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Study of the Effect of Light Emitting Diode (LED) on the Optimum Window-to-Wall Ratio and Whole-
Building Energy Consumption in Open Offices 

 

Zahra Zolfaghari 

 

ABSTRACT 

 

Daylight harvesting is an essential strategy that is often used to enhance both the design and 

performance of an architectural project. Windows, as crucial architectural elements, not only 

admit natural light into spaces but also provide the occupants with visual connections. However, 

the excessive usage of windows brings an uncontrolled amount of solar energy to the spaces 

and negatively affect the building's energy performance. 

When utilizing passive design strategies such as daylight harvesting, several factors, including 

the electrical lighting system, can impact the outcome. The current study investigates the role of 

the lighting system on daylight harvesting effectiveness and its impact on window dimension 

and total energy consumption. In this study, the optimum window-to-wall ratio of an open 

office in the presence of two different light sources (LED and fluorescent) is explored through a 

computer simulation method. A combination of tools including AGi32, ElumTools, OpenStudio, 

EnergyPlus, Radiance, and MATLAB helps to conduct the simulation and deliver optimal results. 

 

In the results and conclusion chapter, the study provides specific guidelines to specify optimal 

window percentages considering two lighting system scenarios in each cardinal direction. 

Importantly, the guideline focuses only on energy performance and not on the spatial quality of 

the design. 
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Study of the Effect of Light Emitting Diode (LED) on the Optimum Window-to-Wall 

Ratio and Whole-Building Energy Consumption in Open Offices 
 

Zahra Zolfaghari 

 

GENERAL AUDIENCE ABSTRACT 

 

 

Harnessing daylight with the use of windows helps to offset parts of the electric lighting needs, and 

decrease the total building energy consumption. This is accomplished by using glazed materials to admit 

daylight and lighting control systems, which can respond to the dynamic light level. However, improper 

implementation of a passive daylighting strategy may cause increased energy consumption. Sunlight is 

accompanied by solar heat radiation which can increase the HVAC load of a space and compromise the 

energy savings achieved by daylighting. Therefore, a balance between solar heat and light gain is 

required to fully take advantage of solar energy without reverse impacts. 

 

Concerning the mentioned balance, recent advancements in lighting technology question the 

effectiveness of natural light in reducing whole-building energy consumption. Due to the high energy 

efficiency of LED luminaires, lighting power consumption is rather low, even when the lighting system 

operates at full capacity. Therefore, it is unclear whether the solar energy coming through glazed 

materials works to the advantage or disadvantage of total building energy consumption. This study 

hypothesized that the total energy consumption of an open office with LED luminaires would be less in 

absence of solar energy compared to a scenario which utilizes the solar energy. A simulation-based 

methodology, using a combination of photometric computation and building energy simulation tools, 

was utilized to examine the hypothesis and explore the impacts of lighting systems on the optimum 

window-to-wall ratio. 

 

The results provide a helpful guideline which highlights the impact of lighting systems on window 

dimensions and their mutual effect on whole-building energy consumption. Although the optimum 

window-to-wall ratios suggested by this study only concern energy consumption, integration of them 

with occupants' preferences can propose an acceptable window-to-wall ratio that satisfies both design 

quality and performance of a building. 
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 : Introduction 
 

1.1 Background  

Given concern regarding harmful effects of fossil fuel on the environment, along with the unavailability 
of fossil fuel resources for an infinite time, recent attention has focused on the importance of energy 
savings. Since the global movement toward a more sustainable environment has begun, two primary 
strategies have been proposed and exerted all over the globe. First, research has begun to investigate 
renewable energy resources, which can substitute for fossil fuel resources. Second, with advancements 
in technology, lower fossil fuel consumption has been proposed, as green solutions are being employed 
in different industrial fields to reduce energy consumption. 

As one of the major energy-demanding sectors, building construction plays a significant role in the 
energy consumption pattern. Among various building types, construction of commercial buildings has 
displayed drastic growth over the last few years. Each year, approximately 1.6 billion square feet of 
commercial development is constructed, which is comparable to 110,000 buildings per year or half of a 
million buildings every five years [1]. According to the US Energy Information Administration (EIA), in 
2016, 19% of the total energy consumption in the United States was devoted to commercial buildings, 
which accounts for 18% of the carbon dioxide (CO2) emission [2]. The majority of this energy is used for 
space heating, space cooling, and lighting, which are associated with internal and external loads. 
Commercial buildings are responsible for about 30% of US electricity consumption, of which 15% 
accounts for lighting [3]. As a result, daylighting strategies through fenestration can significantly impact 
lighting energy reduction. On the other hand, the Lawrence Berkley National Laboratory estimated 34% 
of commercial building energy use in the US is window-related, and energy-efficient fenestration design 
can save between 10%-40% of the whole energy consumption based on climate [4]. According to these 
records, a critical amount of energy could be saved by implementing energy conservative strategies in 
building design and construction. In recent years, numerous studies have explored the energy-saving 
potentials in various building categories. Findings from these studies on energy optimization have 
contributed to substantial advancements in building technology and energy science.  

Among building categories, lighting has demonstrated rapid improvement during the past few years. 
This was measured by tracking the transition from energy-inefficient incandescent light sources to 
compact fluorescent lights and then light-emitting diode (LED) with very high efficacy. According to Khan 
and Abas, a 23-Watt compact fluorescent(CFL) light bulb produced the same luminous flux as a 100 Watt 
incandescent bulb. CFL consumes 2-5 times less power and lasts 8-10 times longer than incandescent 
light bulbs [5]. Also, switching to LED luminaires, which are semiconductor-based light sources, over the 
next 20 years would result in a deduction of approximately 2700 terawatt-hours of electricity and 1800 
million metric tons of carbon emissions while providing nearly $250 billion savings in energy costs 
nationwide [6]. Research conducted by Jenkins et al. in the UK, estimated that energy savings of 56ς62% 
could be achieved in a typical 6-story office building by changing the fluorescent luminaires to LED 
luminaires [7]. Also, integrating the lighting with the HVAC and other building systems can effectively 
reduce the building's reliance on fossil fuel. Moreover, adopting passive solutions such as utilizing 
natural light and its integration with artificial light can significantly improve building performance.  

Glazing material is another building element that has shown significant advances during the recent 
years. Specifically, transparent glazing materials embedded in windows allow natural light into the 
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spaces and provided better views for occupants. The operable window systems also allow for natural 
ventilation and higher indoor air quality.  As a result, window openings have a highly influential role in 
improving space quality. They are considered one of the crucial building elements required for 
ƻŎŎǳǇŀƴǘǎΩ ƳŜƴǘŀƭ ŀƴŘ ǇƘȅǎƛŎŀƭ ƘŜŀƭǘƘΦ hǘƘŜǊ ǘƘŀƴ ǘƘŜƛǊ ǉǳŀƭƛǘŀǘƛǾŜ ōŜƴŜŦƛǘǎΣ high-performance glazing 
systems with higher R values help to improve the thermal comfort and building energy performance by 
reducing energy transfer through the glazed surfaces. The generation of high-performance glazing 
materials allows designers to increase window areas with less negative effects on whole-building energy 
consumption. 

Since a building is a collection of multiple interconnected systems, changing one building component 
impacts various related components. For instance, improving the lighting system can open capacity for a 
higher window-to-wall ratio (WWR) while maintaining energy consumption. Alternatively, improving the 
glazing material can significantly impact the WWR without changing the lighting system. Importantly, 
changing each of these building components can distinctly change the whole-building energy equation. 
It is essential to understand the complicated interaction between building systems and utilize strategies 
to improve the energy consumption by meaningful integration of these systems. One important 
example of this interaction is between the lighting system and WWR. 

 

1.2 Problem Statement: 

Since the ŜŀǊǘƘΩǎ formation and the evolution of organisms, the sun has been the most critical element 
vital to maintaining life. Living organs need sun for their growth and subsistence; human beings are no 
exception. Throughout history, from the Stone Age to modern civilization, human beings have adopted 
various methods for utilizing the light and heat of the sun. For instance, primitive people who dwelled in 
caves took advantage of the light coming through the cave entry hole. Later in history, before the 
invention of electricity, architects used daylight to give spiritual qualities to their spaces while providing 
the necessary level of lighting needs for living. In our contemporary era, designing of openings to take 
advantage of solar energy in the building construction and architecture field is among the passive design 
solutions which proven to effectively reduce energy consumption and CO2 emission.  

Aside from the energy viewpoint, daylight is considered to be crucial for human health, as it provides 
Vitamin D for the body, prevents seasonal depression, improves sleep, and reduces stress. These are 
only the basic effects of natural light on human health. Exposure to daylight and darkness helps to 
regulate the human body with the circadian rhythm. According to Cuttle, 99% of employees (n=471) that 
participated in a survey reported that having windows in offices is essential, and 86% preferred daylight 
over electrical lights [8]. 

Given the benefits associated with daylighting, careful consideration should be given when utilizing 
daylight in the design, as infrared radiation that accompanies visible light works bidirectionally. Heat 
gain through the glazed surfaces during hot periods increases the cooling load, while heat loss during 
the cold periods increases the heating load. As a result, improper implementation of daylight harvesting 
strategies can produce a negative effect. Thus, the balance between heat transfer and light gain through 
the glazed surfaces is a critical factor to maintain acceptable building energy performance. The 
percentage of WWR is one potential solution to maintaining this balance. It is important to examine the 
degree WWR can be affected by different systems in the building. 
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1.3 Research questions and Hypothesis:  

As previously outlined, different influential factors can impact ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǇŀǎǎƛǾŜ ŘŜǎƛƎƴ ǎƻƭǳǘƛƻƴǎΩ 
efficiency, including electrical light sources, Window-to-wall ratio, and building orientation. The type of 
light source impacts the overall energy consumption of the building. The development of lighting 
industry in recent years has led to the introduction of Low Emitting Diode (LED) lamps with higher 
efficacy than previously utilized artificial light sources. Window-to-wall ratio, which can express the 
balance between heat transfer and light gain through the glazed window surfaces, is another parameter 
that significantly affects building performance and energy efficiency. WWR depends on myriad factors 
such as glazing material, wall construction layers (thermal performance), and climate zone. Finally, due 
to the change of sun angle at different hours, spaces facing each cardinal direction experience varying 
energy consumption patterns, making geographical orientation another factor that affects the passive 
strategies. 

It is hypothesized that the overall energy savings achieved by using LED lighting system in the absence of 
daylight (window openings) may exceed the energy savings achieved by the combination of the same 
light source with natural light. As a result, it is imperative that the scope of daylighting effectiveness in 
the presence of efficient LED light sources be tested. This will significantly add to the existing literature 
in this field, given that research has not yet determined the specific changes that occur to the optimum 
window-to-wall ratio in the presence of LED light sources. 

 

1.4 Research Goals and Objectives:  

To fill the gaps in the literature and address the research questions, this research intends to study the 
effect of three variable parameters including type of light source(x1), window-to-wall ratio(x2), and 
cardinal direction (x3) on the energy consumption of the perimeter zone in the third floor of Cowgill Hall 
in Blacksburg.  

¶ The results provide new recommendations and guidelines regarding the optimal value for the 
WWR of open offices with an LED lighting system.  
 

¶ The energy pattern over a range of different WWR, help to choose the appropriate window ratio 
with regard to other design aspects. FƻǊ ƛƴǎǘŀƴŎŜΣ ƛƴǘŜƎǊŀǘƛƴƎ ǘƘŜ ƻŎŎǳǇŀƴǘΩǎ ǇǊŜŦŜǊǊŜŘ ²²w 
with the energy-based optimum WWR can suggest a final percentage that satisfies both design 
aspects. 
 

¶ The illumination map from the Radiance daylighting calculation in each WWR alternative 
provides a useful guide to locate the furniture in the space. The furniture layout in the space is a 
function of the window position and dimension. Hence, moving toward optimum WWR can 
change the entire layout of open offices and make the spaces more efficient. 
 

¶ Comparing the energy consumption of LED and fluorescent scenarios with different WWR assists 
in examining their relationship. This relation can be translated into a formula that can estimate 
the WWR for one light source based on information of the other light source. For instance, if the 
formula is fed by the LED WWR value, it can estimate the WWR value for the fluorescent case. 
 

¶ The results will provide energy consumption associated with each of the space cooling, space 

heating, and lighting categories. As a result, monitoring the changes in each category 
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throughout all the scenarios will reveal the one responsible for the most change in final energy 

results. 

 

1.5 Limitations and important assumption 

The current study evaluates various window-to-wall ratios in the presence of each light source only 

based on energy consumption. As a result, the physical and mental effects of daylight and view on 

occupants have not been considered. Thus, optimal values proposed at study completion may not be 

the ultimate best solution for designers. 

