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Project: Cogeneration Heat Sink for a Photovoltaic System 

 

Proposal: The development of a low-cost cogeneration heat sink for a photovoltaic array placed 

on the roof of the Optical Sciences Building to increase the efficiency of electrical output and 

generate hot water.   

 

Executive Summary: The University of Arizona is heavily invested in transforming itself into a 

leader in sustainable practices.  Among these efforts are the establishments of the “Practice 

School of Sustainability” and the SAGE Fund, both housed at the University of Arizona College 

of Engineering.  This design report is an exhaustive analysis of designing and constructing a low-

cost solar cogeneration system.  Cogeneration refers to two-tiered energy output in the form of 

electricity and hot water.  Benefits of capturing and utilizing waste heat from the photovoltaic 

panels are a more efficient electricity production capacity in combination to hot water 

generation.  The aim of these efforts is to have a direct impact on campus utility costs, and to 

serve as a template for implementing future systems on a larger scale.   The selected building to 

install the pilot system is the Optical Sciences West building because it has a high constant hot 

water demand for proper air handling.  The design consists of 16 photovoltaic panels with a heat 

sink attached to the back of each panel, with a water and propylene glycol mixture flowing in a 

closed loop throughout each heat sink.  If installation is approved and the system performs as 

predicted, there will be an average output of 89.19 kWh per day in thermal energy.  At a flowrate 

of 600 gallons of water per day, hot water will exit the system at 58.8 °C.  This translates to a 

savings of $1,391 per year in natural gas costs.  The cogeneration system is also expected to have 

an electrical output of 33 kWh per day, translating to a $762 savings per year.  Combined, the 
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system is expected to save $2,153 per year and offset CO2 emissions by 10,938 kg per year.  

With a system cost of $18,490, the payback period for this pilot system is a mere 4.8 years.  For 

scaling purposes in future installations, the design in its current form costs $2.35 per watt.  Based 

on these favorable economic and environmental benefits, combined with minimal risks to safety 

or cost mitigation capability, it is highly recommended that more heat sinks be manufactured to 

facilitate this installation in the near future.  If the system performs as predicted, future 

installations should take place on other campus buildings that use a variable air volume air 

handling system with terminal reheat. 
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Section 1.1) Overall Goal and Project Premises 
 

The University of Arizona is determined to become a pillar for environmental sustainability in 

the community, as demonstrated by the commitment to a wide range of “green” initiatives.  With 

a utility bill of approximately $28 million per year (Deutsch, 2010), it is clear what the 

motivating factor is for the support.  With dwindling monetary support coming from the state 

government and a livid response among students when raising tuition and fees, any means to 

decrease operational expenses is clearly welcome.  The establishment of both the Practice School 

of Sustainability and the SAGE Fund in the College of Engineering provides unique and vital 

opportunities to train students to branch outside their core discipline, while at the same time 

funding pursuits that have a direct impact on reducing campus utility costs.  In the case of this 

project, a cooling mechanism for conventional photovoltaic (PV) panels was designed, with a 

focus on optimizing the total amount of solar energy captured/utilized and reducing materials 

and labor costs. 

 

During the hottest parts of any given day, conventional photovoltaic panels decrease in energy 

conversion efficiency.  Most manufacturers provide performance curves that demonstrate a 

decrease in energy output efficiency as a function of temperature.  In the specific case of the PV 

panels provided for this project, the STC efficiency is 13.4 % (“ET Module: ET-P672”, no date).  

The STC efficiency refers to the solar energy conversion ratio at 25 °C in laboratory testing 

conditions.  Clearly, once deployed out in the real world, multiple factors will serve to reduce the 

rated efficiency.  Temperature is the second largest contributor to decreased performance, behind 

direct shading.  With a temperature coefficient of 0.46%/°C (“ET Module: ET-P672”, no date), 
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and an estimated maximum panel temperature of 72 °C (Richardson, 2010), panel efficiency can 

drop to as low as 10.7% (“ET Module: ET-P672”, no date).  Although the decreased energy 

output is relatively small, it quickly compounds over time to result in significant wasted energy.  

The effect of decreased efficiency is described more rigorously in the economics portion of this 

report. 

 

The overall scope of this project is simple: design a low-cost, easy to manufacture mechanism 

that can maximize total overall solar energy conversion of conventional photovoltaic panels.  

During the Fall 2009 semester at the University of Arizona, each chemical engineering design 

team was tasked to designing a low cost method of increasing the savings and efficiency from 

photovoltaic panels.  Various ideas were developed such as extended surfaces, misters, fans, and 

heat rejection fluid.  What sets this design apart from all others is the ability to capture the waste 

heat generated by the PV panels and turn it into a useful hot water byproduct at low cost.  This 

design utilizes a closed-loop water and propylene glycol heat exchange system that flows 

continuously through the heat sink array, pump, and helical coil heat exchanger.  Much effort 

was spent is physically constructing a prototype unit, full scale unit, and racking.  This report 

will specifically outline the actions performed in construction, as well as the issues observed 

during fabrication.  In the spirit of the practice school, this report also draws on a great deal of 

knowledge gathered from personal conversations with U of A personnel and local companies, as 

most campus-specific information is not published and therefore cannot be cited in a traditional 

way.  This method of information gathering is very instructional, as industry operates in a very 

similar manner. 
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Beyond the design and manufacture of the heat sinks, another important consideration is to 

develop a plan of installation.  There are many factors that come into play when selecting a 

building, especially one located on the University of Arizona campus.  University-specific 

constraints include compliance with Design and Specification Standards (DSS), procurement 

procedures, integration with existing campus monitoring systems, and special design 

certifications.  Although overcoming physical constraints is a relatively straightforward task, 

overcoming U of A constraints requires a significant investment of time and energy, as well as 

the collaboration of many different entities.  This report covers the steps taken to choose the 

ideal building based on physical characteristics, but as of yet there has been no work done to 

comply with U of A guidelines as it is a tertiary aspect of the project.  However, in the future 

when installation will take place these regulations must be observed. 

 

 



Cogeneration Heat Sink for Photovoltaic Panels  7 

Section 1.2) Current Market Information 
 

In 1954, a group of scientists at Bell Laboratories demonstrated the successful application of 

generating electric currents from sunlight using silicon strips.  R.S. Ohl observed that exposing a 

wafer of silicon to sunlight produced a significant number of free electrons (“The Solar Battery 

(Photovoltaics)”, 2001).  The discovery was further developed into a solar battery and was 

utilized to power small pieces of equipment.  The concept of producing electricity in any location 

where sunlight is available was instantly recognized as a potent source for energy.   

 

In its early stages, the economics of photovoltaic arrays restricted its market to organizations that 

were less focused on budgets and more focused on the success of their programs.  For one, the 

National Aeronautics and Space Administration (NASA) identified solar technologies as a key 

source of power in space based missions.  In outer space, it is expensive and difficult to provide 

energy for missions.  In 1958, Vanguard I became the first satellite powered by solar energy to 

be launched (“The History of Solar”, 2003).  More launches and continual innovation boosted 

research and development into enhancing the efficiency of solar based energy.   

