for the overcast sky simulator (fig 76) are located normal to the windows to 
get a better understanding of the daylight factor. There are six sensors connected to the 
Megatron Architectural Daylight Meter (fig 75), [Alsalih]. 
Illuminance sensors 

There are two sensors for the illuminance simulation one of them is located in the middle 
of the space and the other is in the darker area to get a better understanding of the minimum 
level of the illuminance inside the space (fig 78), [Alsalih]. 

S1
S2

S3
S4

S5
S6

S1

S2

Figure 75: Sensors Locations during the study of the illuminance level [Alsalih]. 

Figure 74: The images have been taken inside the overcast sky simulator during the 
experiment [Alsalih]. 
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Figure 76: This figure shows the location of the sensors during the illuminance 
experimental [Alsalih]. 

 
 
 
 
 
 
 
 
 
 
 
 

 

4.4.5 Illuminance by Lux (physical simulation) 

In order to simulate the illuminance level, the photometer has been used to assess the 
level of the illuminance inside the space (fig 81), [Alsalih]. In order to mimic the exact orientation 
for the Basecase during the simulation time, the sundial has been used to define the exact 
orientation of the Basecase. The experiment has been done outside in the sunny day [Alsalih]. 
The Sundial 

A diagram that shows the location of the 
shadow by casting a tip of the gnomon (vertical 
pointer) on a horizontal plane [14].  

It consists of a horizontal plane and 
vertical gnomon in the center of the plane with 
polar coordinate where the gnomon is located.  
The azimuth angles is the polar angles and the 
distance from the center out to the end of the 
shadow is equal to the tangent of the height of 
the pointer. Since the sundial is flat, the 
shadows of low sun angles become longer, and 
sunrise and sunset positions cannot be 
accommodated [14]. Consequently, by 
locating the sundial chart on the model and 
rotating the model to simulate a specific time 
(fig 81), [Alsalih]. 

 
Figure 77: The method of the sundial 

calculation [20].  
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Figure 79: The images show the physcial experemntal outside. This experimental helps to study 
the illuminance level inside the space during three instances in the year (March 21, June 21, and 
December 21) three times a day (9:00 am, 12:00 pm, and 3:00 pm)[Alsalih]. 

 
 
 

 
 

 

Table 1 The table shows the results of the illuminance level experimental [Alsalih]. 

Basecase 

March 21 June 21 December 
Sensor 
Position A B A B A B 

9:00 am above 350 above 374 775 270 

12:00 pm 280 190 273 127 240 180 

03:00 pm 180 160 272 57 296 180 

18 

Figure 78: Left: The photometer gives the illuminance level by lux. Right: I have used a digital 
protractor to identify the orientation of the project [Alsalih]. 
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Figure 81: The diagram shows how the light shelves enhance the daylight distribution   
[Alsalih]. 

 

5 Chapter 05: Optimization Strategies 
The proposed strategies have been tested digitally and physically for the optimum 

results. The strategies are organized into three main categories, which are Sidelighting, 
Toplighting, and Corelighting [Alsalih]. 

5.1 Side lighting 
5.1.1 Light shelves  

The light shelf is designed to 
provide shading and reflecting the 
direct sunlight and diffusing the 
daylight inside the space, also it 
reduces the glare amount. The light 
shelf is usually positioned horizontal 
or near to the horizon plane. It could 
be inside the space or outside the 
space, in front the window, or it 
could be mounted on the building to 
be part of the façade. The dimension 
of the light shelf is not standard. It 
depends on the window size and the 
depth of the space to achieve the 
maximum shading and reflection to 
provide an adequate amount of the 
daylight [Alsalih].  

The location of the light shelf is 
usually up the eye level to avoid reflecting light to the human eye or blocking the view. The light 
shelf divides the window into two parts view area below and daylight area above the sight level 
[Alsalih].  

 

 

 

 

 

 

 

 

 

NESW

Figure 80: South East isometric of the light shelf 
[Alsalih]. 
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5.1.1.1 Digital Simulation: Daylight Factor 

 

 

 

Figure 82: This diagram demonstrates the distribution of the daylight factor where the mean 
Daylight Factor is 0.99 % [Alsalih]. 
 

