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Abstract 

This study focuses on design intervention strategies for the University of Arizona 

Mathematics building to increase building energy efficiency through a reduction of 

electric energy loads. Through a post occupancy evaluation of the Mathematics Building, 

problem areas pertaining to inefficient placement and function of overhead lighting and 

lack of exterior shading devices were found to cause unnecessary energy demands which 

can be avoided. The post occupancy evaluation was guided by literature reviews and 

case studies showing successful implementations of smart building interior lighting and 

the reduced electric energy demands following implementation of effective exterior 

shading. These findings justify design recommendations that can be applied to the 

Mathematics Building. 
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Introduction 

The growth of cities and population is synonymous with building construction. 

Buildings are a symbol of the advanced technology, standard of living and prosperity of 

a modern city. In the United States, buildings consume 40% of nationwide energy 

consumption and this figure will continue to increase significantly in the future. The 

average building age in the United States is 53 years old and many buildings that are 

still in use today reflect the dated design principles that do not take energy efficiency 

and environmental sustainability into account. The energy loads of buildings will 

continue to increase in both office and residential buildings as the average quality of life 

increases with comfort maintenance being a significant source of building energy 

consumption. The solution to maximize building energy efficiency nationwide is 

complex and dependent on different individual building types and how they interact 

with their unique surrounding environment. The scope and aim of this study are not to 

formulate a grand solution to solve building energy inefficiency, but to highlight smaller 

design recommendations to increase building energy performance of the University of 

Arizona Mathematics Building in Tucson, Arizona. Steps taken in this study can be 

replicated to assist with future studies that devise solutions to optimizing building 

performance elsewhere.  
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Background 

The Mathematics Building at the University of Arizona is one of the older 

buildings on campus that remains unchanged to this day and is an iconic structure 

located within the University’s Historic District. The Mathematics Building was 

built in 1968 and serves as an important part of university history intertwined 

with the expansion of mathematics and science towards institutions of higher 

learning towards the west in the late 19th century. Prior to this period, higher 

education of mathematics study and research has primarily been concentrated on 

larger universities throughout the east coast and Arizona did not have a higher 

education mathematics program that focused on advanced specialties and its 

curriculum only consisted of algebra and geometry, like high school math in the 

current day.  

The Mathematics Building and its brutalist architecture style reflects 

popular changing design principles in architecture in the 1960s and is replicated 

throughout other buildings on the University of Arizona campus that were built 

during the same timeframe. Brutalist architecture is known for being 

monochromatic and placing a strong emphasis on angular gravity defying 

geometry and this is evident when looking at either façade of the building and its 

iconic cross shape with wings extending over the ground floor. This dated style of 

architecture does not consider the inefficient energy demands required to upkeep 

the building for everyday use as office and a learning space. The building in 

question uses styles that have been copied, pasted, and applied to buildings 

around the world instead of taking advantage of the local environment and 
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regional environment factors to assist with building functions to reduce overall 

energy demand. Even at a first glance of the Mathematics Building it is evident 

that there are a lack of windows and opportunity for natural lighting despite the 

building towering over its surroundings and creating opportunities for office 

spaces to have maximum daylighting and outside views. A lack of exterior shading 

fixtures on buildings results on the reliance of interior shading through blinds or 

curtains to control the amount of direct sunlight entering the space defeating a key 

purpose of having office windows in the first place. Interior window coverings 

place a higher energy demand on electric lighting to allow people in the offices to 

remain comfortable during the workday.  

Current Building Performance 

Before exploring potential design recommendations to improve performance of the 

Mathematics Building, it is important to get a thorough understanding of the 

building’s current performance, how energy is consumed and how this relates to 

the surrounding environment and climate where the building is located. Data was 

obtained by University of Arizona Facilities Management showing energy 

consumption of the Mathematics building in fiscal year 2020 and fiscal year 2021 

which are reflected in Table 1 and Table 2.  
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Table 1. University of Arizona Mathematics Building Electric Energy Consumption (Fiscal Year 2020) 

Bill Period Electric Energy Consumption KWH  Amount  
June 54,870.00  $ 4,828.56  
May 53,840.00  $ 4,737.92  
April 49,300.00  $ 4,338.40  

March 52,590.00  $ 4,627.92  
February 52,680.00  $ 4,635.84  
January 46,540.00  $ 4,095.52  

December 54,160.00  $ 4,766.08  
November 53,080.00  $ 4,671.04  

October 58,260.00  $ 5,126.88  
September 57,690.00  $ 5,076.72  

August 60,220.00  $ 5,299.36  
July 59,370.00  $ 5,224.56  

Energy consumption data from June 2020 to July 2019 

Source Hoffman, M. H. (2019–2021). Mathematics Building Meter Data [Dataset]. University of 
Arizona Facilities Management. 