 

In the modern world, solar panels have jumped into industrial, commercial, and residential 

markets.  With falling prices in materials and finished products, photovoltaic cells can be 

manufactured at a price affordable for public use.  In 2006, the global photovoltaic industry 

produced a total of 2.1 GW of the world’s power, an annual growth of 30% equating to roughly 

10 million units (Ananthachar, 2009).  Specifically, the United States experienced a 37% growth 

in the solar market in 2009.  This growth represents 481 MW of power from the solar panels 
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installed, which equates to roughly 2 million new units (“US Solar Power Market Grows 37% in 

2009 – Study”, 2010).  The increase was driven by federal and state tax credits provided to help 

grow the industry.  California, New Jersey, and Florida are among the states with aggressive 

commitments to fuel the industry.  In addition, the American Recovery and Reinvestment Act, 

more commonly known as the stimulus package, provide several benefits for investing in solar 

panels (Hodge, 2009). 

 

Although growth is apparent in America, the leader in solar energy is currently Japan.  Back in 

2002, Japan released the “Vision of Self-Sustainable PV Industry” a production rate increase of 

10 GW by 2030.  Major investments in research and development are subsidized by the Japanese 

government, as up to 50% of the capital costs can be obtained from the Japanese government 

through grants (Boyle, 2004).  Germany and Spain have also shown leadership in the frontlines 

of solar installations.  The Germany solar market has more than doubled in 2008 (Epp, 2009).  

China has also entered the competition by utilizing its human capital to manufacture low cost 

photovoltaics at an increasing efficiency.   

 

With the solar industry propagating, cooling units for solar panels have also developed a market.  

For one, a company called SunDrum Solar, based in Hudson, MA with a site in Tucson, AZ, 

specializes in manufacturing thermal counterparts for photovoltaic panels.  One product is an 

adaptive SDM100 Collector that is installed on the rear end of a solar panel, increasing the 

efficiency 3-fold (“SDM100 Collector”, 2009).  Several other projects have demonstrated a 

growing demand of cooling units for solar panels.  Sun Power and Geothermal Energy, a fresh 

water treatment facility in Oroville, CA, has installed a water cooling system with other 
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enhancements.  The facility employed a water misting system to spray cooling water when the 

temperature exceeded 32 oC.  In this instance, the system was designed by PermaCity 

Corporation in cooperation with the Los Angeles Department of Water and Power (“Water 

Cooled Solar and Other Photovoltaic Projects”, 2004).   

 

With the market development, several patents have been issued for novel methods of cooling 

solar panels.  United States Patent 6750392 employs aerodynamics to channel the natural air 

flow to cool the photovoltaic panel.  This passive convection cooling system increases the 

efficiency and lifetime of the solar panel (Yen and Hsiao, 2004).  United States Patent 4491681 

converts radiant energy into heat stored in water.  An adsorbate is applied for evaporation, which 

cools down the system (Kirpich, 1985).   

 

It is apparent that the market for solar panels and designated cooling units is growing.  With 

increasing energy demands from developed nations and dwindling resources, solar electricity 

offers a promising solution to alleviate the stress associated with energy.  Although the inventors 

of solar batteries, the United States has fallen behind in the research and development of 

photovoltaic technologies.  Countries such as Germany and Japan have illustrated continual 

commitment to support the market.  However, the current administration has emphasized the 

need to construct a renewable energy infrastructure.  Only time will tell if the United States is 

willing to invest in the mass potential of solar energy.   
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Section 1.3) Initial Assumptions 
 

Project Assumptions: 

• 300 days per year of operation due to cloud considerations (“Mean Monthly and Annual 

Number of Cloudy Days”, 2010).   

• Maximum possible panel surface temperature is 72 °C (Richardson, 2010) 

• Using the Optical Sciences West building next to McKale Center is approved 

• Building has sufficient roof loading capacity 

• Wind speeds in Tucson are insufficient to damage system 

• There is sufficient room in the pipe chase in the building to tie into water heating system 

• 16 panel installation 

• 8 hours of usable sunlight per year, on average (“Solar Daylighting”, 2008) 

• Racking costs are covered as part of the estimated PV panel cost 

• All energy generated by the system is utilized, no wasted energy 

• No sources of shade to consider except cloud cover 

______________________________________________________________________________ 

Calculations Assumptions: 

• Heat was predicted to heat the fluid 1/ 8" below the surface. 

• Max solar surface temperature is 80oC. 

• Minimum difference between solar surface temperature and fluid temperature is 4oC. 

• Density of coolant is always a magnitude of 1.017 greater than density of water 

• Heat capacity of coolant is always a factor of 0.935 of the heat capacity of water. 

• Proportion of propylene glycol and water remain constant throughout the cycle 
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Section 2.1) Block Flow Diagram 
 

 

 

 

Figure 2.1.1) Block Flow Diagram of the Photovoltaic Cooling System 
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Section 2.2) Process Flow Diagram 
 

 

 

 

Figure 2.2.1) Process Flow Diagram of the Photovoltaic Cooling System 
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Section 2.3) Equipment Tables 
 
 
Table 2.3.1) Solar Panel Specifications 
 
Solar Panels S-101 
Manufacturer ET-Solar 

Number of panels 
Number of cells 

16 panels 

72 cells in series 

Peak wattage  260 watts 

Maximum power current 7.23 amperes 

Open current voltage 36.00 volts 

 
 
 
 
 
 
Table 2.3.2) Heat Sink Specifications 
 
Heat Sink Attached to solar 

panel 
Dimensions 1.7 m x 1 m 

Number of channels 20 channels 

MOC Aluminum 
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Table 2.3.3) Heat exchanger 
 
Heat Exchanger H-101 
Type Helical Coil Heat 

Exchanger 

Inner Diameter 0.008 m 

Outer Diameter 0.01 m 

Pitch 0.01 m 

Number of passes 156 

Height of coil 1.57 m 

Diameter of coil 0.35 m 

MOC Copper 

 
 
 
 
 
 
Table 2.4.4) Water Holding Tank Specifications 
 
Water Holding Tank Contains helical heat 

exchanger inside 
Volume 1 m3 

Length 2 m 

Inside Diameter 0.4 m 

MOC Stainless Steel 
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Section 2.4) Stream Tables 
 

Table 2.4.1) Stream Table for Photovoltaic Cooling System 

Stream 
 

1 2 3 4 5 6 
       

T (oC) 
 

68.5 24.1 24.1 24.1 20 22.6 

P (kPa) 
 

101.3 101.3 506.5 506.5 101.3 101.3 

Liquid Fraction 
 

1 1 1 1 1 1 

n (mol/s) 
 

6.14 6.14 6.14 6.14 111.1 111.1 

m (kg/s) 
 

0.13 0.13 0.13 0.13 2 2 

Component Molar 
Flow Rate (mol/s): 

Water 
Proplyene Glycol 

 
 

5.8 
0.34 

 
 

5.8 
0.34 

 
 

5.8 
0.34 

 
 

5.8 
0.34 

 
 

111.1 
- 

 
 

111.1 
- 

 

 



Cogeneration Heat Sink for Photovoltaic Panels  16 

Section 2.5) Utility Tables 
 

The amount of electrical energy generated by the solar panels on a daily basis is greater than the 

energy requirements for the pump.  The process is a net-beneficial to the status quo and is 

successful at moving towards sustainability.   