NESW

0
2
4
6
8

10
12

1 2 3 4 5 6

DA

Censors

Daylight factor

Series1

Series2

Figure 83: This diagram demonstrates a comparison of the daylight factor of the basecase and 
the light shelf strategy [Alsalih]. 
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5.1.1.2 Digital Simulation: LEED (sDA) and Daylight Autonomy  
The space does not achieve any LEED points, where 27.3% of the space has a sDA 300lx value 

for more than 50% of occupied hours. The mean daylight autonomy is 37% for active occupant 
behavior. The percentage of the space with a daylight autonomy is larger than 50% is 30% for the 
active occupant behavior [Alsalih]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 84: This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight autonomy 
for the light shelf strategy [Alsalih]. 
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5.1.2 Louvers (A) 

The study proposed two types 
of louvers: Type A (fig 85) and Type B 
(fig 90), [Alsalih]. 

 The horizontal lover system is 
designed for the three elevations 
south-east and west. The sun angle in 
the south elevation (north 
hemispherical) that makes the 
horizontal device optimum for blocking 
the sun in the overheated period and 
let the sun to enter the space in the 
under heated period. Where the solar 
angles on the east and west are low. 
The louvers system could block the 
direct sun (usually the sun on the east 
and west is overheated). 

Technically, the horizontal lovers are usually located outside the windows that allow the 
lovers to block the direct heat gain before entering the space. The materials of the lovers could 
be metal or metal covered with vinyl or wood. In the hot arid climate, the metal preferable than 
other because of the durability although the metal has a high U-value (high heat transmittance) 
[Alsalih].  

 

 

 

Louvers

Figure 85: South East isometric of the louvers 
system Type A [Alsalih].

NESW

Figure 86: South-West, North- East Section shows the diffused /reflected daylight, the primary 
source and the secondary source of the daylight in the inner space [Alsalih]. 
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5.1.2.1 Digital Simulation: Daylight Factor 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 87: South-West, North- East Section shows the diffused /reflected daylight, the primary 
source and the secondary source of the daylight in the inner space [Alsalih]. 
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Figure 88: Comparison between the existing daylight factor and the louver system Type A 
[Alsalih]. 
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5.1.2.2 Digital Simulation: LEED (sDA) and Daylight Autonomy 

This strategy does not achieve any LEED points. Where 31.8% of the space has a sDA 300lx 
value for more than 50% of occupied hours. The mean daylight autonomy is 34% for active 
occupant behavior. The percentage of the space with a daylight autonomy is larger than 50% is 
32% for the active occupant behavior [Alsalih]. 

Figure 89: This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight 
autonomy for the louvers type A [Alsalih]. 
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NESW

Figure 91: South-West, North- East Section shows the diffused /reflected daylight, the primary 
source and the secondary source of the daylight in the inner space [Alsalih]. 

5.1.3 Louvers (B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Louvers

Figure 90: South East isometric of the louvers system Type B [Alsalih]. 
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5.1.3.1 Digital Simulation: Daylight Factor 
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Figure 93: Comparison between the existing daylight factor and the louver system Type A 
[Alsalih]. 

Figure 92: The diagram demonstrates the distribution of the daylight factor where the mean 
daylight Factor is 0.87% [Alsalih]. 
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5.2 Top lighting 
5.2.1 Solar Tube 

The solar tube is designed to 
deliver the daylight in the inner 
spaces, where the side 
fenestration is not enough to 
provide the required illuminance 
level. The location of the solar tube 
usually in the roof. The tube is 
made out of shiny metal to achieve 
the maximum reflection and it is 
covered by Fresnel lens to direct 
the daylight inside the solar tube 
body and cut and reduce the heat 
gain [Alsalih].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Light Shelf

Figure 94: South East isometric of the solar tubes system 
demonstrates the location and the distribution [Alsalih]. 
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Figure 95: Southeast, North- West Section shows the diffused /reflected daylight, the primary 
source and the secondary source of the daylight in the inner space [Alsalih]. 
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5.2.1.1 Digital Simulation: Daylight Factor 

 

 

Figure 96: The diagram demonstrates the distribution of the daylight factor, where the mean 
daylight factor is 1.08% [Alsalih]. 
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Figure 97: A compression between the existing daylight factor and the solar tubes system 
[Alsalih]. 



78 
 

5.2.1.2 Digital Simulation: LEED (sDA) and Daylight Autonomy  
 

The space does not achieve any LEED points, where the 34.1% of the space has a sDA 300lx 
value for more than 50% of occupied hours. The mean daylight autonomy is 45% for active 
occupant behavior. The percentage of the space with a daylight autonomy is larger than 50% is 
39% for the active occupant behavior [Alsalih]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 98 : This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight 
autonomy for the solar tubes [Alsalih]. 
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SW NE

Figure 100: Southwest-Northeast section demonstrates how the Anidolic opening works 
[Alsalih]. 