Table 2. University of Arizona Mathematics Building Electric Energy Consumption (Fiscal Year 2021) 

Bill Period Electric Energy Consumption KWH  Amount  

June 54,150.00 $4,765.20 
May 52,150.00 $4,589.20 
April 45,760.00 $4,026.88 

March 46,180.00 $4,063.84 
February 41,830.00 $3,681.04 
January 46,280.00 $4,072.64 

December 40,970.00 $3,605.36 
November 47,020.00 $4,137.76 

October 50,840.00 $4,473.92 
September 53,190.00 $4,680.72 

August 58,060.00 $5,109.28 
July 56,760.00 $4,994.88 

Utility data from June 2021 to July 2020 

Source: Hoffman, M. H. (2019–2021). Mathematics Building Meter Data [Dataset]. University of 
Arizona Facilities Management. 
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Energy consumption in the Mathematics Building for fiscal year 2020 and 2021 can 

be broken down by utilities sector, as seen in Figure 1 and Figure 2. Electric energy 

consumption results for a significant amount overall building energy consumption 

and although there was no data to analyze exact sources of building energy 

consumption, the design recommendations laid out in this study aim to have a direct 

impact on reducing electric energy consumption trends in the future.  

 

 

 

 

 

 

 

 Figure 1 Utility Spending by Sector 2020 
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In addition to building performance data, it was also important to consider the buildings 

environment and surrounding climate that both have an impact on building energy 

consumption and can guide design recommendations. Tucson, Arizona is known for its 

hot and sunny climate throughout most of the year. Using Climate Consultant 6.0 

software, environmental data that has a direct impact on building performance is 

generated which acts 

as a useful guide when 

exploring building 

design 

recommendations 

that would have a 

significant impact on 

improving 

performance. 

Weather station data 

Figure 2 Utility Spending by Sector 2021 
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imported online from the Tucson International Airport takes hourly measurements of 

direct sunlight exposure and its resulting temperature gain on exposed surfaces. Data 

for the hottest months of the year throughout summer and fall were used to highlight 

the worst possible conditions that are necessary to design for, By importing this data 

into Climate Consultant 6.0 and producing the chart shown on Figure 3 for most 

hours of the day, direct sunlight on buildings causes elevated temperature increases 

through solar gain. Throughout the recorded period, 55.8% of all hours recorded 

during the day shows that it is necessary to include shading devices on a building to 

maintain occupant comfort that complies with ASHRAE Standard 55 Human Thermal 

Comfort Conditions.  

 

Research Questions  

This study aims to answer two primary research questions that could have a significant 

impact on improving building efficiency and performance. 

• Will exterior shading allow occupants to keep windows open without excessive 

thermal gain and sacrificing comfort? 

• Can alternative smart office lighting increase building performance? 
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Literature Review 

The primary aim of the case study was to develop and test a model that optimizes 

interior occupant comfort while decreasing energy demand through building 

automation systems. The findings from this case study on a single office will be applied 

to solutions with the Mathematics Building office spaces. Building automation systems 

BAS are key to improving energy performance of buildings as well as occupant comfort. 

The study identifies the need to build a knowledgeable base on the matter and to grow 

suitable algorithms for smart management of intelligent buildings. The integration of 

BAS into an office space can assist with comfort and energy efficiency. 

The case study developed a Smart Office Room (SOR) model simulation to model the 

potential energy output of an intelligent office space that can be controlled to maximize 

both room energy efficiency and comfort through manipulation of room shading 

devices, lighting and air condition cooling and heating systems. Placing primary focus 

on lighting and shading to improve comfort and energy efficiency. (Martirano, Luigi,) 

Lighting Simulation Conditions 

• Fluorescent tube luminaries with a dimming control technique 

• LED Lamp luminaries with a dimming control technique 

• LED Lamp luminaries with switching control technique 
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 The SOR’s model hourly electric load results indicate that the electric load for all three 

lighting conditions were reduced when the control system was activated. The SOR 

simulation also indicates the impact of exterior shading on the electric load for both 

economy and comfort settings with the maximum shading configuration having the 

greatest impact on lowering energy demand for interior cooling.  

The main take away from this study is the impact controllable lighting has on the energy 

consumption of an office space. Building interior lighting that can be switched off or 

dimmed in distinct parts of an office or common spaces during the day based on activity 

level and predetermined light levels, can have significant impacts on annual building 

electric energy consumption.  