 

Table 2.5.1) Utility Generation and Requirements per Day 

 Units/Day Unit 
Pump 0.08 kWh 
Propylene Glycol 73.2 kg  
Water 292.5 kg 
   
Generation 
Solar 33.28 kWh 
Hot Water 89.19 kWh 
Total 122.47 kWh 
Produce 122.39 kWh 
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Section 2.6) Written Description of Process 
 

The solar cogeneration array will be located on the Optical Sciences building, located near the 

McKale Center at the University of Arizona.  A Process Flow Diagram of the system may be 

viewed in Section 2.2 as Figure 2.2.1 with the temperature and pressure specifications of each 

stream in a Stream Table compiled in Section 2.4.  The design is a closed-loop heat exchanger 

system, meaning there is no well defined start or end of the process.  For ease of explanation, the 

process description will begin at [S-101].  A collection of 16 photovoltaic panels will be 

mounted on the rooftop of the Optical Sciences building.  The panels will be divided into two 

arrays, each with eight panels.  Using prefabricated support racking, each panel will be tilted at a 

30o angle from the horizon to maximize overall sun exposure throughout the year.  There is a 

three meter separation between each of the solar panels to avoid potential shading from another 

panel.  The array will have the solar panels facing east to take advantage of the sunrise during 

morning hours.   

 

Each of the photovoltaic panels in [S-101] is outfitted with a heat sink in direct physical contact 

with its back.  The dimensions of the heat sink are 1 m x 1.7 m (3 ft x 5.6 ft) to cover as much 

surface area as possible without interfering with the pre-existing electrical connector box.  The 

heat sink is constructed from aluminum and contains internal channels to allow the flow of the 

heat rejection fluid as per Section 3.1.  The channels are formed by aluminum walls that force 

the heat rejection fluid to flow in a zigzag, thereby maximizing conductive and convective heat 

transfer effects.  A schematic with dimensions of the heat sink may be viewed in Figure I.2 in 

Appendix I.  Two aluminum sheets are used to encase the channels and create the shell of the 
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unit.  Silicone epoxy and TIG welds are used in tandem to seal all parts of the unit together and 

ensure no leakage of heat transfer fluid.  An inverter is located nearby to capture the electrical 

energy generated by the entire system.   

 

The thermal fluid is a mixture of 80% water and 20% propylene glycol by mass.  This fluid is in 

a closed loop system where it is first pumped through the heat sink of the solar panels as stream 

4 as per the Process Flow Diagram in Section 2.2.  In regards to the photovoltaic system, the 

fluid will run in alongside of the panels in a single pass.  The heat transfer fluid captures the 

thermal energy that builds up on the PV panel surface throughout the day.  Once at steady state, 

this fluid represented in stream 1 will exit the solar panels at 60 oC and run through the [H-101] 

helical coil heat exchanger within the Optical Sciences building; this heat exchanger has an inner 

diameter of 0.008 m, outer diameter of 0.01 m, a pitch of 0.01 m, and 156 turns as per Section 

2.3.  The heat exchanger is in contact with the incoming water at 24.1 oC as per Section 2.4, 

which is destined to heat up the cold air.  This cold air in Optical Sciences is used to maintain 

operating environments for lasers and advanced optical materials.  However, the same air is used 

in public and office space, so Facilities Management uses steam to heat up water; the water is 

used to increase the temperature of the cold air to a tolerable environment for employees and 

students.  Therefore, the heat generated from photovoltaic array is used to complement the 

steam, so less natural gas is required to generate steam from the two central gas turbines on 

campus. 

 

With the heat load transferred to the water, the heat rejection fluid flows back at 31.3 oC through 

the pump where it is sent back to the array of photovoltaic panels as shown in streams 2 and 3.  
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The cycle restarts at stream 4 as the heat rejection fluid flows through the back of each panel 

through the heat sink and collects the heat generated from the solar cells.  Since the benefits of 

the system are accomplished when the sun is present, an automated control system is employed 

to manage times of operation based on temperature gradients between the panels and heat 

transfer fluid.  The system will mainly be functional between 9 am to 5 pm with minor 

adjustments in accordance to season and weather.   
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Section 2.7) Rationale for Process Choice 
 

There are several options in regards to construction, location, design, and manufacturing of the 

process.  However, decisions were made by the design team in order to compensate for the 

various roadblocks and costs.  A process flow diagram may be viewed in Section 2.2.  The 

photovoltaic panels will be set up on the roof of the building to optimize solar exposure.  The 

closed loop system was chosen to prevent overuse of water.  Water is a dwindling resource in 

Arizona.  A closed loop of the heat rejection fluid would allow for the optimum transfer of heat 

to the fluid.  The closed loop would also not impact the piping already established in the building 

since the only connection is through the heat exchanger.  A helical heat exchanger will be used 

for cost reasons; see calculations in Section 6.  It is the most effective heat exchanging 

mechanism with its low cost.  There was also a helical heat exchanger available in the 

Harshbarger laboratories that could be used for demonstration purposes at solar events.  A valve 

was put in the process in order to ensure controlled pressure of the system.   

 

The original design has been modified significantly based on the advice from faculty professors, 

machine shop technicians, and facilities management.  These meeting notes may be viewed in 

Appendix G.  One of the major changes was the building that the solar panels will be installed 

on.  Harshbarger was the primary location due to its importance to the Department of Chemical 

and Environmental Engineering and Arizona Research Institute for Solar Energy (AzRISE).  

However, there is no hot water requirement in this building and the dionized water systems are 

not functioning consistently throughout the year.  Therefore, the heat load generated from the 

solar panels would have no application in Harshbarger.  However, after speaking to Facilities 
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Management, several buildings operate under Variable Air Volume (VAV) with a terminal 

reheat system.  The best example of this system is the Optical Sciences building.  The laser 

equipment and advanced optical materials in the laboratories receive 12.7 oC (55 oF) air to ensure 

functionality.  However, the same air is then supplied to public and office spaces.  Facilities 

Management currently uses steam generated on campus to heat water, which then heats the cold 

air to a more tolerable environment for employees and students.  Therefore, to optimize the use 

of the head generated from the solar panels, the full-scale installation will be on the Optical 

Sciences building.  In addition to effectively applying the heat, the visibility of the senior design 

project will increase due to the building’s proximity to the McKale Center where basketball 

games are held.  When students pass the Optical Sciences building to go to a basketball game, 

then they will see a sign to indicate a student-made project for sustainability.  The Student Health 

Center also operates with similar conditions as the Optical Sciences, but would not have the 

same publicity.   