Since the experimental method is costly, time-consuming, and complicated, computer simulation will be 

used to deliver the results. Given that the simulation method could not exactly and precisely represent 

the actual condition, a certain level of deviation from reality should be expected. The software limitation 

discussed in the methodology chapter can be partly responsible for this deviation. 

The study has many parameters, and changing any combination of these can greatly impact the results. 

Except for the three variables of interest, all other parameters will be given standard fixed values. The 

results of the study are applicable and can be generalized to spaces with similar parameters and climate 

zone.  
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 : Literature Review 
 

In order to build a proper body of knowledge in the field, it is essential to review previous research in 
the area. The literature review helps to identify the problem and define the research question. In this 
chapter, the reviewed articles are organized chronologically under three main topics that cover the 
findings, theories, enhancements, and limitations related to the subject. Credit goes to the following 
researchers whose investigations provided the background for this study.  

2.1 Window-to-wall Ratio 

1) Occupant preferences and satisfaction with the luminous environment and control systems in 
daylit offices: A literature review 
(Galasiu, Veitch, 2006) 
 

This paper reviewed over 60 articles to highlight the findings and research gaps related to two main 

themes:  

1. hŎŎǳǇŀƴǘΩǎ ǇǊŜŦŜǊǊŜŘ ŘŀȅƭƛƎƘǘ ƛƭƭǳƳƛƴŀǘƛƻƴ ƭŜǾŜƭ ƛƴ ƻŦŦƛŎŜǎ 

2. hŎŎǳǇŀƴǘǎΩ ǊŜǎǇƻƴǎŜ ǘƻ ŜƭŜŎǘǊƛŎ ƭƛƎƘǘƛƴƎ ŀƴŘ ǎƘŀŘƛƴƎ ŎƻƴǘǊƻƭǎ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŀǾŀƛƭŀōƭŜ ŘŀȅƭƛƎƘǘ 

According to the peer-reviewed manuscripts, most employees included in the study preferred daylight 
over electrical light based on their presumptions that daylight impacts their health. These presumptions 
were associated with overestimation regarding the daylight contribution to space illumination. As a 
result, most of the employees preferred larger windows. Regarding shading and lighting control, findings 
revealed that the manually operable shading devices were rarely changed once they had been set. 
However, occupants still preferred a level of control over the shading devices and lighting levels. The 
results indicated that the photocontrol lighting and shading systems were accepted only if they provided 
partial control for employees. The simplicity of operation was another factor in whether automated 
shading and lighting systems were used. Complicated systems had a low acceptance rate among the 
employees and facility managers who participated in the study. 

 

2) Innovative window design strategy to reduce negative lighting intervention in office buildings  
(Amirkhani, Garcia-Hansen, Isoardi, Alla, 2018) 

Results from this study indicated that luminance contrast (LC) between a window and its surrounding 
walls resulted in intervention in the lighting system. In space with high LC, occupants often switched the 
lights on to reduce the contrast. When the window-to-wall ratio was lower, higher contrast would occur. 
Luminance Contrast that fell ƛƴǎƛŘŜ ǘƘŜ ƻŎŎǳǇŀƴǘΩǎ ŦƛŜƭŘ ƻŦ ǾƛŜǿ ƻǊ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ƻŎŎǳǇŀƴǘΩǎ ŘŜǎƪ 
increased the tendency to change the lighting condition and led to more energy consumption. According 
ǘƻ ǘƘŜ IŜǎŎƘƻƴƎ aŀƘƻƴŜ DǊƻǳǇ LƴŎΦΣ ƻŎŎǳǇŀƴǘΩǎ ōŜƘŀǾƛƻǊ ŎƻǳƭŘ ǊŜŘǳŎŜ ǘƘŜ ǇǊŜŘƛŎǘŜŘ ŘŀȅƭƛƎƘǘ ŜƴŜǊƎȅ 
savings of an office building by 75% [9]. In this regard, observation on 123 buildings reported that a high 
luminance contrast in a wall instigated occupants to switch on the lights by 60% to achieve visual 
comfort[10]. To decrease the luminance contrast in walls with windows, Amirkhani, and colleagues 
(2018) suggested to locate a linear wall washing luminaire around the window frame. 
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The research also investigated the relationship between window-to-wall ratio and wall-washing 
luminaire power level, as well as the effects of power level and WWR on the luminance contrast and 
ƻŎŎǳǇŀƴǘǎ ΨƭƛƎƘǘƛƴƎ ǎŀǘƛǎŦŀŎǘƛƻƴΦ !ƴ ŜȄǇŜǊƛƳŜƴt was carried out with the aid of virtual reality technology. 
Participants were asked to complete a questionnaire based on their observations in 4 office rooms with 
different window-to-wall ratios and luminaire power. Results indicated ǘƘŀǘ άThe majority of 
participants in the current study (54.7%) preferred a combination of daylight and electric lights in their 
workplaces, and about one-third (34%) preferred to work under daylight only. Approximately 15% of 
participants were very satisfied with indoor lighting level when their LC rankings on the window wall 
ǿŜǊŜ άvery high contrastΣέ ǿƘƛle approximately 42% of participants were very satisfied when their LC 
ǊŀƴƪƛƴƎǎ ƻƴ ǘƘŜ ǿƛƴŘƻǿ ǿŀƭƭ ǿŜǊŜ άvery low contrastΦέ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǊƻǳƎƘƭȅ рм҈ ƻŦ ǇŀǊǘƛŎƛǇŀƴǘǎ 
were very dissatisfied with the indoor lighting level when they reported very high LC on the window 
wall, while almost 28% of participants were very dissatisfied when they reported very low contrast on 
ǘƘŜ ǿƛƴŘƻǿ ǿŀƭƭέ[11]. 

This study highlighted the effect of luminance contrast on lighting energy consumption. It is important 

to remember that a low window-to-wall ratio increases the LC and lighting energy consumption. 

However, the solution proposed by these researchers lacks sufficient evidence to conclude that adding 

wall-washing luminaires that consume power can still save more energy than occupants' intervention in 

the lighting level. 

 

3) The Optimum Window-to-Wall Ratio in Office Buildings for Hot-Humid, Hot-Dry, and Cold 

Climates in Iran 

(Shaeri, Habibi, Yaghoubi, Chokhachian, 2019) 

Shaeri et al. investigated the optimum window-to-wall ratio of an office building with regard to different 

climate zones and cardinal directions, utilizing a simulation method (DesignBuilder). Three cities with 

distinct climate zone were selected in Iran with Shiraz being in a hot-dry, Tabriz in a cold, and Bushehr in 

a hot-humid climate zone. 

According to Persson et al. the effect of the optimal window-to-wall ratio is low for heating loads and 

very high for cooling loads. Contrary to general knowledge, which does not consider the North façade 

ideal for daylight harvesting, the larger window areas in the north side not only can provide sufficient 

lighting level but also result in less HVAC energy consumption. [12] The literature review in this study 

reveals that the WWR is strictly associated with the climate zone and based on their location, buildings 

might have a different window-to-wall ratio. For instance, a study in Rome stated that the optimal WWR 

is between 35%-40% while a study in another part of Europe suggested the optimal percentage to be 

between 30%- 45%[13][14]. 

Four metrics including Solar heat gain, Heating load, Cooling load, and lighting load, were monitored in 

this study. Researchers concluded the following: 

¶ The solar heat gain in all cities increased by increasing the WWR. 

¶ The cooling load in North and South orientations first decreased by moving from 0% to 10% 

WWR and then began to increase from 10% to 100% WWR. In East and West orientations, the 

cooling load stayed steady from 0% to 30% WWR and then began to increase from 40% to 100% 

WWR.  
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¶ The heating load exhibited a diverse pattern for each orientation. In the North, the heating load 

had its peak value in 20% WWR and started to decrease by increasing the WWR. In the South, 

the heating load had its peak value at 10% WWR and began to drastically decrease with 

increasing the WWR. The East and West orientation had more smooth changes with different 

patterns for each city. 

¶ The lighting Load generally had a reduction pattern through increasing the WWR with a steeper 

slope in the North and South orientations, especially when moving from 10% to 20% WWR. 

In general, the optimum WWR fell within 20%-50% in all cities. Shiraz and Bushehr, with hot climates, 

had closer WWR, while Tabriz, with a cold climate, had higher percentages of WWR. 

 

4) Effect of window-to-wall ratio on measured energy consumption in US office buildings 
 (Troup, Phillips, Eckelman, & Fannon, 2019.) 

According to Lawrence BŜǊƪŜƭŜȅ bŀǘƛƻƴŀƭ [ŀōƻǊŀǘƻǊȅΣ оп҈ ƻŦ ŎƻƳƳŜǊŎƛŀƭ ōǳƛƭŘƛƴƎǎΩ Ŝnergy consumption 
is window-related. Moreover, the US energy information administration stated that in 2016, 19% of the 
total annual energy consumption was related to the commercial division, accounting for 18% of that 
ȅŜŀǊΩǎ /hн ŜƳƛǎǎƛƻƴΦ These results indicate the great importance of exploring the window contribution 
to energy consumption. Between 10% to 50% of energy could be saved in load-dominated buildings by 
optimization of glazed surface ratio and utilization of energy-efficient glazing types. A highly-developed 
fenestration system could result in 10% to 40% savings in HVAC energy consumption[16]. 

This article used data from the commercial building energy consumption survey (CBECS) to evaluate the 
effect of the window-to-wall ratio on total annual energy use along with the heating, cooling, lighting, 
and ventilation loads. Unlike most other studies that utilize iterative simulation methodology, this study 
investigated the topic by big data analytics. CBECS provided simplified characteristics of commercial 
buildings and correlates them with energy consumption. Linear and multi-linear regressions were used 
to forecast the relation of each building's characteristics with end-use energy consumption. Twenty-
eight building characteristics, including exterior glazing percentage which was divided into seven range, 
were chosen as independent variables. A population of interest was defined to represent the original 
number of buildings. The characteristics of these buildings were considered as independent variables, 
which were then applied to the following single and multi-linear regression equations to attain the 5 
dependent variables including total energy use and total end-use for heating, cooling, ventilation, and 
lighting.  

           ‍ȡ    Intercept of the model  

                                                               ‍ȡ    Coefficient of independent variable ὼ 

                                                                 ‭ȡ      Residual or errors of the mode 

                                                                ὲȡ     Number of independent variables 

 

Results utilized information from 1212 buildings included in the equation, which was representative of 
the actual number of buildings in the survey. The average total energy consumption was suggested by 
the regression as 130 kBtu/ft2, which is divided into several divisions as follows: 

-30% for envelope independent usage (office equipment, computers, etc.) 

ὣ ‍ ‍ὢ Ễ ‍ὢ ‭ 

 



8 
 

Table 2.1: Lighting simulation model alternatives 

-11% for lighting 

-14% for ventilation 

-8% for cooling 

-32% for heating 

-5% for minor electricity usage (refrigerator, cooking, etc.) 

Outcomes of the study demonstrated that the median for cooling and heating load increased as the 
glazed percentage increased. In contrast to expectations, by increasing the glazed percentage, the 
lighting median also increased. Otherwise stated, more glazed surfaces did not lead to less lighting 
energy consumption. The current results could slightly stand against the common belief that more 
window area that let in more natural light decrease the electrical lighting and energy consumption. 
However, it should be noted that the 2012 CBECS data, which was considered as the basis for this study, 
was not completely accurate. For instance, envelope performance details and characteristics such as the 
R-value of the walls and glazings were not included in the data. As an outcome, results are rather 
crippling to precisely explain the phenomenology of the numbers.  

The proposed research seeks to explore an explanation for the lighting result delivered by the current 
study.  Studying the effects of glazing percentage on energy consumption and exploring a glazing-less 
scenario may help to better understand the relation between energy consumption and glazing 
percentage[15]. 

 

2.2 Electrical and Daylight Integration 

5) Effects of Daylight Controls on Electric Lighting Energy Consumption 

(Karaguzel and Lam, 2012) 

This study examined the effect of the daylight control system on lighting energy savings in open offices. 

Karaguzel and Lamutilized the simulation method to evaluate the lighting performance of nine office 

spaces with different simulation parameters. The EnergyPlus Detailed daylighting calculation method 

was used as the simulation engine. The geometry and building features were set up in the Design 

Builder which is a Graphical User Interface for EnergyPlus.  