 

This study explores optimal exterior shading systems and the potential to increase 

natural interior daylight levels while controlling the amount of excessive sunlight to 

reduce glare and occupant discomfort. The results of this case study will be used to 

justify and validate proposed design solutions regarding exterior shading to the 

Mathematics building to increase building energy efficiency performance. The study 

proposes an experimental configuration of external shading devices and their 

application on residential buildings and tests the energy efficiency results through the 

IES_VE energy analysis program.  

The study focuses on a prototype building of a high-rise residential building based in 

South Korea with simulated occupancy typical to South Korean apartment buildings 

with simulated living patterns of building occupants generated to simulate daily energy 

loads. The study focuses on four external shading strategies: 
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• Overhang (Short and Long) 

• External Blind System 

• Light Shelf 

• Experimental Shading Device 

The building prototype simulation with each shading device was tested against the same 

building with no external shading and it was determined that it is clear that the external 

shading device is much more effective than any other form of internal devices since the 

internal device absorbs solar heat and radiates to the interior. It was determined an 

overhang can be effective when designed against the highest solar altitude in the 

summer or spring as it prevents sunlight directly entering the building during the 

hottest months throughout the year. The results from this case study are significant as 

they acted as a guide to identify problem areas with lack of external shading within the 

Mathematics building during site visits. The implementation of window overhangs on 

the building exterior do not require extensive renovation to the building and have 

proven to be effective in uncomfortable amounts of thermal gain and limit direct 

sunlight penetration (Kim, Gon). 

 

 

 

Methods 

Initially, a survey was generated containing questions about comfort, the occupant’s 

overall satisfaction with the building and what control over shading and lighting the 
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occupants had in their individual offices. The survey was to 25 Mathematics Building 

occupants obtained through a mailing list on the University of Arizona Department of 

Mathematics website that have offices ranging from the second to the seventh floor but 

yielded only a handful of responses. Responses from the survey provided a baseline 

understanding of how occupants relied on overhead lighting and shading during the day 

to maintain comfort. Although the baseline understanding was helpful, the survey did 

not produce enough information necessary to generate design recommendations on its 

own. To gain a more thorough understanding of how the building functions and identify 

problem areas it was necessary to conduct a post occupancy evaluation through site 

visits. During the post occupancy evaluation, I visited the Mathematics Building and 

spent time in the ground floor public area as this was one of the only areas students have 

a dedicated space to study. Based on the findings from the Building Automation Control 

System study, my site visit had a strong emphasis the building’s interior lighting and its 

degree of controllability and taking note of the number and placement of light fixtures 

and how effective I determined them to be. It was important to consider occupant use 

patterns and flow of people going throughout the ground floor of the Mathematics 

Building and how the common space provided functionality to engage its occupants. 

After studying the common space on the ground floor, my post occupancy evaluation 

took me to the different floors throughout the tower as these were where majority of the 

building office spaces were located. When conducting an evaluation on the floors, the 

primary goal was to gain an understanding of how electric lighting is distributed 

throughout the office floors as well as if there are any opportunities for occupant 

control. Many office spaces were closed off during my visits and access was limited to 

classrooms spread out on different wings of the floors. Although it would have been 
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optimal to access office spaces for an extended time during my evaluation, classrooms 

were a suitable alternative to observe how rooms exposed to direct sunlight were being 

used and what measures if any were taken to prevent direct sunlight entry into the 

classrooms on various floors. Classrooms and offices in the Mathematics Building all 

have the same window sizing and placement regardless of wing or floor and it was 

determined observations on the classrooms can be applied to the building’s offices.  

 

Results 

 The survey sent out to Mathematics Building occupants yielded only a handful of 

responses and was not enough information to solely generate design recommendations. 

Despite the limited number of survey responses, the points brought up in the survey 

acted as a supplementary guide in assisting the evaluation objectives during the post 

occupant evaluation site visits. One occupant with an office on the second floor stated 

“Fluorescent lighting is not very pleasant. Lack of ability to control A/C and heat is sort 

of annoying.” Another respondent with an office on the seventh floor reported that it 

was necessary to use blinds daily during their 6-8 hours spent during the work week in 

the office.  

 

Post Occupancy Evaluation Findings 
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The post occupancy evaluation took place at noon during the work week to assess the 

interior lighting and comfort conditions during the hottest part of the day and to ensure 

there was maximum foot traffic within the building to understand how occupants were 

interacting with interior spaces. The research conducted by Martirano and the 

inefficiencies of building interior lighting guided a portion of my evaluation to make 

note of the degree of light controllability and automation if any are available to 

Mathematics Building occupants.  