 

Another major design change involved the heat sink.  The original design contained two 

aluminum sheets with copper tubing functioning as the channels.  However, copper is very 

expensive and the price commonly fluctuates.  For example, the price of copper more than 

doubled from 2009 to $3.50 a pound (Eden, 2010).  After consultation with machine shop 

technicians and a faculty professor, it was decided that a design without the use of copper would 

be ideal for economic reasons.  In addition, it would greatly increase the surface area that comes 

in contact with the heat rejection fluid to 1.573 m2 as per the calculations in Appendix A.  

Rather than using copper tubing, the two aluminum sheets are separated by aluminum fins that 
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direct the heat rejection fluid throughout the entire heat sink.  An illustration of the current 

design may be viewed in Appendix I.   

 

The mechanism to construct the heat sink was also altered.  The original intent was to hire 

professional machine shop technicians to construct the heat sink.  However, Doug Myers from 

the machine shop on the University of Arizona campus charges $63 / hour, which would greatly 

increase the costs of the system (Myers, 2010).  The primary cost concern was that the machine 

shop would have to figure out the process to construct the heat sink.  Therefore, the senior design 

team was now tasked on building all components for the prototype, including the welded support 

system and the full-scale heat sink for one module.  This brings down the costs of the project and 

helps establish the goals of the project of developing a low-cost system.   

 

Another mechanism of construction that was changed involved the use of silicone epoxy.  

Originally, the copper tubing was to be welded onto the aluminum sheets, but copper cannot be 

welded to aluminum.  With the design change of using solely aluminum fins, the issue then 

became how to attach the aluminum together and seal up the heat sink.  Aluminum can be 

welded together, but the thickness of the aluminum sheets was far too small.  The intensity of the 

welds would deform the structure of the heat sink and undermine its overall effectiveness.  A 

silicone epoxy that acts as an adhesive sealant was applied to the aluminum.  The material 

proved strong enough to maintain the structural integrity of the heat sink and could be bought at 

Ace Hardware store for approximately $6 (“Technical Data Sheet – Permatex® Black Silicone 

Adhesive Sealant”, 2009).   
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The choice to have a mixture of propylene glycol and water as the heat rejection fluid came to 

avoid freezing.  Propylene glycol is a cost-effective anti-freeze agent used in drinking water 

systems and can be applied to soil, water, and septic systems.  Ethylene glycol was explored as 

an option, but the safety and health hazards were the major deterrent.  Ethylene glycol ranks a 1 

in toxicity in the NFPA 704 Fire Diamond.  If ingested, ethylene glycol is oxidized to glycolic 

acid, and then finally to oxalic acid which is toxic to the central nervous system, heart, and 

kidney in humans.  Ingestion of large quantities of ethylene glycol may even cause death 

(“Ethylene Glycol – Systemic Agent”, 2008).  On the other hand, propylene glycol ranks a 0 in 

the toxicity.  If ingested, it is metabolized to pyruvic acid, a part of glucose metabolism (Thomas, 

2008).  More safety issues of propylene glycol may be viewed in Section 4.  In the scenario of 

accident leaks, the impact of releasing ethylene glycol into water supplies that may be consumed 

by humans is far greater than propylene glycol.  Therefore, propylene glycol will be used as anti-

freeze in the full-scale design.   

 

 



Cogeneration Heat Sink for Photovoltaic Panels  24 

Section 3.1) Equipment Description 
 

The full-size heat sink attached to the rear of the solar panel has one major function which is to 

remove heat accumulated on the solar panel.  Removing heat from the panel increases its 

electrical efficiency (Radziemska and Ewa, 2009).  Cool water enters the panel through the inlet, 

flows through several channels that maximize surface area contact, and flows out hot to be used 

in the secondary application. The extreme scenario is the assumption that the solar panel can 

reach a maximum of 72 ◦C. Water flows through the heat sink for 8 hours during the day which 

will cool the panel 59 ◦C. 

 

The heat sink itself is two aluminum sheets sealed together with 0.5 in of space between the 

plates as shown in Figure I.2 in Appendix I.  The plates are 1 m (3 ft) in width by 1.7 m (5.6 ft) 

in length which fits the rear of the solar panel while also not interfering with electrical conduits 

located on the panel.  Each plate is only 0.25 cm thick.  Between the plates are channels 0.0127 

m (0.5 in) tall which are secured to the heat sink with black rubber silicone epoxy.  These plates 

redirect the water in several directions to maximize contact between the water and the plate 

attached to the panel.  A buoyancy force, shown in Appendix A, allows it so only hot water 

flows through the outlet.   

 

The plates were sealed using several methods to prevent leaks and ensure structural integrity.  

Several taps were applied using TIG welding.  The thinness of the plates combined with the 

extreme complexity and heat of using TIG welding deformed the plates where the taps were 

applied.  A cold weld material, JB Weld, was applied to the remaining, unsealed sections.  This 
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provided a strong adhesive that secured the two plates together.  A Permatex® Black Silicone 

Adhesive Sealant was applied to the entire seam on the outside of the cold weld to help prevent 

water leaks that may occur.   

 

The pump that will be used in the future application of supplying preheated water in Optical 

Sciences will be an inline water pump (“Hydor L25 Inline Water Pump”, 2009).  The 

horsepower was determined from how many panels will be installed on the roof of Optical 

Sciences and how much demand will be required for the VAV application.  Appendix A shows 

that a pump of 0.5 hp is sufficient to move 0.13 kg of water per second through the heat sink. 

 

The helical coil heat exchanger was used for its simple design and ease of operation.  Hot water 

from the solar panels flows through the helical coil heat exchanger which is located in a large 

water storage tank.  Heat is transferred by convection and goes from the hot solar water into the 

cool water that will be used as a terminal reheat in the variable air volume system.  Appendix A 

show how heat is transferred using a helical coil heat exchanger, and the dimensions the 

exchanger must be for optimal transfer.  Currently, our group is using a steel heat exchanger as it 

was the only one that could be supplied by the Department of Chemical Engineering. 
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Section 3.2) Equipment Rationale 
 

This project used aluminum sheets for the heat sink rather than copper piping because of cost.  

The thermal heat transfer properties of copper (“Thermal Conductivities of Metals”, 2005) are 

better than those of aluminum (“Thermal Conductivities of Metals”, 2005), and would increase 

the temperature of the water that flows through the outlet.  However, at this time, copper prices 

(“Copper Historical Charts and Graphs”, 2010) are much higher than aluminum prices 

(“Aluminum Price Comparison of Different Time Periods”, 2010).  The replacement of copper 

with aluminum as a heat sink is not new and advantages and disadvantages of price, 

construction, and heat transfer properties have been researched (Soule, 2001).  Appendix A 

shows that even by using aluminum, heat is readily transferred from the panel to water. 