The main simulation parameters that were manipulated in the design alternatives included: 

1. Lighting Power Density 

2. Building enclosure 

3. Ambient-Task lighting separation 

4. Target illuminance 

The table below shows a summary of each design alternative: 
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Since the one-Step-at-a time method (OAT) was used in the study, each alternative represented the 

distinct effect of one simulation parameter named above. The authors took specific result metrics to 

evaluate the effect of each simulation variable on the lighting energy consumption, which included 

Interior lighting energy consumption, Lighting energy share, Operational lighting energy, Daylight 

autonomy, Peak interior lighting load, Total energy consumption, Space heating energy, Space cooling 

energy, and space heating and cooling design load.  

Karaguzel and Lam concluded that reduction in LPD and separation of task light and ambient light 

(Alternative 6) resulted in the largest lighting energy savings among the nine design alternatives. 

Generally, the reduction in LPD had the most significant effect on energy savings. Meanwhile, the 

incorporation of the daylight control sensors was found to save up to 19.6% lighting energy in 

comparison to a non-controlled alternative. Also, decreasing the target illuminance level had minor 

effects on lighting energy consumption. High-performance glazing materials for windows solely can lead 

to an 8.8% reduction of whole-building energy consumption without changing the LPD or using daylight 

sensors. It was also highlighted that separating the task-ambient light (with LPD of 0.25 W/ft2) with a 

combination of a high-performance building enclosure and daylight control sensors can save up to 57% 

of annual whole-building energy consumption [17]. 
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Table 2.2:Optimum Glazing Dimension 

6) Effect of LED lighting on the cooling and heating loads in office buildings 
(Ahn, Jang, Leigh, Yoo, Jeong, 2014) 

  
Ahn, Jang, Leigh, & Yoo proposed a strategy to effectively increase building energy performance through 

the integration of lighting and the HVAC system. According to Ahn and colleagues (2014), although the 

new generation of light sources such as LED or fluorescent lamps are energy efficient, still 75% to 85% of 

electrical input into these sources turned into heat. Given that 20% to 40% of the entire building energy 

consumption is accounted for by lighting, the heat produced by lighting sources increases the cooling 

load and causes more CO2 emissions [18]. All the heat generated by LED sources is in the form of 

convective heat and could fully be collected in a heatsink. Ahn and colleagues (2014). suggested adding 

another heatsink to the light fixtures to enable them to perform in both cooling and heating periods. To 

elaborate the mechanism, one of the heatsinks was placed inside the returned air duct and the other 

inside the space. This way, the heat generated by the light source could be collected inside the return air 

duct and could be removed easily to cause a reduction in the cooling load. Also, the heatsink exposed to 

space acted as a radiant heat source in the heating periods and therefore, helped to decrease the 

heating load. To assess the proposal, an experiment was carried out in a green building in Korea and in a 

virtual none-high performance building in the United States. Results showed an overall 3.01% and 9.27% 

reduction in the total end energy use of green building and virtual building, respectively. The statistics 

and numbers presented, either in this study or sources cited in the study, demonstrated data on energy 

savings potential to the general body of knowledge. The methodology of categorizing various iterations 

and providing gradual steps to reach the results was also inspiring [6]. 

 

7) Assessing the Effects of Glazing Type on Optimum Dimension of Windows in Office Buildings 

( Moorjani and Asadi, 2014) 

Moorjani and Asadi (2014) studied the effect of three types of glazing systems including single-glazed, 

Double-glazed(air-filled), and Double glazed with Low-E coating (Argon-filled), along with the orientation 

on the layout and optimum window dimension of an office room located in Dallas, Texas. EnergyPlus 

engine along with Rhinoceros/Grasshopper interface was utilized to simulate the model. The Genetic 

and Simulated Annealing algorithm were used to optimize the size and layout of the windows. 

After running the simulation and delivering the optimum values for each orientation and type of glass, it 

was concluded that the optimum WWR generally was very small (about 6.4% to 18%). 
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In the next step, the optimum window dimension for each scenario was used to calculate the whole-

building energy consumption of the office room. Results indicated that changing the glazing system had 

more impact on space heating energy than space cooling and lighting energy. The application of the 

simple double-glazed system and the low-E coating double-glazed system increased the total R-value of 

the room, which resulted in a reduction of the heating load both in day and night during the winter. 

However, it increased the cooling load at night while decreasing it in days during the summer. The 

results also indicated that the total energy consumption savings associated with the glazing system are 

not significant when using the optimum window dimensions in the model. However, by increasing the 

WWR, the effect of the glazing system was more noticeable[1]. 

 

8) Low-energy LED lighting heat gain distribution in buildings, part 1: Approach and pilot test 

(Liu, Zhou, LOCHHEAD, Zhong3, Huynh, Maxwell, 2017) 

Lighting heat gain is one of the main contributors to the cooling load. Thus, it is important to understand 

the luminaires' heat distribution pattern, which further helps to have a concise estimation of the HVAC 

sizing. ASHRAE handbook of fundamentals provides a table with values associated with radiative and 

convective heat fraction of luminaires. However, most of these data are related to fluorescent 

luminaires and there is a lack of information about the fraction values for LED luminaires. 

This paper studied the heat distribution pattern of 14 LED luminaire types including High bay, Troffer, 

Linear pendant, and Downlight through a systematic experimental method to fill the information gap 

related to LED luminaires in the ASHRAE Handbook of fundamentals. The study has been presented in 

two papers; part I included the test approach and experiment set up, while part II presented the LED 

thermal distribution results.   

Radiation and convection are the main forms of heat transfer in lighting systems. According to the 

ASHRAE 2013a, heat gain through conduction can be ignored in the lighting thermal calculation. The 

heat gain through convection is an instant addition to the cooling load while the heat gain through 

radiation has a time lag effect on the cooling load because it takes time for the radiative heat to be 

absorbed by the surfaces in the space. According to the 2013 ASHRAE Handbook, there are two methods 

for cooling load calculation:1. Heat Balance 2. Radiant Time series. This study took the HB method which 

is more accurate than RTS in many aspects.  

The remainder of the paper detailed the features of the chamber, the equipment used for radiative heat 

calculations (radiometer), dimensions, etc. The results presented in the second part of the study were 

included in this chapter[19]. 

 

9) Low-energy LED lighting heat gain distribution in buildings, part II: LED luminaire selection and 

test results 

(Liu, Zhou, Lochhead, Zhong3, Huynh, Maxwell, 2017) 
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As previously stated, the research aims to determine the split between convective and radiative heat 

fraction of different types of LED luminaires and the split between conditioned space and ceiling plenum 

heat gains. 

Based on results, between 40% to 60% of the input power in recessed LED luminaires turned to heat 

gain in conditioned space while this fraction for high efficacy troffer luminaires ranged between 43% to 

53%. The radiative heat fraction for most of the recessed luminaires was calculated between 30% to 

42% of the lighting input power. This amount was 51% for high efficacy troffer and 16% for the 

downlight luminaires. In the suspended LED luminaires, the amount of radiative heat gain was recorded 

42% to 51% of power input and for the linear pendant, it was recorded 55% to 61% of power input. 

Results indicated that the Recessed luminaires emitted less radiative heat than the pendant ones. It 

should be mentioned that the values reported above are in contrast with the chart the US Department 

of Energy has published on its website which considers 0 radiant heat fraction for LED sources.  

After delivering the heat conversion fraction for each of the 14 luminaires, 4 of them were chosen to 

evaluate the effect of supply airflow, supply air temperature, dimming control, floor finish, and return 

air configuration on the LED heat gain. 

Among all the factors above, return airflow and supply air rate had the most impact on the LED heat 

gain while the floor finish and dimming control had the minimum impact on the heat gain. As could be 

predicted, increasing the supply airflow rate and implementing the return air duct reduced the radiant 

and convective heat fraction emitted from LED luminaires [20]. 

  

10) LEDs for lighting: Basic physics and prospects for energy savings 

(Gayral, 2017) 

This manuscript provided a brief history of LED light developments, their physics, energy savings, and 

other features. The following highlights the most relevant findings. 

In a brief introduction, LED is a semiconductor light source that emits light through the mean of current 

flow. When an electric current path through a semiconductor, the unstable electrons move from N-type 

semiconductors to fill a hole in P-type semiconductors, to become stable. This flow of electrons releases 

energy in the form of visible light. 

Until 2014, one primary LED limitation was its color. LEDs were produced only in red and yellow colors. 

However, scientists realized that to produce a white-colored LED, they need to produce a blue LED.  

In 1981, a scientist, Isamu Akasaki, and his student, Hiroshi Amano, made some progress on enhancing 

one of the chemicals (GaN) used in an LED semiconductor. Simultaneously, another scientist, Shuji 

Nakamura, built upon findings from !ƪŀǎŀƪƛ ŀƴŘ !ƳŀƴƻΩǎ ōȅ ƛƳǇǊƻǾƛƴƎ ǘƘŜ Dŀb ŜǇƛǘŀȄƛŀƭ ƭŀyer. This 

work later led to the emission of the blue-violet range in LED lights. The key invention of Akasaki and 

Amano, along with further enhancements of Nakamura, led to low-cost production of high-quality blue 

GaN/InGaN, which was then surrounded by a phosphor shield to manufacture white LED sources. Since 

then, LED light bulbs have become commercially available at a reasonable price and have become one of 

the most economical light sources to provide low-energy cold and warm colors.  
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Despite the advantages of LED over CFL and Incandescent bulbs, they work under continuous low-

voltage current, which requires buildings to be equipped with DC low voltage circuits that drive LED 

lamps without needing an AC to DC converter energy losses [21]. 

 

2.3 Energy Modeling and Daylight Simulation Software 

11) Challenges to Integrated Daylighting and Electric Lighting Simulation Methods in a Whole-

Building Energy Simulation Context 

(Guglielmetti and Scheib, 2012) 

In this study, Guglielmetti and Scheib (2012) categorized the lighting simulation algorithms, methods, 

and tools while proposing the technological gap in the integrated daylighting simulation. EnergyPlus and 

Radiance were explored as two rigorous whole-building and daylighting simulation tools. 

In chronological order, several algorithms for daylighting calculation were introduced and explained, 

including Split-flux, Radiosity, Backward Raytracing, and Forward Raytracing. EnergyPlus proposed two 

methods for daylighting simulation:  

1.DElight                 2. Detailed 

The Detailed method used the Split-flux algorithm based on reflected illuminance from the space 

components. In this method, the daylight transmitted by the window was divided into downward 

traveling flux and upward traveling flux. 

DElight is a more accurate version of the detailed method with interreflected calculation enhancements. 

The delight method uses the Radiosity algorithm which presents the most accurate interreflected 

illuminance among all the other lighting simulation algorithms. 

The final algorithm was backward Raytracing, in which the rays are traced from the calculation points 

back to the light source. Along the way, each intersection with nonlight objects resulted in more rays 

spawn to space until the rays intersected with the light source. Backward raytracing was used in 

Radiance, which is one of the world-renown engines for daylighting calculation. 

In the next step, the authors introduced two new terms to explain the lighting simulation methodology: 

1.Simulation Type    2. Control System Model 

Simulation type described how the daylight was simulated over time through four distinct types: 

¶ Point-in-time method, which simulated the model for specific timesteps per hour. Although it 

produced an accurate result, the simulation time was extremely long. 

 

¶ Interpolated Design Day, which is another climate-based daylighting simulation type that solves 

the time issue in the point-in-time method by calculating the timesteps in some critical design 

days including summer solstice, equinoxes, and winter solstice. 

 

¶ Single-phase Daylight Coefficient (DC), which performed in the same manner as point-in-time 

method but with a rigorous raytracing approach. 
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Table 2.3:Annual Energy Use Results 

¶ 3-phase Daylight Coefficient (DC), which removed limitations of the single-phase approach by 

implementing the geometry changes into each timestep. 

The Control system model expressed ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ƭƛƎƘǘǎΩ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŀǾŀƛƭŀōƭŜ ŘŀȅƭƛƎƘǘ ƭŜǾŜƭΦ Most 

of the software use illuminance proxy control, which considers the illumination level in one point within 

the whole floor plane and adjusts the electrical loads accordingly. The sensor signal, another control 

system, was much more robust and accurate than the illuminance proxy system. The simulation output 

of three daylight calculation engines, including EnergyPlus, OpenStudio, and SPOT, were compared to 

one other to investigate their differences. The table below indicates the results for annual energy use. 

 

 

 

 

 

 

Based on the results, the authors concluded that there is no right or better tool when it comes to energy 

simulation and with all messiness it implies, there is more than one way to calculate building 

performance. Even highly validated tools can deliver inaccurate results due to interpolation errors [22]. 
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 : Methodology 
 

This chapter examines the research process and covers the general scheme and detailed steps that have 

been taken to achieve the results. The chapter begins with a brief introduction to the research method. 