5.3 Core Lighting 
5.3.1 Side Anidolic Zenithal Opening Type A 

In this strategy, the idea is to add 
another opening that could bring the 
daylight from the ceiling. There are double 
panes glass to seal the envelope and cut 
the heat gain (there is not ay dierect heat 
gain that associates with this opening.). 
The inner surfaces are sheet metal to 
reflect and diffuse as much as of the 
daylight [Alsalih].  

 

Light Shelf

anidolic zenithal

Figure 99: Southeast isometric demonstrates the 
location and the shape of the Anidolic opening 
[Alsalih]. 
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5.3.1.1 Digital Simulation: Daylight factor 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 101: This graph demonstrated the daylight factor where the mean daylight factor is 
2.19 % [Alsalih]. 
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Figure 102: Southwest-Northeast section illustrates the relationship between the daylight factor 
of the Basecase and the Anidolic opening [Alsalih]. 
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5.3.1.2  Digital Simulation: LEED (sDA) and Daylight Autonomy 
The space achieves more than one point in the LEEDv4 BD+C where the 65.9% of the space 

has a sDA 300lx value for more than 50% of occupied hours. The mean daylight autonomy is 69% 
for active occupant behavior. The percentage of the space with a daylight autonomy is larger 
than 50% is 80% for the active occupant behavior. 

 Figure 103: This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight 
autonomy for the light shelf strategy [Alsalih]. 
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5.3.2 Side Anidolic opening Type B 

The location and materials the same as the previous strategies. The main concept is to 
have ductwork made out of high reflected materials to bring the daylight in the middle of the 
space (fig 105-6) [Alsalih]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Light Shelf

anidoliczenithal

Figure 104: Southeast isometric demonstrates how the location and the shape of the 
Anidolic opening. 

NESW

Figure 105: Southwest-Northeast section demonstrates how the Anidolic opening works 
[Alsalih]. 
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5.3.2.1 Digital Simulation: Daylight factor 

nodegroup00: 4.5% of Area > 7 %; 13.6% of Area < 1 %
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Figure 107: Southwest-Northeast section illustrates the relationship between the daylight factor of 
the Basecase and the Anidolic opening [Alsalih] 

Figure 106 This graph demonstrated the daylight factor where the 
mean daylight factor is 2.87 % [Alsalih]. 
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Figure 108: This diagram illustrates the spatial daylight Autonomy (Sda) 
and the daylight autonomy for the light shelf strategy [Alsalih]. 

5.3.2.2 Digital Simulation: (LEED sDA) and Daylight Autonomy  
The space does not achieve any LEED points where the sDA is 45.5% of the space has a sDA 

300lx value for more than 50% of occupied hours. The mean daylight autonomy is 40% for active 
occupant behavior. The percentage of the space with a daylight autonomy larger than 50% is 48% 
for active occupant behavior. 
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Figure 110: South-East, North- West Section shows the diffused /reflected daylight, the primary 
source and the secondary source of the daylight in the inner space [Alsalih]. 

5.3.3 Clerestories (Saw Tooth) 

The study explores one opening of sawtooth 
type A (fig 109) and two sawtooth openings 
type B. 

In the type A (fig 109), the strategy 
allows the natural light to penetrate into the 
space in homogeneous, evenly distributed. 
Although the lack of the view to the outside, 
the daylight from the ceiling is the best way 
because the less reflection from the ceiling 
keeps the quality and the quantity of the 
daylight at the highest level.  Therefore, the 
assumption will be that the sawtooth strategy 
would be one of the best solution to enhance 
the daylight without glare or heat gain 
[Alsalih].   

Figure: 109 Southeast isometric demonstrates 
how the location and the shape of the 
sawtooth opening (skylight) [Alsalih]. 
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Figure 112: South-West, North- East Section shows the diffused /reflected 
daylight, the primary source and the secondary source of the daylight in the 
inner space [Alsalih]. 

5.3.3.1 Digital Simulation: Daylight factor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 111: This graph demonstrated the daylight factor where the mean daylight factor is 2.12 
% [Alsalih]. 
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5.3.3.2 Digital Simulation: (sDA) and Daylight Autonomy 

The space achieves more than one point in LEEDv4 BD+C, where the 56.8% of the space has 
a sDA 300lx value for more than 50% of occupied hours. The mean daylight autonomy is 65% for 
active occupant behavior. The percentage of the space with a daylight autonomy is larger than 
66% is 80% for the active occupant behavior [Alsalih]. 