 

The helical coil heat exchanger was used to reduce cost and maximize simplicity in design.  A 

large shell and tube or plate in frame heat exchanger is too costly and unnecessary for this 

system.  Using the helical coil exchanger will provide enough heat to preheat water as shown in 

Appendix A.  The compact design of the heat exchanger means it can be easily located in a large 

tank of water.  The multiple coils, however, ensures that heat can be dispelled from one medium 

to another (Lines, 1991).   
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Section 3.3) Equipment Optimization 
 

Several designs were made for the heat sink before the construction phase began.  Originally, the 

design was a series of copper pipes that attached to an aluminum sheet that was directly in 

contact with the back of the solar panel.  The pipes were very small and close together to 

maximize contact with the aluminum panel.  Between the inlet and outlet, the pipes made 20 

passes, which is shown in Figure I.2.  This design was rejected because of the high cost of 

copper (“Copper Historical Charts and Graphs”, 2010), and because the circular pipes did not 

contact the aluminum sheet enough for viable heat transfer.   

 

Major modifications were made to the design and began to resemble a radiator design.  The 

water would only be separated by one material, an aluminum sheet, from the rear of the solar 

panel.  Water could be redirected through the heat sink using aluminum channels.  The channels 

were taken from spare aluminum that was left over from unused plate material.  Silicone 

adhesive sealant was applied in small amounts to the channels, which were then secured to the 

aluminum plate.  The epoxy can act as a thermal insulator and therefore must be only applied in 

small, specific places so the application will have maximum heat transfer. Figure I.2 is a 

schematic of the completed heat sink module.  

 

Water leaks are a major concern; when the panel and heat sink is finally installed for its intended 

use, large volumes of water will be used.  Small leaks may develop into larger ones which as 

revealed in the safety and environmental section, is highly undesirable.  By using JB Weld and 
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Permatex® epoxy for a permanent seal, the price of materials will increase, but there is more 

confidence that leaks will not be a concern.  

 

To minimize power usage and maximize safety for this application, the pump must be given 

proper controls.  When the panels are unusable due to maintenance, dark surroundings, or any 

variety of situations, the pump should be shut off. A sensor from Sparkfun Electronics 

(“TEMT6000 Breakout Board”, no date) measures ambient light and sends a signal to a 

controller which determines whether the pump should stay on or turn off. Clear process controls 

will have to be implemented to save energy the pump requires to move the amount of water 

necessary for terminal reheat in Optical Sciences.  A simple OEM pressure sensor from 

Honeywell will monitor for leaks within the system (“Test and Measurement”, 2008).  

 

The helical coil heat exchanger can only be optimized by the material the heat exchanger.  The 

choices of materials were: steel, aluminum, and copper.  We decided on copper as its thermal 

conduction properties are very high, and the exchanger is unlikely to corrode from the 

water/propylene glycol mixture flowing through it.   
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Section 4) Safety Issues 
 

Due to the nature and the goals of the project, the process is designed to optimize safety for 

students, installers, facilities management, and any prospective individual who desires to build a 

low-cost heat sink for solar panels.  It is apparent in Table 4.1 and Table 4.2 that there are some 

safety hazards and risks associated with the chemicals employed in this system.  A Process 

Hazard Analysis (PHA) was developed to inform the relevant personnel of the broader risks and 

considerations taken in each step of the process; see Appendix H for documentation.   

 

Apart from standard safety constraints, physical constraints that determine system placement 

include shading sources, roof type and weight bearing capacity, and location of the main building 

electrical box.  Based on previous data gathered from Solon (Richardson, 2010), the maximum 

expected PV panel temperature is 72 °C which poses a minor safety hazard.  Individuals near the 

panels will be required to be alert when nearby the panels, and will want to consider using gloves 

when touching the panels.  In the unlikely event of fire caused by a short circuit in the electrical 

system, a fire extinguisher will be available on the roof.  Extinguishers are already available in 

all building facilities areas (“Manual of Design and Specification Standards”, 2009).  Many 

newer buildings on campus, including Optical Sciences East, have roofs designed to 

accommodate future vertical expansion (GLHN Architects, 2010).  Although a full structural 

analysis is required for design certification, it is anticipated that the roof will have sufficient 

weight bearing capacity for the cogeneration system.  The same argument applies for wind 

bearing capability, as installation cannot occur unless the design has been approved by a 
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Professional Engineer.  However, it is very likely that the system will fall within wind 

compliance (GLHN Architects, 2010). 

 

A summary of the hazard identifications based on NFPA 704 Fire Diamond of each process 

substance can be found in Table 4.1.  The purpose of the Fire Diamond is to provide a quick 

summary of the potential hazards from the substance based on its toxicity to humans, its 

flammability, and its ability to react.  Each category is rated from 0 to 4, 0 being no significant 

risk while 4 representing the maximum hazard. 

 

Table 4.1) NFPA 704 Fire Diamond Hazard Identifications  

Substance Health Flammability Reactivity Special 
Propylene Glycol a 0 1 0 - 
Permatex® Black 
Silicone Adhesive 
Sealant b 

 
2 

 
1 

 
1 

 
- 

Aluminum c 1 1 0 - 
a (“Propylene Glycol”, 2008) 
b (“Permatex(R) Black Silicone Adhesive Sealant”, 1997) 
c (“Materials Safety Data Sheet – Aluminum”, 2008) 
 

 

Table 4.2 summarizes the potential health hazards and appropriate response in case of exposure 

to certain portions of the body.  Contact may occur on the skin or eyes, or may enter the body 

through inhalation or ingestion of the substance.  If this occurs, then the appropriate response 

must be taken to mitigate the health impacts of exposure.  Table 4.2 may only be used as an 

outline of responses; detailed responses should be sought in the appropriate Material Safety Data 

Sheets (MSDS).   
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Table 4.2) Potential Health Hazards and Responses  

Hazard Response Substancel 
Skin Eyes Ingest Inhale Skin Eyes Ingest Inhale 

Propylene 
Glycol a 

irritant, 
defatting 

stinging, 
tearing 

gastrointestinal 
upset, 

temporary 
central nervous 

system 
depression 

none remove 
affected 
clothing, 

soapy 
water  

(15 min) 

water 
(15 min) 

water, 
medical 
if large 

amounts 

fresh air 

Permatex® 
Black 
Silicone 
Adhesive 
Sealant b 

irritant irritant toxic N/A wipe off, 
soapy 
water 

(15 min) 

water  
(15 min), 
medical 
attention 

DO NOT 
induce 

vomiting, 
medical 
attention 

fresh air 

Aluminum c irritant non-
irritant 

non-hazardous N/A soapy 
water  

(15 min) 

water 
(15 min) 

medical 
attention, 
DO NOT 

induce 
vomiting 

fresh air 

a (“Propylene Glycol”, 2008) 
b (“Permatex(R) Black Silicone Adhesive Sealant”, 1997) 
c (“Materials Safety Data Sheet – Aluminum”, 2008) 
 

 

Table 4.3 explains the standards of toxicity and exposure limits.  LD50 represents the lethal 

dosage among 50% of the rat populations exposed to the substance.  The personal exposure limit 

(PEL) is a legal standard for the exposure of a certain substance to humans in the United States.  