Next, the set of codes and standards, based on which the initialization had been formed, are introduced, 

and then, the research process is explained in three discrete parts. 

3.1 Introduction 

A high-quality design properly addresses different criteria such as comfort, aesthetics, energy 

performance, and cost. The decisions about each of these criteria can significantly impact other 

decisions. As a result, a designer is faced with a complicated interconnected system that can be 

addressed successfully only by having a sufficient and comprehensive body of knowledge. This research 

specifically studies the impact of architectural design decisions only on building energy performance. To 

narrow down the study, attention has been drawn to three specific architectural design factors 

including: 

1. Window-to-wall ratio       2. lighting system       3. Orientation 

3.2 Methodology Overview  

Defining the research process is a crucial step in every research project, as it outlines a clear image of 

study procedures and the required knowledge and tools. It highlights the possible pitfalls and brings 

confidence to the process by helping to identify the research requirements and specific conditions. 

Overall, it simplifies the project by breaking it down to several manageable and easily understandable 

steps. 

3.2.1 Building Performance Testing Technique 

Among the several techniques for building performance assessment, computer simulation was opted to 

monitor the effects of the research variables on the building energy performance. Some of the 

advantages of a simulation-based method include: 

¶ The simulation method is less costly than the experimental method 

¶ The research contained 40 different design alternatives, each needed to be evaluated 

separately. The experimental method is not feasible in studies with a high number of 

alternatives 

¶ Delivering realistic results with an experimental method is very complicated and needs a high 

level of precision with the aid of control factors 

The research implemented a quantitative approach by statistically analyzing data that were delivered 

from the simulation tools to find the energy consumption pattern associated with the research 

variables. Figure 3.1 shows each step of the research process distinctly. The research starts with 

initialization, which includes identifying the influential parameters in the study and providing a value 

based on research aims or standards. This step requires a complete review of the literature and codes 

available on the subject. After completing the initialization, the study divides into two main parts. 
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Figure 3.1:Research Flowchart 

 

Table 3.1 Simulation ParametersFigure 3.2:Research Flowchart 

 

Table 3.2 Simulation Parameters 

 

1. Lighting analysis, to make sure the lighting loads  utilized in the energy modeling tool can 

provide sufficient illumination level for spaces 

2. Whole building energy analysis, to observe the energy performance of the space based on its 

characteristics 

Then, results of the energy simulation model were analyzed to conclude the study by confirming or 

rejecting the research hypothesis (see Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Initialization 

During the initialization, various influential parameters on the building simulation were identified and 

organized under two main categories: 

1. Explicit Parameters 

2. Implicit Parameters 

Explicit parameters include those that are fixed and non-adjustable, such as climate zone and location. 

On the other hand, implicit parameters can be manipulated and adjusted more independently. After 

identifying all the parameters affecting the energy results, they were given standard values based on the 

Lighting Analysis with ElumTools/AGI32 

Whole Building Energy Analysis with EnergyPlus/OpenStudio/Radiance 
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Table 3.5 Simulation Parameters 

 

research aim, and were divided into fixed and variable categories. This research shifted toward a retrofit 

project. The School of Architecture + Design at Virginia Tech campus in Blacksburg was considered as the 

simulation model and this early decision determined some of the explicit parameters associated with 

the site such as climate zone, exterior obstructions, and orientation. Several of the building parameters 

in Cowgill Hall remained the same while some such as the materials, construction layers, function, 

lighting system, etc. were changed to make the building comply with the most current codes and 

standards. 

3.3.1 Building Code 

Among the various standards and energy guidelines such as ASHRAE, USGBC, IECC, IGCC, and IBC, 

ASHRAE Standard 189.1, which is a comprehensive guideline for high-performance buildings, was used 

as the base guideline for compliance. 

3.3.2 Simulation Parameters 

To simplify the study, only the third floor of Cowgill hall was considered as the simulation model. To find 

the optimum WWR in presence of LED and fluorescent luminaires in four cardinal directions, WWR, type 

of light source, and orientation were considered as variables, and the rest of the parameters were set as 

fixed. Table 3.1 depicts all the influential parameters identified in the simulation based on their type. 

 

 

 

1. Location 

Cowgill Hall is located in the town of Blacksburg in Montgomery County, Virginia. According to the 2012 

International Energy Conservation Code, Virginia falls into climate zone 4A, which is defined as mixed 

and Humid ǿƛǘƘ Lt ¦ƴƛǘǎ /55рлȏC Җ прлл !b5 ослл ғ I55срȏC Җ рплл ŀƴŘ {L ¦ƴƛǘǎ /55млȏ/ Җ нрлл 

!b5 I55муȏ/ Җ оллл.  A mixed-humid climate is generally defined as a region that receives more than 

Parameters Explicit Implicit Fixed Variable 

Location (Climate Zone)     

Exterior Obstructions (Exterior 
Shadings) 

    

Geographical Orientation     

Space Function     

Mechanical System     

Structural System     

Material Composition     

Construction Layers     

Lighting System     

WWR     

Lighting Control Strategy     

Operational Schedule     

Furniture Location     

Luminaires Type     
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Figure 3.2  US Climate Zone Map 

 

Figure 3.6 Cowgill HallFigure 3.7 US Climate Zone Map 

 

Figure 3.8 Cowgill Hall 

 

Figure 3.9 Cowgill HallFigure 3.10 US Climate Zone Map 

 

Figure 3.11 Cowgill HallFigure 3.12 US Climate Zone Map 
Figure 3.3 Cowgill Hall 

 

20 in (50 cm) of annual precipitation and has approximately 5,400 heating degree days (65°F basis) or 

fewer. The average monthly outdoor temperature drops below 45°F (7°C) during the winter months. 

The US climate zone map can be seen in [[23], Fig. 3.2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Exterior Obstructions 

Cowgill Hall is located on the west side of the Drillfield on Perry street. Its construction was completed 

by 1996. It was the first building ever built for the architecture program and the first departure from the 

traditional gothic-style buildings on the campus[24].  The building is surrounded by Burrus Hall on the 

south side of Cowgill Plaza, Johnston Student Center on the West, Bishop Favor Hall on the North, and 

Hancock Hall on the East. Figure 3.3- 3.6 show the exterior obstructions of the Cowgill Hall [25]. 
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Figure 3.4 Surrounding Buildings  

 

Figure 3.20 Surrounding Buildings  

 

Figure 3.21 Surrounding Buildings  

 

Figure 3.22 Surrounding Buildings  

Figure 3.5 Surrounding Buildings 

 

Figure 3.27 Surrounding Buildings 

 

Figure 3.28 Surrounding Buildings 

 

Figure 3.29 Surrounding Buildings 
Figure 3.6 Surrounding Buildings 

 

Figure 3.35 Cowgill Floor PlanFigure 3.36 Surrounding Buildings 
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Figure 3.7 Cowgill Floor Plan 

 

Figure 3.43 Floor Plan along North-South AxisFigure 3.44 Cowgill Floor Plan 

 

Figure 3.45 Floor Plan along North-South Axis 

 

Figure 3.46 Floor Plan East-West AxisFigure 3.47 Floor Plan along North-South 
AxisFigure 3.48 Cowgill Floor Plan 

 

Figure 3.49 Floor Plan along North-South AxisFigure 3.50 Cowgill Floor Plan 

Figure 3.8  Floor Plan along North-South Axis 

 

Figure 3.51 Floor Plan East-West AxisFigure 3.52 Floor Plan along 

Figure 3.9 Floor Plan East-West Axis 

 

Table 3.7 Color Reflection FactorsFigure 

3. Cardinal Direction 

The North orientation was Rotated 45 degrees to the west, so that each of the sides in the rectangular 

plan would be perpendicular to each cardinal direction. The current consideration makes it easier to 

track the changes in different alternatives. The research specifically tends to observe the changes in the 

wider portion of the plan near the window openings (Perimeter zones) in four orientations. 

  

 

 

 

 

 

 

 

 

 

 

To track the changes of energy consumption in East and West directions, the building was rotated 90 

degrees so that the wider perimeter would be exposed to the East and West. 

 

¶ Third floor Area: 11885 sqft or 1104 sqm 
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Table 3.11 Color Reflection Factors 

 

Figure 3.62 Distribution of Surface ReflectanceTable 3.12 Color 
Reflection Factors 

 

Figure 3.63 Distribution of Surface Reflectance  

 

Table 3.13 Building Envelope Requirements for Climate Zone 
4(A, B, C)(SI)Figure 3.64 Distribution of Surface 
ReflectanceTable 3.14 Color Reflection Factors 

 

Figure 3.65 Distribution of Surface ReflectanceTable 3.15 Color 
Reflection Factors 

Figure 3.10 Distribution of Surface Reflectance 

4. Space Function 

Cowgill Hall in Virginia Tech houses the School of Architecture+Design and serves multiple educational 

purposes. According to the US Department of Energy, commercial buildings consume more energy than 

the transportation or industry sectors, accounting for a total of 40% of US energy use[26]. Due to this 

great share of energy, the function of the building was changed to an open office. 

 

5. Structural System 

Cowgill Hall was built with a beam-column concrete structure and the structural system remained the 

same for this study. 

 

6. Materials 

Many of the building materials have been preserved while some, such as flooring material, were 

changed. The materials were chosen based on their Light Reflectance Value (LRV). LRV is the portion of 

the light that is reflected from the surface compared to the amount of light that is received by the 

surface. LRV can depict how dark or light colors may look on a scale of 0 to 100. The closer the number 

to 100 the more reflective and lighter the color is and vice versa.  A mean value has been identified in a 

range of values for the building's primary material finishes based on[21, Tab3.2][21, Fig3.10]. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 shows the finish materials for the ceiling, floor, interior walls, and task surfaces along with 

their associated Light Reflectance Value (LRV). 
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Table 3.17 Building Envelope Requirements for Climate Zone 4(A, B, C)(SI)  

 

Table 3.18 Building Envelope Requirements for Climate Zone 4(A, B, C)(SI)  

 

Table 3.19 Building Envelope Requirements for Climate Zone 4(A, B, C)(SI)  

 Table 3.16 Materials light reflectance value 

 

Given that the selected luminaires for the office space draw 30% of their light up to the ceiling, a highly 

reflective finish was chosen to help scatter the light and provide an appropriate ambient light level for 

space. The reflected light will boost the lighting quality and prevents contrast. 

 

7. Occupant load 

 According to the Building International Code, the occupant load for commercial buildings is 100 sqft. 

However, the 2018 edition of the National Fire Protection Association (NFPA) changed it to 150 sqft. 

Also, a new factor of 30 square feet per person for collaboration spaces with areas less than or equal to 

450 square feet can now be used. For collaboration spaces with areas greater than 450 square feet, the 

rate is 15 square feet per person [28]. 

Concerning the interior furniture, the open office can house 80 desks which allow for 80 employees to 

officially work in the space. Based on the floor area and the number of employees, the occupant load 

was calculated as 185 sqft per person, which is slightly more than the minimum allowed Occupant load. 

 

8. Construction Layers 

The current construction materials and layers in the building were changed to enhance the thermal 

ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ŜȄǘŜǊƛƻǊ ƭŀȅŜǊǎΦ 5ǳŜ ǘƻ /ƻǿƎƛƭƭΩǎ old construction, many of the climate-based energy 

codes and standards including the R-values of the construction layers are not met. As a result, new 

construction layers were proposed based on the ASHRAE standard guidelines, and International Code 

Council. [22, Tab. 3.2] highlights the ASHRAE 189.1-2014 Standard and ICC thermal property 

requirements of the building envelope.  

 

 

 

 

 

 

 

Surface  Finish Material  LRV 

Floor Vinyl sheets 42 

Ceiling White paint on the exposed concrete ceiling 80 

Interior Walls Light grey paint on masonry 50 

Task Laminate (wood core+plastic finish) 45 
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The calculated U-value for the 

exterior wall is 0.49 which is below 

the maximum 0.59 allowable value 

in the ASHRAE 189.1. The R value 

for each layer has been brought 

below. 

 

Figure 3.66 Exterior Wall 

SectionThe calculated U-value for 

the exterior wall is 0.49 which is 

below the maximum 0.59 allowable 

value in the ASHRAE 189.1. The R 

value for each layer has been 

Figure 3.11 Exterior Wall Section 

 

Figure 3.70 Exterior Wall Section 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the highlighted values new construction layers have been proposed as follows: 

 

¶ Wall Above Grade 
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The floor in third story of Cowgill 

Hall is not exposed to the outside, 

as a result it was defined with 

adiabatic surface boundary 

condition in the energy modeling 

software. 