The ground floor of the mathematics 

building serves as the buildings primary 

social space. The grand glass entranceway 

allows a significant amount of daylight into 

the entrance area that has desks and chairs 

set around the central elevator shaft that 

acts as the buildings primary study and social area.  

An immediate observation I had was that the daylight from the glass was sufficient to 

light up the entire study area yet all lights in the study area were on. As I investigated 

further I began to see ineffective overhead electric lighting remained on when there was 

no reason for lights to be on due to the daylight entering the space. As pictured, the 

entrance area has an electric light structure consisting of fourteen overhead fluorescent 

lights located right in front of the entrance glass door. This lighting is effective at night 

but serves no purpose being on during the daytime. Two feet from the fourteen overhead 

lights are sequences of randomly placed overhead lights that remained on while having 

no apparent functionality due to a high amount of daylight coming in from the glass 

Ground floor social area 
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entrance. The ground floor of 

Mathematics Building has a total of 

forty-seven overhead lights that remain 

on throughout the day regardless of 

daylight illumination levels or occupant 

activity. I observed no switches or 

opportunities for light controllability on 

the ground floor suggesting that the 

social area lighting is centrally controlled. 

The second through the seventh floor of 

the building has identical formats that 

feature a central elevator shaft area with 

hallways extending down each wing with 

offices on each side of the hallways. Access 

to offices was restricted during my site visit 

and I was unable to record data of office 

conditions on different wings and floors of 

the building. The fifth floor of the building 

has a classroom on the west wing which I 

had access to, this was a suitable alternative 

to studying office spaces because of how all 

offices and rooms in the building had the 

same window setup. The classroom being 

located on the west wing allowed me to understand how rooms in the building behaved 

Post occupancy evaluation floorplan field notes 
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when exposed to strong direct western sunlight during the hottest parts of the day. 

Window covering on the west wing is needed to prevent direct sunlight entering the 

classroom causing thermal and visual discomfort. The fifth floor classroom windows 

remained closed during the day and electric overhead lights are necessary to use the 

classroom. A positive takeaway from the site visit was that there are examples of 

effective daylighting through the building, primarily in the entrance area as this shows 

the potential impact of daylighting if it is expanded on when available through various 

parts of the building.  

  

Post occupant evaluation floorplan field notes cont. 
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Discussion 

The observations from the post occupancy evaluation shows that there is a high amount 

of inefficient and ineffective uses of overhead electrical lighting in the Mathematics 

Building. Daylighting should be taken advantage of when possible to expand on natural 

lighting within a space to offset electric lighting demand. Currently, the ground floor of 

the Mathematics Building shows that it does the opposite by not allowing daylight to 

provide interior building lighting without the unnecessary use of overhead lighting. The 

image above shows an unnecessary fluorescent light panel providing electric lighting 

despite extensive daylight entering the space.  

 

 

 

Inefficient overhead lighting fixture ground floor entrance 
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The image below is another example of the ground floor of the building using inefficient 

fluorescent light placement counteracting the effects of daylighting. The light shelf 

pictured brings natural light into the space making it unnecessary for the fluorescent 

panel to be on during times of the day where daylighting provides an adequate light level 

to the interior.  

 

The second concerning finding from the post occupancy evaluation on the ground floor 

of the building was the lack of controllability. No switches are made publicly available, 

and lights remained on at the ground floor despite having no one else using or walking 

through the space. Controllability would give occupants the opportunity to switch off 

lights on the ground floor when necessary or when the space is not currently being used 

which would have significant long-term effects on the building’s electric energy 

consumption.  

Daylighting architecture countered by overhead fluorescent lighting ground 
floor 
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Although office spaces on different wings were unable to be accessed, the classroom on 

the fifth floor gave a good indication of direct sunlight conditions on rooms and offices 

during the day. Images below shows the fifth-floor classroom located on the west wing 

of the building. 

 

 

West wing fifth floor classroom 

West wing fifth floor classroom 
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As seen in the images, the west facing classroom windows rely on blinds for interior 

shading to offset direct sunlight entering the room that would otherwise cause thermal 

and visual discomfort and result in high thermal gain into the space. Areas of the 

Mathematics Building show evidence of daylighting architecture that is proven to be 

effective in allowing natural light to enter and illuminate interiors during the day. The 

image below shows the stairwell located on both the east and west sides of the building 

with slats in the brick allowing natural light to illuminate the stairwell and another 

example of fluorescent lighting switched on despite its function being unnecessary and 

could be avoided if daylighting design were expanded to allow more natural light 

entering the stairwell.  