It is expressed in terms of time-weighted average (TWA), which is an average exposure over a 

specified time such as an 8-hour period (“Permissible Exposure Limit (PEL)”, 2009).  There are 

several organizations that provide standards and limits.  The American Industrial Hygiene 

Association (AIHA) provides analysis on Workplace Environmental Exposure Level (WEEL).  

In addition, the American Conference of Industrial Hygienists (ACGIH) also sets standards and 

limitations.   

 

 

 



Cogeneration Heat Sink for Photovoltaic Panels  32 

Table 4.3) Toxicity Hazards and Exposure Limits 

Substance LD50 (g/kg) for rats Exposure Limit (TWA) Other Notes 
Propylene Glycol a  

 
20 

 
10 mg/m3 

(AIHA WEEL) 

Investigated 
as a mutagen 

and 
reproductive 

effector 
Permatex® Black 
Silicone Adhesive 
Sealant b 

 
10 

3.5 mg/m3 for carbon 
black  

(ACGIH) 

Other 
ingredients 
have larger 

TWA 
Aluminum c  

N/A 
5 mg/m for welding 

fumes 
(ACGIH) 

 
- 

a (“Propylene Glycol”, 2008) 
b (“Permatex(R) Black Silicone Adhesive Sealant”, 1997) 
c (“Materials Safety Data Sheet – Aluminum”, 2008) 
 

 

Lastly, Table 4.4 reveals the appropriate Personal Protective Equipment when handling these 

substances.   

 

Table 4.4) Personal Protective Equipment 

Substance Eyes Skin Ventilation 
Propylene Glycol a Chemical 

safety glasses 
/ goggles 

Gloves (rubber / plastic); 
Lab coat 

Local or general 
exhaust; 
A half-face respirator 
with an organic vapor 
cartridge and 
particulate filter for 
high exposure 

Permatex® Black 
Silicone Adhesive 
Sealant b 

Chemical 
safety glasses 
/ goggles 

Gloves (rubber / plastic); 
Lab coat 

Provide local 
ventilation for 
prolonged use 

Aluminum c Chemical 
safety glasses 
/ goggles 

Gloves (rubber / plastic); 
Lab coat 

N/A 

a (“Propylene Glycol”, 2008) 
b (“Permatex(R) Black Silicone Adhesive Sealant”, 1997) 
c (“Materials Safety Data Sheet – Aluminum”, 2008) 



Cogeneration Heat Sink for Photovoltaic Panels  33 

 

 

The most dangerous chemical was determined to be the Permatex® Black Silicone Adhesive 

Sealant.  This substance was primarily applied as an adhesive sealant for the construction of the 

heat sink.  Based on Table 4.1, its health rating is a 2, with its flammability and reactivity at a 1.  

Table 4.2 provides more specific details of exposure to certain areas of the body.  The Permatex® 

Black Silicone Adhesive Sealant is an irritant in contact to the eyes and skin.  If exposed to skin, 

the material may be wiped off and the contaminated areas should be washed with soapy water for 

15 minutes.  In instance of eye exposure, immediately flush for 15 minutes with water and seek 

medical attention immediately.  In case of ingestion, it is toxic and an individual must seek 

medical attention immediately; do not induce vomiting.  No data is available for inhalation since 

the material is a viscous solution that does not readily vaporize.  According to Table 4.3, 

Permatex® Black Silicone Adhesive Sealant has an LD50 with a minimum exposure limit of 3.5 

mg/m3 for the carbon black ingredient.  This ingredient with the smallest exposure limit, but note 

that there are other ingredients, such as acetic acid, Ethyltriacetoxysilane, and 

Poly(dimethylsiloxane), that contain higher exposure limits.  Please see the MSDS for more 

detailed information (“Permatex(R) Black Silicone Adhesive Sealant”, 1997).   

 

The PHAs identified the propylene glycol has the substance with the highest probability of 

exposure to employees.  The PHAs in Appendix D indicate that exposure is likely to come from 

a system failure that results in a leak as per Item 1.2, 2.1, 2.3, 3.1, 3.2, 3.4, 4.4, and 4.6.  

Appropriate Safeguards and Action Items were implemented to prevent and minimize the 

possibility of a system leak, including routine maintenance, control systems, sealants, and a run-
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off system.  According to Table 4.2, exposure to propylene glycol can cause skin irritation and 

defatting along with eye tearing.  Ingestion in large amounts can cause temporary central nervous 

system depression.  In most cases, flushing contaminated areas with water for 15 minutes and 

seeking medical attention is the appropriate action.  Propylene glycol has an LD50 of 20 mg/kg 

with a TWA of 10 mg/m3 from the AIHA as per Table 4.2.  Although there are potential hazards 

associated with propylene glycol, it is preferable to ethylene glycol as mentioned in Section 2.7.  

If ingested, ethylene glycol is eventually metabolized to oxalic acid, which is toxic to the central 

nervous system, heart, and kidney in humans.  If large quantities are ingested, death may be a 

result (“Ethylene Glycol – Systemic Agent”, 2008) 

 

The PHAs also mention that the physical contact with personnel and the solar panels should be 

minimized.  According to Section 1.3, the maximum temperature of the solar panels is 72 oC.  In 

regards to the last substance, the dangers of aluminum are not severe considering it is a common 

metal in residential and commercial life.  Please view the tables above the MSDS for more 

information.   

 

Regarding the installation protocols, retrofitting the Optical Sciences building with the 

photovoltaic system will not violate any building codes.  The primary safety concern for the 

project is Fall Protection “Fall Protection Standards”, 2008).  For this specific type of 

installation, Facilities Management has a policy of maintaining a 6 ft threshold between any 

installer and the edge of the building.  In addition to this barrier, installers are to wear fall 

protection gear that will prevent injury in case an incident does occur, according to Herb 

Wagner, the Associate Director of Risk Management & Safety (Wagner, 2010).   



Cogeneration Heat Sink for Photovoltaic Panels  35 

 

With the project goals aiming to build a more sustainable future at the University of Arizona, the 

safety risks of the system was kept at a minimum.  This process is also a much smaller scale than 

large industrial facilities, so the safety is favorably comparable to other project areas.   
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Section 5) Environmental Impact Statement 
 

As mentioned in the Section 1.1, the goal of this project is to illustrate a student-project to 

develop a low-cost heat sink for solar panels for the purposes of sustainability.  Assessing the 

environmental implications is critically necessary for determining the benefits and costs of this 

process.  A Life Cycle Assessment (LCA) performed further clarifies the environmental 

sustainability of the system design.   