 

The floor in third story of Cowgill 

Hall is not exposed to the outside, 

as a result it was defined with 

adiabatic surface boundary 

condition in the energy modeling 

software. 

 

The floor in third story of Cowgill 

Hall is not exposed to the outside, 

as a result it was defined with 

adiabatic surface boundary 

condition in the energy modeling 

software. 

 

The floor in third story of Cowgill 

Hall is not exposed to the outside, 

as a result it was defined with 

adiabatic surface boundary 

condition in the energy modeling 

software. 

Thickness: 6ΩΩ          Thermal conductivity: 0.84 

W/m K 

 

Thickness: 6ΩΩ          Thermal conductivity: 0.84 

W/m K 

 

Thickness: 6ΩΩ          Thermal conductivity: 0.84 

W/m K 

 

Thickness: 6ΩΩ          Thermal conductivity: 0.84 

W/m K 

The order shows the way the layers 

had been inserted into energy 

simulation software as construction 

data.  

The materials and the R-values 

associated with them have been 

extracted from the BCL material 

library linked to the NREL website. 

 

 

The order shows the way the layers 

had been inserted into energy 

simulation software as construction 

data.  

The materials and the R-values 

associated with them have been 

extracted from the BCL material 

library linked to the NREL website. 

 

 

The order shows the way the layers 
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simulation software as construction 

data.  

The materials and the R-values 

associated with them have been 

extracted from the BCL material 

library linked to the NREL website. 

 

 

The order shows the way the layers 

had been inserted into energy 

simulation software as construction 

data.  

The materials and the R-values 

associated with them have been 

extracted from the BCL material 

library linked to the NREL website. 

 

Figure 3.12 Floor Section 

Layer: 

Outside 

  

 

  

  

   

 

 

 

 

¶ Floor Above Grade 

 

  

 

 

 

 

 

 

 

 

¶ Interior Wall 

 

 

 

 

 

¶ Glazing Type 

Thickness: 4ΩΩ         Thermal conductivity: 1.14 W/m K 

 

Thickness: 4ΩΩ         Thermal conductivity: 1.14 W/m K 

 

Thickness: 4ΩΩ         Thermal conductivity: 1.14 W/m K 

 

Thickness: 4ΩΩ         Thermal conductivity: 1.14 W/m K 

R value: 0.089 

 

R value: 0.089 

 

R value: 0.089 

 

R value: 0.089 

Poured Limstone 
Concrete 4 in - 120 
Ib/ft3  

 

 

Poured Limstone 
Concrete 4 in - 120 
Ib/ft3  

 

 

Poured Limstone 
Concrete 4 in - 120 
Ib/ft3  

 

 

Poured Limstone 
Concrete 4 in - 120 
Ib/ft3  

 

Wall air space 

 

Wall air space 

 

Wall air space 

 

Wall air space 

Wall Insulation 

 

Wall Insulation 

 

Wall Insulation 

 

Wall Insulation 

Concrete Block 6 in 
Ib/ft3- Partly Grouted 
Cells empty 

 

Concrete Block 6 in 
Ib/ft3- Partly Grouted 
Cells empty 

 

Concrete Block 6 in 
Ib/ft3- Partly Grouted 
Cells empty 

 

Concrete Block 6 in 
Ib/ft3- Partly Grouted 
Cells empty 

Thickness: 2ΩΩ         Thermal resistance: 0.17 

m2 k/W 

 

Thickness: 2ΩΩ         Thermal resistance: 0.17 

m2 k/W 

 

Thickness: 2ΩΩ         Thermal resistance: 0.17 

m2 k/W 

 

Thickness: 2ΩΩ         Thermal resistance: 0.17 

m2 k/W 

R value: 0.17 

 

R value: 0.17 

 

R value: 0.17 

 

R value: 0.17 

Thickness: 2.68ΩΩ   Thermal conductivity: 0.043 W/ m K 

 

Thickness: 2.68ΩΩ   Thermal conductivity: 0.043 W/ m K 

 

Thickness: 2.68ΩΩ   Thermal conductivity: 0.043 W/ m K 

 

Thickness: 2.68ΩΩ   Thermal conductivity: 0.043 W/ m K 

R value: 1.57 

 

R value: 1.57 

 

R value: 1.57 

 

R value: 1.57 

R value: 0.18 

 

R value: 0.18 

 

R value: 0.18 

 

R value: 0.18 

R value: 2.009 

 

R value: 2.009 

 

R value: 2.009 

 

R value: 2.009 

U value: 0.45 

 

U value: 0.45 

 

U value: 0.45 

 

U value: 0.45 

Slate or Tile ½ in 

 

Figure 3.73 
Floor 
SectionSlate or 

Tile ½ in 

 

Figure 3.74 
Floor Section 

 

Figure 3.75 
Floor 
SectionSlate or 

Tile ½ in 

 

Figure 3.76 
Floor 
SectionSlate or 

M11 100mm 
Lightweight 
concrete 

 

M11 100mm 
Lightweight 
concrete 

 

M11 100mm 
Lightweight 
concrete 

 

M11 100mm 
Lightweight 
concrete 

Lightweight Concrete- 
8 in- 80 Ib/ft3 

 

Lightweight Concrete- 
8 in- 80 Ib/ft3 

 

Lightweight Concrete- 
8 in- 80 Ib/ft3 

 

Lightweight Concrete- 
8 in- 80 Ib/ft3 

G01a- 19mm gypsum 
board 

 

G01a- 19mm gypsum 
board 

 

G01a- 19mm gypsum 
board 

 

G01a- 19mm gypsum 
board 

Air gap 

 

 

Air gap 

 

 

Air gap 

 

 

G01a- 19mm gypsum 
board 

 

Table 3.21 
Glazing 
FeaturesG01a- 

19mm gypsum board 

 

Table 3.22 Glazing 
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Table 3.25 Glazing Features 

 

 

 

 

Table 3.26 Glazing Features 

 

 

 

 

Table 3.27 Glazing Features 

 

 

 

 

Table 3.28 Glazing Features 

 

 

 

Table 3.29 Fenestration Requirements 

 

Table 3.30 Fenestration Requirements 

 

Table 3.31 Fenestration Requirements 

 

Table 3.32 Fenestration Requirements 

A window wall glazed system with a metal frame was selected from the windows directory on the 

National Fenestration Rating Council website[30]. Table 3.5 exhibits different characteristics of the 

glazed material used in the study. Note that all factors comply with the fenestration requirements 

mandated by ASHRAE standard 189.1 2014(See table 3.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

U factor: 0.37 

 
 
  

 

U factor: 0.37 

 
 
  

 

U factor: 0.37 

 
 
  

 

U factor: 0.37 

 
 
  

Solar heat gain coefficient: 0.35 

   

 

Table 3.33 Fenestration 
RequirementsSolar heat gain 
coefficient: 0.35 

   

 

Table 3.34 Fenestration Requirements 

 

Table 3.35 Fenestration 
RequirementsSolar heat gain 
coefficient: 0.35 

   

 

Table 3.36 Fenestration 
RequirementsSolar heat gain 
coefficient: 0.35 

   

Visible transmittance: 0.62
  

    

 

Visible transmittance: 0.62
  

    

 

Visible transmittance: 0.62
  

    

 

Visible transmittance: 0.62
  

    

Condensation resistance: 32
    

 

Condensation resistance: 32
    

 

Condensation resistance: 32
    

 

Condensation resistance: 32
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Figure 3.13 North Facade 

 

Figure 3.81 North Facade 

 

Figure 3.82 North Facade 

 

Figure 3.83 North Facade 

9. HVAC System 

The mechanical system remained the same in the building. A four-pipe air handling unit with Variable air 

volume already provides heating, cooling, and ventilation in the Cowgill Hall. The hot water is supplied 

by a central plant outside the building at the Virginia Tech campus. The plant distributes steam to the 

different buildings on the campus and the mechanical equipment in each building transforms it into a 

liquid phase. In this study, the supply system was considered local with a boiler providing hot water and 

a chiller providing cold water. 

 

10. Window-to-Wall Ratio 

The percentage of window openings in the building is one important factor in energy performance.  A 

glazed wall usually has a lower R-value than a solid wall. Therefore, more energy can be transferred 

through the glazed surface. Standards limit the vertical fenestration area to 40% of the gross above-

grade wall area. With exceptions for some buildings, the area of west-oriented and east-oriented 

vertical fenestration must each not exceed the area of south-oriented vertical fenestration. 

In this study, nine different WWR percentages, starting from 0 to 80 percent with a 10 percent 

increment, were considered for different design alternatives. A fixed 22-inch (70cm) distance was placed 

from the upper edge of the windows to the ceiling in all scenarios and the lower edge would be moved 

down to increase the window area. A horizontal window geometry was chosen over a vertical one since 

it provides a more even light distribution. Vertical window geometry creates very dark or very light spots 

and causes illuminance contrasts in the spaces. 

 

 

 

 

 

 

 

11. Operational Schedule 

The office operational schedule is important given that the mechanical and electrical systems are reliant 

on it. In this study, the energy plus default set of operational schedules for office buildings was used, 

which contained schedules for lighting, office equipment (mostly plug loads), and infiltration. 

 

12. Furniture 

The location, geometry, material, dimensions, and height of desks and other furniture pieces are 

important because they highly affect the lighting distribution. Interior furniture, especially with dividers 
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Figure 3.14 Furniture Plan 

 

Figure 3.97 Reflected Ceiling PlanFigure 3.98 Furniture Plan 

 

Figure 3.99 Reflected Ceiling Plan 

 

Table 3.37 Standard Illumination LevelFigure 3.100 Reflected 
Ceiling PlanFigure 3.101 Furniture Plan 

 

Figure 3.102 Reflected Ceiling PlanFigure 3.103 Furniture Plan 

Figure 3.15 Task Height 

 

Figure 3.89 Furniture PlanFigure 3.90 Task Height 

 

Figure 3.91 Furniture Plan 

 

Figure 3.92 Reflected Ceiling PlanFigure 3.93 Furniture PlanFigure 
3.94 Task Height 

 

Figure 3.95 Furniture PlanFigure 3.96 Task Height 

Figure 3.16 Reflected Ceiling Plan 

 

Table 3.38 Standard Illumination LevelFigure 3.104 Reflected Ceiling Plan 

such as office work stations, act as interior obstructions. They can absorb, block, or reflect the daylight 

or electrical light illumination, and change the quality of light inside the spaces. 

 

 

 

 

 

 

 

 

 

 

 

13. Reflected ceiling plan 

The location of luminaires, suspended ceiling, air ducts, and return air ducts affect the simulation 

results. Since the study is not tracking the effects of these parameters, a reflected ceiling plan has been 

proposed to fix the location of each of these elements. Note that changes in the luminaires do not 

change the location or height of them in the plan. 

 

 

 

 

 

 

 

 

 

 

 

 

4Ω 

 

2Ω- 4ΩΩ 

 

-Floor to floor height = 14 ft 

 

 

 

-Floor to floor height = 14 ft 

 

 

 

-Floor to floor height = 14 ft 

 

 

 

-Floor to floor height = 14 ft 

 

 

-Floor to ceiling height = 12 ft 

 

 

 

-Floor to ceiling height = 12 ft 

 

 

 

-Floor to ceiling height = 12 ft 

 

 

 

-Floor to ceiling height = 12 ft 
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Table 3.43 Standard Illumination Level 

 

Table 3.44 Heating Properties of Light SourcesTable 3.45 Standard Illumination Level 

 

Table 3.46 Heating Properties of Light Sources 

 

Figure 3.107 Different luminaire types [11]Table 3.47 Heating Properties of Light SourcesTable 
3.48 Standard Illumination Level 

 

Table 3.49 Heating Properties of Light SourcesTable 3.50 Standard Illumination Level 

14. Light Source 

Fluorescent, Compact Fluorescent, and LED lamps are some of the most common light sources that are 

often used in open offices. The difference in features of light sources such as efficiency or light output, 

directly and indirectly affect the whole building energy consumption. In the beginning, it was decided to 

set the luminaires as fixed elements and only change the light sources inside them. However, the 

following reasons led to change the luminaires for different light sources: 

1) Luminaires designed for a specific source of light are more energy-efficient 

- Change of luminaires prevents waste and significantly enhances energy performance. 

2) Lack of luminaires that can work with LED and fluorescent light sources 

- Recent lighting products are mostly manufactured in a kit with specific luminaire equipment 

and light source.  