Figure 113: This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight 
autonomy for the light shelf strategy [Alsalih]. 
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5.3.4 Type B of the Saw Tooth Strategy  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Saw Tooth 

June 
21 

South-East 
  

Figure 114: Southeast isometric demonstrates how the location and 
the shape of the sawtooth opening (skylight) [Alsalih]. 

June 21 @12:00pm

NW SE 

Primary 

Figure 115: South-East, North- West Section shows the diffused /reflected daylight, 
the primary source and the secondary source of the daylight in the inner space 
[Alsalih]. 
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5.3.4.1 Digital Simulation: Daylight Factor 

 
 

Figure 117: This graph demonstrated the daylight factor where the mean daylight factor is 
4.04 % [Alsalih]. 
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Figure 116:  Southwest-Northeast section illustrates the relationship between the daylight 
factor of the Basecase and the sawtooth (skylight opening) [Alsalih]. 
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5.3.4.2 Digital Simulation: (LEED sDA) and Daylight Autonomy  
 

The space achieves more than one point in LEEDv4 BD+C, where the 84.1% of the space has 
a sDA 300lx value for more than 50% of occupied hours. The mean daylight autonomy is 86.41 % 
for active occupant behavior. The percentage of the space with a daylight autonomy is larger 
than 50% is 93% for the active occupant behavior [Alsalih]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 118: This diagram illustrates the spatial daylight Autonomy (Sda) and the daylight 
autonomy for the light shelf strategy [Alsalih]. 
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Figure 120: This image shows the position of the physical in the HED over sky simulator, 
(the orientation is not important in the daylight factor simulation) [Alsalih].  

5.4 Physical daylight 
5.4.1 Daylight Factor Physical Simulation 

In order to validate the result, a physical model has been constructed to simulate the 
daylight facto in the (HED daylight simulator) and the illuminance level for three instances during 
the year (March 21, June 21 and December 21). The following charts show the experimental and 
the results [Alsalih].  
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Figure 119:  This diagram shows a comparison between the Basecases the developed 
case ( two sawtooth skylights). The result shows that this strategy has more daylight 
factor and more even and uniform distribution of the daylight [Alsalih]. 
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Figure 122 the image has been taken during the illuminance level shows the tools that were 
used in this experimental [Alsalih]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Developed Case (illuminance Lux)   

  March 21 June 21 December 21 

Sensors S1 S2 S1 S2 S1 S2 

9:00am 450 90 860 150 133 41 

12:00pm 460 150 600 180 216 68 

03:00pm 280 116 520 130 190 50 

Figure 121: this chart shows the results of the illuminance level test the optimum strategy of 
the two Sawtooth ( type B) [Alsalih]. 
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Figure 123: This image has been taken inside the physical model during the daylight validation 
experimental of the roof aperture has a decent amount of daylight by using double pane glazing 
which attempts to reduce the heat gain, would be an adequate technical solution. The daylight 
in this space is an even and uniform distributed from the roof without any direct heat gain or 
glare[Alsalih]. 

6 Chapter 06: Conclusion and Energy Saving 
6.1 Conclusion 

To sum up, adding more opening to the building skin does not mean effective daylight. As 
previous in this study, there are many considerations when the designer decides to bring the 
daylight inside the space, such as glare issues and heat gain. Thus, the orientation, the solar 
control and the materials of the fenestration are an important aspect to be considered in the 
daylight design. The issue is not just energy consumption the opening is important for connection 
with outside for view consideration, and health to optimize the performance.  

In the deep of the space where it is more than 15 feet in the hot arid climate, the 
Sidelightigng is not enough. Therefore, it is recommended to look at other strategies, such as 
Toplighting or Cotrelighting. However, those can be costly and hard to achieve in multi-story 
buildings.  Consequently, using more than one side of the space to achieve the required level, 
which provides visual comfort level, less glare, and reduce energy consumption will be a decent 
proposal.  The study is highly recommending using the physical model aspect to study daylight. 
Where the number in the photometric graph sometimes does not mean an optimum daylight 
distribution because from my experience with this study creating a contrast level will help to 
create the dramatic effects with achieving a decent amount of illuminance level and efficient 
energy consumption [Alsalih].  
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Figure 124: The image also has been done during the experimental inside the HED overcast 
simulator [Alsalih]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.2 Energy Saving  
 

The total energy saving from the two sawtooth 
strategies is 16.17 kBtu/sf.yr, which is equivalent 
to 10 %. Where the Because consumes156 .91 
kBtu/sf.yr of energy and the developed case 
consumes 140.74 kBtu/sf.yr of energy and 57.65 
kWh x000 of electricity [Alsalih].  
 