 

With the ratification of the Montreal Protocol and the existence of the Kyoto Protocol, special 

attention is given to compounds with ozone-depleting potentials (ODP) and global warming 

potentials (GWP).  Ozone-depleting potentials are the “ratio of the impact on ozone of a 

chemical compared to the impact of a similar mass of CFC-11, thus, the ODP of CFC-11 is 

defined to be 1.0” (“Ozone Depletion Glossary”, 2009).  Global warming potentials represent 

“how much a given mass of a chemical contributes to global warming over a given time period 

compared to the same mass of carbon dioxide.” (“Global Warming Potentials of ODS 

Substitutes”, 2010).  In this process, none of the chemicals or substances utilized in the process 

system has either of these characteristics.   

 

For the substances used to construct and run the process, the accidental release measures focus 

on ventilation, isolation, and containment of spills.  During the cleanup process, proper Personal 

Protective Equipment must be worn while addressing the situation, including safety goggles, 

gloves, lab coats, and respirators if needed.   
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Table 5.1) Environmental Considerations  
 
Substance Accidental Release Measures Disposal Method Disposal Considerations Environmental Fate H2O 

Solubility 
Propylene 
Glycol 

Ventilate area of leak or spill. Remove 
all sources of ignition. Wear 
appropriate personal protective 
equipment as specified in Section 4. 
Isolate hazard area. Keep unnecessary 
and unprotected personnel from 
entering. Contain and recover liquid 
when possible. Use non-speaking tools 
and equipment. Collect liquid in an 
appropriate container or absorb with an 
inert material (e.g. vermiculite, dry 
sand, earth), and place in a chemical 
waste container. Do not use 
combustible materials, such as saw 
dust. Do not flush to sewer. a 

Dispose of in 
according to local, 
state, and federal 
regulations. This 
product has been 
evaluated for RCRA 
characteristics and 
does not meet the 
criteria of a 
hazardous waste if 
discarded in its 
purchased form. 
Incineration is 
recommended. a 

Whatever cannot be saved for 
recovery or recycling should 
be managed in an appropriate 
and approved waste disposal 
facility. Processing, use or 
contamination of this product 
may change the waste 
management options. State 
and local disposal regulations 
may differ from federal 
disposal regulations. Dispose 
of container and unused 
contents in accordance with 
federal, state and local 
requirements. a 

When released into the soil, this 
material is expected to readily 
biodegrade. When released into 
the soil, this material is expected 
to leach into groundwater. When 
released into water, this material is 
expected to readily biodegrade. 
When released into the air, this 
material is expected to be readily 
degraded by reaction with 
photochemically produced 
hydroxyl radicals. When released 
into the air, this material is 
expected to have a half-life 
between 1 and 10 days. a 

Miscible a 

Permatex 
Black Silicone 
Adhesive 
Sealant 

Wipe or scrape up spilled material. 
Maintain good ventilation for large 
spills. Place scrap material in a well 
ventilated place and allow to cure to 
rubber b 

Cured rubber can be 
incinerated. Follow 
EPA local 
regulations. b 

Not a RCRA Hazardous 
Waste Material b 

N/A Polymerized b 

Aluminum Small Spill: Use appropriate tools to 
put the spilled solid in a convenient 
waste disposal container. Finish 
cleaning by spreading water on the 
contaminated surface and dispose of 
according to local and regional 
authority requirements. 
Large Spill: Use a shovel to put the 
material into a convenient waste 
disposal container. Finish cleaning by 
spreading water on the contaminated 
surface and allow to evacuate through 
the sanitary system. c 

Waste must be 
disposed of in 
accordance with 
federal, state and 
local environmental 
control regulations. c 

Not a RCRA Hazardous 
Waste Material  

In soil, aluminum accumulates in 
plants and cause health problems 
among species of animals that 
consume the plants. In water, ions 
will react with the proteins found 
in the gills of fish and embryos of 
frogs, studies have shown 
population declines. Birds that 
consume contaminated fish 
experience thinner eggshells and 
chicks with low birthrates. Lung 
problems have also been noted. d 

Insoluble c 

a (“Propylene Glycol”, 2008) 
b (“Permatex(R) Black Silicone Adhesive Sealant”, 1997) 
c (“Materials Safety Data Sheet – Aluminum”, 2008) 
d (““Aluminum – Al”, 2009) 



Cogeneration Heat Sink for Photovoltaic Panels  38 

Propylene glycol has the greatest probability of accident release due to its constant running 

through the closed-loop system; see Section 2.2 for a Process Flow Diagram.  In the case of an 

accident spill of propylene glycol, it is important to remember to not flush the chemical down the 

sewer.  It must be disposed of in accordance to local, state, and federal regulations.  The 

Resource Conversation and Recovery Act (RCRA) is a law enacted to create a foundation of the 

classifications and methods of disposing of hazardous waste; RCRA does not classify propylene 

glycol as a hazardous waste.  During cleanup, it is necessary to remove all sources of ignition 

and to avoid using combustible materials.  If the chemical cannot be recovered or recycled, then 

incineration is the recommended means of disposal.  If the spilled propylene glycol is released 

into the soil or groundwater and unable to be cleaned, the material is expected to readily 

biodegrade.  If the chemical is vaporized and released into the air, it is expected to degrade 

photochemically by reaction with hydroxyl radicals.  Its half-life in the air is between 1 – 10 

days.  See the MSDS for propylene glycol for more details.   

 

The other two substances summarized in Table 5.1 are the Permatex® Black Silicone Adhesive 

Sealant and aluminum.  Both are not classified as a hazardous material by RCRA.  The 

accidental release measures include maintaining good ventilation and wiping up the spilled 

material.  The cured rubber may be incinerated by EPA local regulations.  The aluminum should 

be removed to a proper waste disposal container.  Special attention should be given to ensure that 

aluminum is not released into the soil or groundwater.  In soil, aluminum accumulates in plants 

and cause health problems to animal species that consume those plants.  Aluminum ions will 

react with the proteins in fish and frogs, which can ripple effect into bird species that consume 

the contamination.  However, both substances do not have a high probability of environmental 
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release since it is a contained unit of the Permatex® Black Silicone Adhesive Sealant in the 

aluminum sheets.  The aluminum sheets have an even lower likelihood of releasing into the 

environment since they are large scale sheets and not particulates or powder.  See the MSDS for 

the Permatex® Black Silicone Adhesive Sealant and aluminum for more details regarding 

hazards.   

 

Assessment of the global warming emissions is also necessary in determining the overall 

environmental sustainability of the project for a gate-to-gate LCA.  Tucson Electric Power (TEP) 

is the main supplier of electricity in Tucson, primarily from coal.  TEP also has other projects to 

make use of greener fuels, such as natural gas, to offset its emissions.  For example, TEP takes 

methane gas from the Los Reales Landfill and burns it in place of coal, which deferred 8008 tons 

of CO2 (“Green Energy”, 2008).  In total, natural gas only accounts for 3% of the total power 

generated by TEP (“Solar Power for the Home: Getting Started”, 2009).   