3) Different light emittance pattern between the LED and fluorescent sources 

- The difference ƛƴ ƭƛƎƘǘ ǎƻǳǊŎŜǎΩ ŜƳƛǘǘŀƴŎŜ ǇŀǘǘŜǊƴ requires distinct luminaires with specific 

lenses and other equipment to distribute the light in the desired direction. 

The space target illumination level was set according to the range provided in the Illuminating 

Engineering Society of North America (IESNA). [24, Tab 3.7] indicates the range for each space function. 
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Table 3.51 Heating Properties of Light Sources 

 

Figure 3.108 Different luminaire types [11]Table 3.52 Heating Properties of Light Sources 

 

Figure 3.109 Different luminaire types [11] 

 

According to table 3.7, the standard light level for open offices falls within 300 to 500 lux. In this study, 

400 lux was considered as the target illumination level. Meanwhile, all the desks and tables were 

equipped with task lights to ensure sufficient illumination levels on the task surfaces while reducing 

energy consumption because: 

¶ Not all employees have similar light level preferences and task lights allow for individual control 

over the illumination level. Thus, many of the task lights may remain off during the day or be on 

but with a low power level (when using dimmable fixtures). 

¶ EmployeesΩ working hours may differ from each other and with task lights, it is possible to 

reduce the energy consumption when one does not need light. 

Luminaire types were selected based on the status quo in Cowgill Hall. The main area of the ceiling has 

an exposed waffle structure and is covered with suspended luminaires. All the nooks in the plan have 

drop ceilings and are covered by recessed luminaires. Also, each of the desks is equipped with an 

individual operable task light. 

The following factors limited the range of proper luminaires for the study: 

¶ Not all the lighting manufacturers provide the luminaires IES file, Revit family, and other 

required data. As a result, only the products of a few manufactures, which had the required 

data, could be considered. 

¶ The proper luminaires should draw 30% of the light up and 70% down. Thus, the light 

distribution map limited the options. Initial simulations provided a good estimation regarding 

the light distribution and lumen output of the selected luminaires and narrowed down the 

luminaire choices. 

The selected luminaires, their photometric features, and other information can be found in the lighting 

result section of the results chapter in this book. 

 

15.  Thermal properties of light sources 

[25, Tab 3.8] shows the general thermal properties of different light sources. Each type of light source 

has distinct heat and visible light fraction. Note that the type of lighting fixture also has a profound 

impact on the heat and visible light fraction. Figure 3.17 depicts different types of luminaires and their 

position on the ceiling.  

 

 

 

 

 

Although the ASHRAE Handbook of fundamentals provided the heat properties of different fluorescent 

lighting fixtures, there is a lack of information regarding the LED lighting fixtures. Liu et al. (2017) 
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Figure 3.17 Different luminaire types [11] 

 

Figure 3.113 Illustration of continuous dimming relationshipFigure 3.114 Different 
luminaire types [11] 

 

Figure 3.115 Illustration of continuous dimming relationship 

 

Figure 3.116 Daylight Control Sensors LocationFigure 3.117 Illustration of continuous 
dimming relationshipFigure 3.118 Different luminaire types [11] 

 

Figure 3.119 Illustration of continuous dimming relationshipFigure 3.120 Different 
luminaire types [11] 

Figure 3.18 Illustration of continuous dimming relationship 

 

Figure 3.121 Daylight Control Sensors LocationFigure 3.122 
Illustration of continuous dimming relationship 

proposed the heat distribution pattern in various LED light fixtures through an experimental research. 

However, results of the study have not been confirmed by ASHRAE and therefore have not been used in 

this study. Change of the luminaire type or light source alters the thermal properties of the lighting 

system and affect the results to a great extent.  

 

 

 

 

 

 

 

 

 

16. Lighting Schedule 

After running the daylight simulation, Radiance provided EnergyPlus with a new lighting schedule. In this 

study, the sum of ambient and task lights were dimmed together based on the daylight availability and 

there was no distinction in their dimming settings. Because of this, the task lights do not have a specific 

schedule and do not follow the building occupancy schedule. 

 

17. Lighting Control Strategy 

Continuous dimming with daylighting control sensors was selected as the lighting control strategy. The 

sensors are also linked to the operational schedule set, which contains the sub schedules such as lighting 

schedule and activity level.  
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Figure 3.20 Lighting Zone Divisions 

Figure 19 Daylight Control Pointsô Location 

Light sensors gauge the condition and change the light level as necessary. As a result, finding the right 

locations for the sensors is important. The red marks shown in figure 3.19 were considered as daylight 

control points based on the location of luminaires and OpenStudio limitations. 

 

 

 

 

 

 

 

 

 

 

Three rows of luminaires created three lighting zones in the order of proximity to the windows. One 

daylight control sensor was allocated to each row of luminaires in each lighting zone. This arrangement 

simplified the dimming by starting from the light zone 1, which is closer to the windows, and received 

more sunlight and continuing inward to light zone 2 and 3 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Lighting Zone 1 Lighting Zone 2 Lighting Zone 3 
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3.4 Simulation Overview 

After the building parameters had been identified and given an appropriate value, they were inputted 

into the energy modeling software. As previously stated, the study aimed to explore the effect of 

research variables on the whole building energy consumption pattern. The range of values for each 

variable are as follows: 

¶ WWR: nine scenarios starting from 0% to 80% with 10% increment 

¶ Type of light source: two light sources including LED and fluorescent 

¶ Orientation: four cardinal directions (North, East, West, South) 

A combination of different values of each variable provided a total of 72 design alternatives to be 

simulated. 

3.4.1 Design Alternatives: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.21 Design Alternatives Diagram 

 

Table 3.55  Summary of Simulation Tool 
ComponentsFigure 3.133 Design Alternatives 

Diagram 
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3.5 Simulation Tools 

A simulation technique was selected to conduct the study and assess the building energy performance. 

Technological developments in recent years have introduced many advanced computer programs that 

can simulate the building energy and lighting performance with acceptable precision. However, the 

large variety of simulation programs make it difficult to choose the right application that fits the study 

objectives. After carefully reviewing the features, advantages, and disadvantages of different software 

programs, AGI32 was selected for the lighting analysis and OpenStudio/EnergyPlus for whole-building 

energy modeling. 

The primary reason for using a combination of two different programs included the inability of the 

majority of building performance simulation (BPS) software to evaluate the spatial illumination level and 

lighting quality. On the other hand, many lighting computation tools can analyze the electrical lighting 

performance but disabled to evaluate the ƭŀƳǇǎΩ thermal behavior. Due to the lack of a stand-alone 

software that can combine these distinct functions, two programs were used to accomplish the results. 

 

3.5.1 Lighting Analysis Tools 

A lighting simulation software was required to find the desired LED and fluorescent luminaires that 

could provide a sufficient light level in the open office. It was important to keep the LED and fluorescent 

ǎŎŜƴŀǊƛƻǎΩ light level very close to one other to provide comparable conditions for the simulations.  

To identify the proper software, the features of several lighting simulation products such as AGi32, 

Dialux Evo, Relux, and SPOT were reviewed. Then, the !DƛонΩǎ ŀŘŘ-on for Revit (ElumTools) was 

selected, which uses the full Radiosity calculation method. For more information about the Radiosity 

Method, see [33]. The followings indicate the justification for choosing AGi32 over other lighting 

simulation software: 

¶ AGi32 has been developed by a USA-based company and has a complete directory of IES files 

and luminaires of American lighting products.  

¶ AGi32 has powerful graphic visualization and realistic renders which show the lighting condition 

inside and outside of a building. 

¶ It can work through the Revit user interface, which is an architectural drawing software. This will 

drastically accelerate the lighting simulation initializing process since there is no need to model 

the building geometry from scratch. 

 

Tools Introduction 

AGi32 

AGi32 is a lighting calculation tool developed by the Colorado-based Lighting Analysts Illumination 

Engineering Software company. It was designed to compute the exterior and interior illumination, and 

assist in determining the luminaires placement. AGi32 and ElumTools are known for their powerful 

visualization and can provide both numeric and rendered output [34].  AGi32 provides the user with two 

lighting calculation options, each with its merits and disadvantages.  
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¶ Direct Calculation method 

¶ Full Radiosity method 

The direct calculation method only considers the light directly coming from luminaires and is mostly 

used for exterior applications. The full radiosity method, on the other hand, takes into account the 

interreflected light, which is very important in the interior lighting. The full radiosity method leads to a 

more accurate lighting simulation but requires additional time for computation.  

AGi32 utilizes the point by point calculation method, which allows the user to include as many 

calculation points as required. It then provides various outputs in each calculation point including 

Illuminance, Luminance (defuse), Daylight factor, Unified Glare Rating, Roadway Luminance, Veiling 

Luminance, Small Target Visibility, and Glare Rating. To predict the photometric features of a space, it is 

necessary to model the space in the AGi32 interface, assign the calculation points, set their height, 

choose a calculation method, and run the simulation.  

 Software Limitations 

¶ Despite being stated in the software manual, AGi32 is unable to import 3D file formats. The 

program crashes and closes when a slightly large file is imported. As a result, the 3D model 

import function is somewhat useless.  

¶ Although the daylight calculation is possible through AGi32, the possibility of importing weather 

files to the software has not been addressed. Thus, it does not allow for a climate-based 

calculation. 

¶ AGi32 does not have an option for photosensor control. As a result, it cannot dim the electrical 

luminaires with respect to the available daylight. 

¶ The software is not free. 

 

ElumTools 

ElumTools is a lighting calculation tool designed as a plugin for Autodesk Revit. It was developed by the 

Lighting Analysts IIllumination Engineering Software company and shares the same features with AGi32. 

Unlike AGi32, which is a stand-alone software, ElumTools is an add-on for Autodesk Revit and uses the 

Radiosity method to compute the light level [35]. By installing ElumTools, a ribbon tab is created in the 

Revit environment, through which it is possible to import IES files for different luminaires, change the 

material properties through the material library, create calculation points, change features associated 

with points, drop and locate luminaires, select the results output, and take advantage of ElumTƻƻƭǎΩǎ 

other functions. 

A great advantage of ElumTools over AGi32 is that there is no need to draw a separate model for lighting 

analysis and all the operations can be done in the Revit model. Like AGi32, it provides a walkthrough 

option to navigate inside and outside the building and evaluate the light quality.  

Software Limitations 

 

¶ The software is not able to import weather files, which results in less precision in daylight 

computation. 
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¶ ElumTools does not address photosensor control. As a result, it does not dim the electrical 

lamps in response to daylight. 

¶ The software is not free.  

 

3.5.2 Energy Performance Analysis Tools 

There are several candidates for whole-building energy simulation software, including DesignBuilder, 

hǇŜƴ{ǘǳŘƛƻΣ 9ǉǳŜǎǘΣ DǊŀǎǎƘƻǇǇŜǊǎΩ ǇƭǳƎƛƴǎ ǎǳŎƘ ŀǎ 5L±!Σ IƻƴŜȅōŜŜΣ ŀƴŘ [ŀŘȅōǳƎΦ Although many of 

these programs share the same simulation engine (EnergyPlus), their user interface and general 

program features are different. After reviewing the features and capabilities of each software program, 

Openstudio, which works with a combination of EnergyPlus and Radiance engines, was selected over 

other programs due to the following reasons: 

¶ Unlike DesignBuilder, OpenStudio is an open-source application with free access.  

¶ In addition to the EnergyPlus engine, OpenStudio utilizes Radiance for daylight analysis. 

¶ OpenStudio comes in a kit with various tools which aid in energy modeling and energy modelers 

with any level of proficiency can use the software.  

¶ It is a more comprehensive tool compared to other energy simulation tools. 

¶ It is linked to SketchUp which is an architectural environment for 3D modeling. 

 

Tools Introduction 

OpenStudio 

OpenStudio is a collection of tools to support whole-building energy modeling with EnergyPlus and 

Radiance engines. It has been developed by the National Renewable Energy Laboratory in the US 

Department of Energy. It is an open-source software that was first developed as a simple plugin for 

SketchUp to edit the geometry and model using EnergyPlus simulation. It contains several graphical 

interfaces such as OpenStudio application, Sketchup Plugin, Dviewer, Results Viewer, and Parametric 

Analysis Tool (PAT).  

SketchUp- OpenStudio: The initial model geometry can be drawn in SketchUp and building parameters 

are given values through the OpenStudio application.  

Parametric Analysis Tool: PAT can simultaneously run simulations for various design alternatives that 

have been created by applying different measures to a base model. It also has a built-in directory for 

mathematical algorithms that can be used to simplify the optimization procedure. 

Result Viewer-Dview: Results Viewer and Dviewer provide charts, maps, and other graphical documents 

base on the simulation results.  