 
 
 
 
 
 
 
 
 
 
 

Two Sawtooth  

 

DHW

Ventilation Fan

Lighting

Cooling

Heating

11.78 kWh x000  
24.56 kWh x000  
9.12 kWh x000  
 

20% 
Lighting 

Figure 125: The chart shows the end use 
consumption after applying the daylight 
strategy. The daylight strategy dropped the end-
use consumption from 39%  to 20 %. The cooling 
aspect has been increased. However, the overall 
saving is up to 10 % yearly [Alsalih]. 
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The total saving yearly is equal to save 7.5 Khw hourly which is lead to save 66,300 bulbs yearly 
[Alsalih].  

In term CO2 reduction, the Reduction is about 10,272 Pounds yearly (fig 127) [Alsalih]. 

66,300/yearly 7.5/ 
h

100 
tt

Figure 126: Demonstration of the total of the 
electricity yearly [Alsalih].  
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Figure 127: Comparison between the Basecase CO2 Emission and the developed case . Where 
the developed case emits less CO2 than the Basecase up to 10,273 Pounds [Alsalih]. 
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Figure 128: Comparison of the electricity consumption of the Basecase and the Developed Case 
[Alsalih]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Daylight 
Autonomy 

sDA (300-3000 
Lux) 

Energy 
Consumption 

Energy Saving CO2 Reduction 

Basecase 31% 32.4% 156 .91 kBtu/sf.yr   

Side lighting: 
Light Shelf 

26% 27.3% 151.69 kBtu/sf.yr 3.84 % 2,820 Pounds 

Side lighting: 
Anidolic zenithal 
opening 

63-78% 65.9-79.5% 145.65 kBtu/sf.yr 7.17% 7,096 Pounds 

Core lighting: 
Solar Tubes 

33% 34.1% 150.05 kBtu/sf.yr 4.37% 3,904 Pounds 

Top lighting: Saw 
Tooth 

83% 84.1% 140.74 kBtu/sf.yr 10.33 % 10,272 Pounds 

Figure 129: This chart shows the daylight Autonomy and the spatial daylight autonomy, and the 
total consumption of the Basecase and comparing the results with the main three strategies 
and figuring out the total saving and the Co2 Reduction of each strattigies[Alsalih].  
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Figure 131: The average yearly dry bulb temperature for the Organ Pipe Cactus National 
Monument, the graph has been generated by using (Rhino, Grasshopper, and Ladybug) 
[Alsalih]. 

7 Appendix A Climate Considerations 
Hot Arid Climate 

People in the hot-arid region severe of climate conditions. They construct their shelter 
in a compact form with thick insulation to reduce the transfer of heating inside the shelter. 
They usually use a flat roof with a thick adobe layer to reduce the impact of the sun. 
The most popular shelter in this region is the courtyard form with a mini-oasis to increase the 
cool of the airflow and promote the evaporative cooling. [8].  

Month Solar Time Altitude Azimuth 

March 9:00 37.17 117.45 

March 900 37.25 117.34 

12:00 58.67 180.0 

3:00 37.31 242.75 

June 9:00 49.54 90.73 

12:00 81.47 180.0 

3:00 49.54 269.47 

December 9:00 19.87 136.37 

12:00 34.61 180.0 

3:00 19.87 223.62 

Figure 130: Solar angles (the Altitude and the Azimuth) for nine solar instances March, June and 
December, the graph has been generated by using (Rhino, Grasshopper , and Ladybug) [Alsalih]. 

 



98 

Figure 132: The average yearly relative humidity for the Organ Pipe Cactus National 
Monument, the graph has been generated by using (Rhino, Grasshopper, and Ladybug) 
[Alsalih]. 

Figure 133: this diagram shows the comfort zone plotted for the Organ Pipe Cactus National Monument plotted on the 
psychometric chart, the graph has been generated by using (Rhino, Grasshopper , and Ladybug) [Alsalih]. 
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West    Horizontal Distance Inches    East
Shadows Software, edited by Alsalih
Grid= 1/2”x1/2” Latitude :31°57'17.36"N

Longitude:112°48'4.44"W
Time zone UTC-07:00
Hour lines indicate local solar time

Organ Pipe Cactus National monument (Visitor Center )

June 21

May 21

April 21

March 21

Feb 21
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Dec 21

Figure 134: The sundial for the Organ Pipe Cactus National Monument, the graph has been generated by 
using (Rhino, Grasshopper, and Ladybug) [Alsalih]. 
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