 

 

 

Daylighting architecture countered by fluorescent lighting east stairwell 
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Conclusion  

Design recommendations were made through the problem area findings from the post 

occupancy evaluation site visit and based on successful implementations of energy 

efficient design practices covered in the literature review section. The first design 

recommendation is meant to address the inefficient use of overhead electric lighting in 

the building ground floor social area. The results from the Smart Office Room 

simulation case study can be directly applied to addressing issues with energy loads and 

occupant comfort on offices in the Mathematics building regardless of location 

throughout the building. The implementation of dynamic controllable lighting, shading 

and cooling office spaces and has proven to be a valuable tool for optimizing comfort 

features while decreasing energy demand. The SOR case study highlights the 

effectiveness of LED light fixtures with dynamic dimming features that are calibrated to 

predetermined comfort office light levels to be the most effective in reducing office 

energy consumption for lighting. This justifies a potential design solution to offices in 

the Mathematics building as all survey respondents reported relying on overhead 

lighting throughout the day. Site visit observations determined that there are already 

existing daylighting architecture features on the Mathematics Building that have  

demonstrated to be effective in using natural light to illuminate interior spaces, 

specifically the ground floor social area and the east and western stairwell without the 

need of excessive electric lighting. The image below is a visualization of how expanding 

on the already existing daylighting architecture can work in harmony with smart 
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controlled lighting to increase the buildings performance by allowing natural light to 

offset the electric energy demand placed on electric interior lighting.  

 The second design recommendation addresses problems with the reliance on interior 

window covers during the post occupancy evaluation site visits and the secondary effect 

of over reliance on overhead lighting due to a lack of external window shading 

infrastructure. Effective exterior shading through long window overhangs will limit 

direct sunlight entry into office and class spaces freeing occupants from having to use 

blinds daily. The image below is a visualization of the ideal location of window 

overhangs as exterior shading devices. The west wing is pictured below as it is the same 

wing where the fifth floor classroom was located during the site visit, the intention of the 

shading device is to allow offices and classrooms the freedom to keep windows open 

during the day without the negative impacts of glare and thermal gain. All design 

recommendations proposed in this study aim to maximize the energy efficiency of the 

Mathematics Building without the need for extensive construction and renovations. The 

building sector consumes over 40% of energy in the United States and will continue to 

Daylighting architecture & smart lighting design recommendation 
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rise as city populations continue to grow. It will become increasingly important in the 

future to identify flaws in energy efficiency in older buildings and generating effective 

solutions to preserve environmental sustainability going forward. The scope of this 

study was not to generate a universal solution to energy efficiency problems in buildings 

but to find simple solutions to improve energy efficiency in a single building, using 

passive systems and the surrounding environment as an advantage.  

 

 

 

 

 

Window overhang design recommendation 



Page 25 of 25  

References 

Al-Saadi, S. N., Al-Hajri, J., & Sayari, M. A. (2017). Energy-efficient retrofitting 
strategies for residential buildings in hot climate of Oman. Energy Procedia, 142, 2009-2014. 

 
Climate Consultant (6.0). (2008). [Computer Software]. UCLA Energy Design Tools 

Group. https://energy-design-tools.sbse.org/ 
 
Hoffman, M. H. (2019–2021). Mathematics Building Meter Data [Dataset]. 

University of Arizona Facilities Management. 
 
Kim, G., Lim, H. S., Lim, T. S., Schaefer, L., & Kim, J. T. (2012). Comparative advantage of 
an exterior shading device in thermal performance for residential buildings. Energy and 
buildings, 46, 105-111. 
Li, D. H., & Lam, J. C. (2003). An investigation of daylighting performance and energy 
saving in a daylit corridor. Energy and buildings, 35(4), 365-373. 

 
Martirano, L., Parise, G., Parise, L., & Manganelli, M. (2016). A fuzzy-based building 
automation control system: Optimizing the level of energy performance and comfort in an 
office space by taking advantage of building automation systems and solar energy. IEEE 
Industry Applications Magazine, 22(2), 10-17. 
 
Niemann, P., & Schmitz, G. (2020). Impacts of occupancy on energy demand and 
thermal comfort for a large-sized administration building. Building and Environment, 
182, 107027. 

 
Omer, A. M. (2008). Renewable building energy systems and passive human 
comfort solutions. Renewable and sustainable energy reviews, 12(6), 1562-1587. 

Peirce, R. P. (1984). Department History - Department of Mathematics. University of Arizona. 
https://www.math.arizona.edu/about/history 

Preiser, W. F. E., White, E., & Rabinowitz, H. (2015). Post-Occupancy Evaluation (Routledge 
Revivals) (1st ed.). Routledge. 

 

 

https://energy-design-tools.sbse.org/
http://www.math.arizona.edu/about/history