Ruby: Open Studio also utilizes Ruby, C++, and C# to write more commands that cannot be applied 

through the OpenStudio application. The above programming languages can be used to create new 

measures, which can apply changes to the base model. 
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BCL Library: All the premade measures, materials, HVAC systems, constructions, and many other 

building data are collected in the online Building Component Library (BCL). Users are also encouraged to 

share the measures they write on the BCL to further complete the library data. 

Unmet Hours: Another advantage of OpenStudio is its strong user support through Unmet hours, an 

online platform, where people can ask questions or share ideas and get responses by a group of NREL 

experts or other users from all parts of the world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EnergyPlus 

EnergyPlus is a console-based and open-source whole building energy simulation program that has been 

developed by NREL. EnergyPlus works with text input and provides text output. It is an integrated tool to 

simulate heating, cooling, ventilation, water consumption, lighting illumination, and plug load in a 

building. 

EnergyPlus utilizes Idf editor as a basic interface to simplify inserting input values to the program. It also 

uses EP-launch to manage the input and output and run several simulations. EP-compare is another tool 

that assists EnergyPlus to graphically compare the results of various simulations. Since the Idf editor 

environment is not user friendly, many developers have introduced an intermediary tool for creating 

EnerguPlus input files. Software such as OpenStudio and DesignBuilder can be named as the Graphical 
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User Interface (GUI) for EnergyPlus. OpenStudio creates a text input file for EnergyPlus by providing the 

user with a more friendly environment to insert the desired values for building parameters. Then it 

hands the text file to the simulation engine and after the simulation is completed, translates the text 

output file to understandable tables and charts. 

 

Radiance 

Radiance, developed by Greg Ward and his team, is one of the most powerful programs for lighting 

simulation. It is an open-source tool that is used by engineers and architects for lighting, daylighting and 

solar control design. Radiance, which utilizes the Ray Tracing method, is recognized as the most useful 

software package for architectural lighting analysis. Like EnergyPlus, Radiance is a command-line 

program, which requires text input and creates text output. Since the command-line interface is not 

user-friendly, several GUIs such as SPOT, Daysim, and OpenStudio have been developed to facilitate 

working with the Radiance engine[36]. 

 Software Limitations: 

¶ OpenStudio does not support simulation of curved geometry and surfaces. 

¶ Many of the BCL measures, including the WWR measure, have trouble implementing the 

changes in the model. 

¶ The number of software bugs after each release is comparatively more than other programs in 

the market. 

¶ Since they are load-based programs, neither EnergyPlus nor OpenStudio can evaluate the 

quality of interior light and illumination level provided by electrical sources.  

¶ Illuminance map in Radiance and OpenStudio are presented only in a rectangular shape. As a 

result, complicated floorplan geometry can hardly be supported by these tools. 

¶ In Radiance, only one and in EnergyPlus, maximum two daylight control points can be used in 

each thermal zone. In some conditions, this limitation can reduce the precision of lighting 

results. 

¶ There is a problem with zone areas in the EnergyPlus report. Rather than the space area, 

EnergyPlus takes the total area of each distinct zone (which can be made of several spaces) to 

report the metrics such as HVAC and lighting loads. In other words, some of the reports are 

based on the wrong areas.  

 

Daylight Analysis with a combination of OpenStudio, Radiance, and EnergyPlus 

Daylight illumination and glare can be calculated both with EnergyPlus and Radiance through 

OpenStudio GUI. OpenStudio Plugin in SketchUp provides specific objects such as illuminance map, 

daylight control point, glare sensor, airwall, and interior partitions, which prepare the model and enable 

the lighting calculations.  

¶ An illuminance map visually reports the calculated light level or Illuminance all over its 

boundary.  
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Table 3.59  Summary of Simulation Tool Components 

 

Figure 3.137 Interior WallsTable 3.60  Summary of Simulation Tool 
Components 

 

Figure 3.138 Interior Walls 

 

Figure 3.139 Exterior ShadesFigure 3.140 Interior WallsTable 3.61  
Summary of Simulation Tool Components 

 

Figure 3.141 Interior WallsTable 3.62  Summary of Simulation Tool 
Components 

Figure 3.22 Exterior Shades 

 

Figure 3.23 Interior Walls 

 

¶ Daylight control points change the electrical lighting schedule according to the available 

daylight and reduce the lighting power consumption. Note that two daylight control points are 

allowed for each thermal zone in EnergyPlus simulation. 

¶ Glare sensors can report the glare index where they are located.  

¶ Air walls construction has no architectural counterpart and is used to divide spaces and define 

thermal zone boundaries. To avoid blocking the sunlight, surfaces with air wall construction are 

ignored by the Radiance Translator. 

¶ Interior Partitions are used to model interior obstructions such as columns, furniture, etc.  

After setting up the objects required for daylight calculation, OpenStudio can transfer the input file 

either to EnergyPlus or Radiance. By activating the Radiance measure in OpenStudio, instead of 

EnergyPlus, Radiance will be used for daylight calculation. Radiance uses the backward Raytracing 

method while EnergyPlus uses Radiosity in DELight method and Split-flux in Detailed method. [17, Tab 

3.9] shows the lighting simulation algorithms, methods, and types. 

 

 

 

 

 

 

 

 

 

 

3.6 Energy Modelling Process 

The following figures present the steps that were taken to run the simulation and yield the results. 

1. Modeling the building geometry and exterior shadings in SketchUp 
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Figure 3.182 

OpenStudio 

WorkflowMeasures 

 

Run Simulation 

 

Run Simulation 

 

Run Simulation 

Results Summary 

 

Results Summary 

 

Interior obstructions such as furniture and 

dividers were modeled with Interior 

partitions and given appropriate reflection 

values through OpenStudio application. 

 

Figure 3.175 Interior ObstructionsInterior 

obstructions such as furniture and dividers 

were modeled with Interior partitions and 

given appropriate reflection values through 

OpenStudio application. 

 

Figure 3.176 Interior Obstructions 

 

Figure 3.177 Interior ObstructionsInterior 

obstructions such as furniture and dividers 

were modeled with Interior partitions and 

given appropriate reflection values through 

OpenStudio application. 

 

Figure 3.178 Interior ObstructionsInterior 

obstructions such as furniture and dividers 

were modeled with Interior partitions and 

given appropriate reflection values through 

OpenStudio application. 

Figure 3.24 Thermal Zones 

 

Figure 3.172 Thermal Zones 

 

Figure 3.173 Thermal Zones 

 

Figure 3.174 Thermal Zones 

Figure 3.25 Surface Boundary 
Condition 

 

Figure 3.158 Illumination 
MapFigure 3.159 Surface 

Boundary Condition 

 

Figure 3.160 Illumination Map 

 

Figure 3.161 Illumination 
MapFigure 3.162 Surface 

Boundary Condition 

 

Figure 3.163 Illumination 
MapFigure 3.164 Surface 

Boundary Condition 

Figure 3.26 Illumination Map 

 

Figure 3.165 Illumination Map 

 

Figure 3.166 Illumination Map 

 

Figure 3.167 Illumination Map 

Figure 3.27 Interior Obstructions 

 

Figure 3.179 Interior Obstructions 

 

Figure 3.180 Interior Obstructions 

 

Figure 3.181 Interior Obstructions 

Figure 3.28 OpenStudio Workflow 

 

2. Assigning thermal zones, constructions, and lighting calculation objects 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Assigning building parameters in OpenStudio Application 

Figure 3.28 shows the OpenStudio application Interface. There are 15 tabs in the ribbon to the left of the 

screen, each allocated to one building category.  
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Figure 3.29 PAT Workflow 

 

Figure 3.195 MATLAB WorkflowFigure 3.196 PAT Workflow 

 

Figure 3.197 MATLAB Workflow  

 

Figure 3.198 Flourish Data Visualisation and Storytelling [26]Figure 3.199 MATLAB WorkflowFigure 3.200 PAT Workflow 

 

Figure 3.201 MATLAB WorkflowFigure 3.202 PAT Workflow 
Figure 3.30 MATLAB Workflow  

 

4. Completing the model and importing it to the PAT 

PAT provides a platform to make design alternatives through the combination of research variables. BCL 

measures are useful components that help to create design alternatives in OpenStudio. This study used 

Building Rotation, Radiance, OpenStudio Result, and View Model measures to create design alternatives. 

Instead of using WWR measure in OpenStudio, 9 seed models each with distinct WWR were imported to 

the PAT to represent the variable. Also, rather than using a lighting measure, lighting loads for LED and 

fluorescent scenarios have been addressed in the distinct seed models.  

 

 

 

 

 

 

 

 

 

 

 

5. Running the simulation and analyzing the results 

The simulation was run in batch and the desired metrics from EnergyPlus and OpenStudio reports were 

extracted for further analysis. To better understand the results, they have been visualized into graphs 

and tables using MATLAB and Flourish online tool[37]. 
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Figure 3.31 Flourish Data Visualization and Storytelling [26]  

 

Figure 3.211 Luminaires Type and LocationFigure 3.212 Flourish Data Visualisation and Storytelling [26]  

 

Figure 3.213 Luminaires Type and Location 

 

Figure 3.214 Luminaires Type and LocationFigure 3.215 Flourish Data Visualisation and Storytelling [26]  

 

Figure 3.216 Luminaires Type and LocationFigure 3.217 Flourish Data Visualisation and Storytelling [26]  
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Figure 4.1 Luminaires Type and Location 

 

Figure 4.2 Luminaires Type and Location 

 : Data Analysis and Results 
 

4.1 Simulation Results 

In the following chapter, results of the study are presented in two sections: 

1. Lighting analysis 

2. Energy Performance and daylight analysis 

To understand the relationship between research variables and the whole building energy consumption, 

in each section, the simulation outputs are presented through readable graphics.   

 

4.2 Lighting Analysis: 

As mentioned in the previous chapter, OpenStudio and EnergyPlus which are load-based programs, are 

not able to measure the sufficiency of interior light levels. To address this issue, AGi32 and its Revit 

extension, ElumTools, were used for the photometric prediction and interior lighting calculation. Figure 

4.1 depicts the reflected ceiling plan proposed for the open office in which location and type of the 

luminaires are the same for LED and fluorescent scenarios. 
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Running the lighting simulation with different luminaires eventually led to finding the handful of LED and 

fluorescent luminaires with rather a close illumination output. In the last run, six types of luminaires 

(three for LED and three for fluorescent) were selected for inclusion in the study with the following 

lighting information: 

1. LED Suspended 

 

 

 

 

 

 

 

 

 

 

 

 

2. Fluorescent Suspended 

 

 

 

 

 

 

 

 

1 

 
1 All the luminaires used in this study are manufactured by EATON 
 Power Business Wordwide and the information are  based on  
EATON website[38] 
  

CCT: 3500K 

CCT: 3500K 
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3. LED Recessed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Fluorescent Recessed 

 

 

 

 

 

 

 

2 

 

5. LED Task Light 

 
 
2 All the luminaires used in this study are manufactured by EATON  
Power Business Wordwide and the information are based on 
EATON website[38] 
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6. Fluorescent Task Light 
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3 All the luminaires used in this study are manufactured by EATON  
Power Business Wordwide and the information are based on 
EATON website[38] 
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Figure 4.2 Representative Sample 

All luminaires were selected based on the following properties: wattage, lumens per lamp, number of 

lamps, luminaire lumens, and total lamp lumens. Suspended luminaires were selected for the main 

ceiling area and recessed luminaires were selected for the nooks. Note that in suspended luminaires, 

about 30% of the light is drawn up to the ceiling to provide the space with ambient light and 70% of the 

light is drawn down to the floor to directly illuminate the task areas and corridors. 

 

4.2.1 Important Observation 

To ensure that the process was more efficient and less time-consuming, each set of the selected 

luminaires was first tested in the model without furniture because the furniture ŎƻƳǇƭƛŎŀǘŜǎ ǘƘŜ ƳƻŘŜƭΩǎ 

geometry and drastically increases the time of lighting computation. After observing rather close results 

to the target illuminance in most of the areas in the floorplan, the furniture was then added to deliver 

more precise results. When selecting the luminaires, it is helpful to obtain an approximation regarding 

the ƭŀƳǇǎΩ performance before running the complete simulation. This method revealed an interesting 

point about the difference in LED and fluorescent illumination patterns.  

Following the above method and in the initial run, a set of fluorescent luminaires was selected after 

confirming the proximity of their lighting output with the target illuminance. However, in the second run 

with furniture in the model, illuminance reduction of about 90 lux was reported in almost all the 

calculation points. Adding furniture to the model led to illuminance reduction in the LED scenario as 

well, but the average of reported reduction in each point was about half of the fluorescent case (50 lux). 

CƛƎǳǊŜ пΦн ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŜ 9ƭǳƳ¢ƻƻƭǎΩ ƴǳƳŜǊƛŎŀƭ ƻǳǘǇǳǘ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ randomly-selected calculation 

points for comparing illuminance in the models with and without furniture. Figures 4.3 and 4.4 depict 

the illuminance difference in the selected calculation points in models with and without furniture.  

 

 

 

 

 

 

 

 

 

 

 

/ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴǘ ǎŎŜƴŀǊƛƻΩǎ ƛƭƭǳƳƛƴŀƴŎŜ ǾŀƭǳŜǎ ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ŦǳǊƴƛǘǳǊŜ 
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Figure 4.3 Fluorescent Illumination Difference with and Without Furniture 

 

Figure 4.5 Fluorescent Illumination Difference With and Without Furniture 

 

Figure 4.6 Fluorescent Illumination Difference With and Without Furniture 

 

Figure 4.7 Fluorescent Illumination Difference With and Without Furniture 

Figure 4.4 LED Illumination Difference With and Without Furniture 

 

Figure 4.8 LED Illumination Difference With and Without Furniture 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

/ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ [95 ǎŎŜƴŀǊƛƻΩǎ ƛƭluminance values with and without furniture 
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Figure 4.5 LED and Fluorescent Difference Percentage 

 

Figure 4.11 LED and Fluorescent Difference 

 

Figure 4.12 LED and Fluorescent Difference 

 

Figure 4.13 LED and Fluorescent Difference 

LED and fluorescent percentage differences with and without furniture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

More reduction in the fluorescent case stems from the difference in light distribution patterns between 

the two light sources. Fluorescent light sources emit light in an omnidirectional pattern. This means that 

they radiate light 360 degrees around the tube which illuminate its surroundings in all directions. As a 

result, only a small percentage of the light will be received by a specific target and the rest will be 

directed toward all directions. To solve this problem, reflectors and other utilities can be used in a 

fluorescent luminaire to direct the light to a specific target. In contrast, LED light sources emit light in a 

directional pattern. In other words, they radiate light within a 110-degree arch which helps them to 

direct the light toward specific targets and prevent wasting electricity energy by scattering the light 

toward useless directions. This feature in LED light sources removes the need for bulky and advance 

reflectors. Thus, it can be assumed that compared to LED scenarios, the percentage of light reaching the 

task surfaces is smaller in the fluorescent scenarios even with the presence of reflectors in their 

luminaires. This smaller percentage of illuminance further will be absorbed and reflected by furniture 

surfaces, which causes even more reduction in the light level. 

 

4.2.2 AGi32: 

AGi32 is one of the main products of the Colorado-based Lighting Analyst software developers for 

photometric prediction. It is a standalone software that has a distinct user interface and requires 

modeling geometries in its environment. Although 2D file formats such as DWG can be imported to the 

program without any problem, it is unable to import 3D files and calculate the models with complicated 

geometries. All of these problems led to using ElumTools, which is !Dƛон Ψ ǇƭǳƎƛƴ ŦƻǊ wŜǾƛǘΦ 

Mean difference fluorescent= 12.17% 
Mean difference LED= 4.55% 
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Figure 4.6 ElumTools Render output 

 

Figure 4.14 Direct and Interreflected RenderFigure 4.15 Elumtools Render output 

 

Figure 4.16 Direct and Interreflected Render 

 

Figure 4.17 Direct Only RenderFigure 4.18 Direct and Interreflected RenderFigure 4.19 Elumtools Render output 

 

Figure 4.7 Direct and Inter-reflected Render 

 

Figure 4.22 Direct Only RenderFigure 4.23 Direct and Interreflected Render 

4.2.3 ElumTools: 

Elumtool is the only fully integrated lighting calculation plugin for Revit Autodesk. It provides Revit with 

a tab for lighting analysis through which one can change and edit the reflectance values in the material 

library, import the Revit lighting families and IES files, and locate the luminaires in the spaces. Compared 

to other lighting analysis tools, AGI32 and ElumTools have the advantage of producing realistic renders 

and strong visualizations that can perfectly depict the lighting quality in and outside the building. The 

following figures depict some of the Elumools and AGi32Ωǎ graphical outputs including the illumination 

maps, Pseudo renders, pseudo maps, and lighting reports of the photometric simulation in this study. 

1. Realistic Renders 

Both ElumTools and AGi32 are Radiosity based software, well-known for their high visualization power. 

Figure 4.2 to figure 4.6 show samples of realistic renders, which detail the furniture, materials, and 

precise lighting outlook of the space.  

 

 

 

 

 

 

 

 

 

 

Direct and Inter-reflected Light 
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Figure 4.8 Direct Only Render 

 

Figure 4.30 Interreflected renderFigure 4.31 Direct Only Render 

 

Figure 4.32 Interreflected render 

 

Figure 4.33 Contour RenderFigure 4.34 Interreflected renderFigure 4.35 Direct Only Render 

 

Figure 4.36 Interreflected renderFigure 4.37 Direct Only Render 

Figure 4.9 Inter-reflected render 

 

Figure 4.38 Contour RenderFigure 4.39 Interreflected render 

 

Figure 4.40 Contour Render 

 

Figure 4.41 Luminance Pseudo RendersFigure 4.42 Contour RenderFigure 4.43 Interreflected render 

Figure 4.10 Contour Render 

 

Direct Only Light 

 

 

 

 

 

 

 

 

 

Inter-reflected Only Light 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Contour and Spatial Maps 
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Figure 4.11 Luminance Pseudo Renders 

Figure 4.12 Illuminance Pseudo Renders 

 

Figure 4.54 LED Lighting ResultFigure 4.55 Illuminance Pseudo Renders 

 

3. Pseudo Renders 

ElumTools and AGi32 create άLƭƭǳƳƛƴŀƴŎŜέ ŀƴŘ ά[ǳƳƛƴŀƴŎŜέ Pseudo color 3D and 2D graphics along with 

showing the calculation points with their numerical values. 

Luminance Pseudo Renders 

 

 

 

 

 

 

 

 

 

 

 

Illuminance Pseudo Renders 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 ElumTools Results: 

Several steps were taken to prepare the model for lighting simulation. In the first step, appropriate 

surface reflection values were assigned to the materials. Next, the location of calculation points, their 
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Figure 4.13 LED Lighting Result 

Figure 4.14 Fluorescent Lighting Result 

 

Figure 4.62 LED Pseudo MapFigure 4.63 Fluorescent Lighting Result 

quantity, their distance from each other, and their heights were set up. Afterward, the IES files of the 

selected luminaires were inserted into the software, and the simulation was set to run. By statistically 

analyzing the illuminance in the calculation points, proximity of results in the LED and the fluorescent 

versions was verified. Figure 4.9 and Figure 4.10 show the numerical output of ElumTools with 

associated illuminance values in each calculation point.  

Average illuminance 

Average illuminance, the illuminance averaged over a specific area, is one of the important measures to 

compare the proximity of light levels in two spaces. Average illuminance is derived from an average of 

the illuminances of a representative number of points on a surface. In this study, the total average 

illuminance in the task height reported by ElumTools was 142 lux for the LED scenario, and 139 lux for 

the fluorescent scenario. Note that the low average illuminance of both scenarios ŎƻƳǇŀǊŜŘ ǘƻ L9{b!Ωǎ 

required illuminance (300-500lux) is due to the many calculation points located inside the smaller 

rooms, which do not receive any light (0 lux). 

Illumination in LED scenario 

 

 

 

 

 

 

 

 

 

 

Illumination in Fluorescent Scenario 

 

 

 

 

 

 

 



53 
 

Figure 4.15 LED Pseudo Map 

 

Figure 4.70 Fluorescent Pseudo MapFigure 4.71 LED Pseudo Map 

 

Figure 4.72 Fluorescent Pseudo Map 

 

Table 4.1 Standard Illumination Level [24]Figure 4.73 Fluorescent Pseudo MapFigure 4.74 LED Pseudo Map 

 

Figure 4.75 Fluorescent Pseudo MapFigure 4.76 LED Pseudo Map 

Figure 4.16 Fluorescent Pseudo Map 

 

Table 4.2 Standard Illumination Level [24]Figure 4.77 Fluorescent Pseudo Map 

 

Table 4.3 Standard Illumination Level [24] 

 

Figure 4.78 Clustered MapTable 4.4 Standard Illumination Level [24]Figure 4.79 Fluorescent Pseudo Map 

LED Pseudo Map 

 

 

 

 

 

 

 

 

 

 

 

Fluorescent Pseudo Map 

 

 

 

 

 

 

 

 

 

 

Since the plan is symmetrical, only half of the building was simulated to reduce the computation time. 

Also, the model does not have any windows and consequently, daylight cannot affect the interior 

lighting. As a result, the other half of the plan facing South shares the same values. Note that the spaces 

with functions other than open offices were excluded from the simulation in order to focus only on open 

office function. According to the Illuminating Engineering Society of North America (IESNA), the 

recommended illumination level in open offices falls within 300 to 500 lux. As a common strategy to 

reduce the lighting energy consumption, the ambient light level in the open office was set to 400 lux and 

separate task lights were considered for each workstation (desk). 
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Table 4.6 Standard Illumination Level [24] 

 

Figure 4.81 Clustered MapTable 4.7 Standard Illumination Level [24] 

 

Figure 4.82 Clustered Map 

 

Figure 4.83 Illumination DifferenceFigure 4.84 Clustered MapTable 4.8 Standard Illumination Level [24] 

 

Figure 4.85 Clustered MapTable 4.9 Standard Illumination Level [24] 

Figure 4.17 Clustered Map 

 

Figure 4.86 Illumination DifferenceFigure 4.87 Clustered Map 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After achieving the results, to verify the similarity of illuminance in LED and fluorescent calculation 

points, a statistical comparison was performed by dividing the plan into twelve clusters and randomly 

picking three or four calculation points from each cluster. The values for all the selected calculation 

points were gathered and organized in excel sheets to be served as a representative sample. This sample 

was then inputted into MATLAB for statistical operation. 
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Figure 4.18 Illumination Difference 

 

Figure 4.93 Illumination Difference 

 

Figure 4.94 Illumination Difference 

 

Figure 4.95 Illumination Difference 

Figure 4.19 Deviations from Mean Difference 

 

MATLAB, which is a programming software developed by Math Works, was used to process data and 

produce graphs in a less time-consuming manner. The following figures show the MATLAB outputs 

visualizing the lighting results: 

1. Difference between LED and fluorescentΩǎ illuminance in each point  

 

 

 

 

 

 

 

 

 

 

 

 

 

2. 5ƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ [95 ŀƴŘ ŦƭǳƻǊŜǎŎŜƴǘΩǎ illuminance in each point  

                

 

 

 

 

 

 

 

 

 

 

Mean difference: 26.5227 

Max difference: 141 
Min difference: 0 
Standard Deviation: 26.29  
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Figure 4.20 Difference Percentage 

 

Figure 4.99 Difference Percentage 

 

Figure 4.100 Difference Percentage 

 

Figure 4.101 Difference Percentage 

Fluorescent: 

6870/ 11885 = 0.57 W/sqft 

6870/ 1104 = 6.22 W/sqm 

(24 * 50) + (130*39) + (60*10) =6870W 

3. Percentage difference between LED and fluoǊŜǎŎŜƴǘΩǎ ƛƭƭǳƳƛƴŀƴŎŜ ƛƴ ŜŀŎƘ Ǉƻƛƴǘ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.  Lighting Power Density: 

After verifying the adequacy and proximity of the illuminance level in LED and fluorescent cases, lighting 

power density (LPD) was calculated via the space-by-space method. LPD for each light source was then 

compared with the codes to check for compliance[39]. 

 

 

 

 

 

 

 

According to the ASHRAE Standard 90.1, version 2010, the LPD for an open office should be below 0.98 

w/sqft. The calculated lighting power densities for both light sources are below 0.98w/sqft. So, the LPDs 

comply with codes. 

 

Mean difference = 12.65% 

Total Area = 11885 sqft 

LED: 

(24 * 29) + (130*15) + (60*5) =2946W         

2946/ 11885 = 0.24 W/sqft                              

2946/ 1104 = 2.66 W/sqm 
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Table 4.10 Lighting Power Densities Using Space-by-Space Method [28] 

 

Table 4.11 Lighting Power Densities Using Space-by-Space Method [28] 

 

Table 4.12 Lighting Power Densities Using Space-by-Space Method [28] 

 

Table 4.13 Lighting Power Densities Using Space-by-Space Method [28] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  






























