 

Figure 5.1) Tucson Energy Sources 

(“Solar Power for the Home: Getting Started”, 2009) 
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Although TEP employs natural gas, this LCA will analyze the offset of CO2 through the burning 

of coal since the natural gas acts only to supplement the coal.  The electricity generated from this 

project could only defer coal burning; the natural gas usage at TEP will remain constant.  

According to Appendix A, the amount of electrical energy generated by the photovoltaic system 

at the increased efficiency is 33.28 kWh per day.  The average emissions rating for burning coal 

is 900 g/kWh of CO2, 0.08 g/kWh of particulates, 0.3 g/kWh of SO2, and 0.2 g/kWh of NOx 

(Bozzuto, 2003).  This electrical energy output equates to a daily emissions deference of 29,952 

g of CO2, 2.66 g of particulates, 9.98 g of SO2, and 6.66 g of NOx.   

 

In respects to the University of Arizona campus, there are two natural gas turbines that generate 

steam according to Facilities Management; see Section 2.6 for a detailed explanation of the 

steam use.  With 600 gallons of hot water generated per day coming out at 59 oC, the water 

heating from this project would offset the natural gas used by the University of Arizona to make 

steam.  According to Appendix A, the amount of energy generated for the water is equivalent to 

89.19 kWh per day.  The average emissions rate of burning natural gas is 450 g/kWh of CO2, 

0.01 g/kWh of particulate, 0.003 g/kWh of SO2, and 0.06 g/kWh of NOx (Bozzuto, 2003).  The 

hot water generation equates to a daily deference of 89 g of CO2, 0.89 g of particulate, 0.27 g of 

SO2, and 5.35 g of NOx emissions.   

 

However, there are energy expenditures from the 10 W pump (“Hydor L25 Inline Water Pump”, 

2009), which equates to a 0.08 kWh per day according to Section 2.5.  In respects to the daily 



Cogeneration Heat Sink for Photovoltaic Panels  41 

emissions deference from a coal-fired plant, the operation of the pump emits 72 g of CO2, 0.0064 

g of particulates, 0.80 g of SO2, and 0.016 g of NOx.   

 

In sum when accounting for the emissions saved and pump energy requirements, the project is 

able to save 29,969 g of CO2, 3.54 g of particulates, 9.45 g of SO2, and 12.0 g of NOx per day.  

This is a key step forward in the image of environmental sustainability for the University of 

Arizona campus.  Although there are some potential environmental hazards regarding the 

accidental release of chemicals into the environment, as long as the appropriate measures are 

taken, the impact to the ecosystems is minimal.   
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Section 6) Economic Analysis 
 

The unique nature of this design project makes it incompatible with the standard economic 

analysis described in engineering textbooks.  Instead, the analysis presented here will be a more 

systematic and functional analysis that can be directly applied to the needs of the campus.  This 

methodology is more in tune with the charge presented to this group as participating in the 

“Practice School of Sustainability”. 

 

Before discussing the expected financial gains that can be expected from the implementation of 

our project, it is important to quantify current campus energy costs.  In 2008, the university paid 

an average of 0.077 $/kWh for electricity and 0.052 $/kWh for natural gas; please see Gas and 

Electricity Rates from Facilities Management, 2009 in Appendix H.  Although standard 

procedure would be to scale these utility costs from 2008 to 2010, these costs remain mostly 

constant and do not appreciate or depreciate in value as many other commodities do, given 

campus arrangements with local utilities (Marikos, 2009).  The Gas and Electricity Rates from 

Facilities Management, 2009 demonstrates the unusual campus utilities costs over time.  Using 

the Harshbarger building as a median case for electricity demand in campus facilities, the 

building used 1.9 million kWh of electricity in 2008.  This translates to roughly $147,000 per 

year in electricity alone.  The Harshbarger building does not have a sufficient hot water load to 

make the installation of a solar cogeneration system economically viable.  However, buildings 

that do have a high hot water demand for their air handling system, i.e. the Optical Sciences 

West building, are ideal candidates for solar cogeneration.  With a demand of 350 gallons of hot 

water per hour, it costs $32,000 per year to burn enough natural gas to run the variable air 
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volume system in the building.  This system can offer significant cost savings to this figure, even 

more so than in electricity savings.   

 

Based on simulations and details calculations described in Appendix A, the 16 panel 

cogeneration array produced 89.19 kWh of energy in 8 hours of operation per day.  Since the 

system runs in a closed loop, the amount of hot water output is variable and can be set to desired 

levels.  With a 600 gallon per day hot water output, which corresponds relatively well with the 

load required for the Optical Sciences variable air volume system (Deutsch, 2010), the maximum 

theoretical output temperature of water heated by the cogeneration heat exchanger is 58.8 °C.  At 

a cost of 0.052 $/kWh for natural gas from Gas and Electricity Rates from Facilities 

Management, 2009, the cogeneration system will save the campus $1,391 per year in hot water 

generation expenses.  Additionally, with the PV system running closer to ideal operating 

temperatures, an average of 33 kWh per day of electricity generated saves $762 per year on 

electricity.  This leads to a combined total of $2,153 saved per year in utilities costs on average.  

The ROI of this project is 0.208, and the NPV after ten years with at 15% rate of return is $465, 

which is above zero and therefore is a signal for a good investment opportunity. 

 

Construction of the prototype heat sink, as a proof of concept, was the first step in estimating the 

magnitude of the cost of materials for the system.  Table 6.1 is an itemized listing of the 

materials purchased to produce the prototype, and the cost of each. 
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Table 6.1) Prototype Costs 

Material Item 
Cost Number Total 

13" x 18" Sheet Pan $ 11.00 1 $ 11.00 
2' x 2' Weldable Sheet $ 20.00 1 $ 20.00 
Black Silicone Epoxy $   6.00 2 $ 12.00 

Electrical Fittings $   0.75 2 $   1.50 
   $ 44.50 

 

In order to fully test the proof of concept, a 1 gallon per minute peristaltic pump and helical coil 

heat exchanger were borrowed from the Department of Chemical Engineering for use in several 

demonstration events, including Solar Rock 2010 and Earth Day at Biosphere 2.  Fabrication of 

the full scale unit spanned two days and consisted of cutting and bending channel pieces and the 

top plate, pressing the inlet and outlet holes, and applying silicone epoxy to all the different 

components to fit them together.  The College of Architecture was generous enough to offer their 

metal machine shop as a workspace free of charge. 

 

Construction of the full scale unit took significantly longer, as it was approximately 10x the size 

of the prototype.  Table 6.2 is an itemized listing of the materials purchased to produce the full 

scale unit, and the cost of each. 

 

Table 6.2) Full Scale Unit Costs 

Material Item Cost Number Total 
3x6 3003 Al Alloy $          85.00 2 $     170.00 

Black Silicone Epoxy $            6.00 6 $      36.00 
Electrical Fittings $            0.75 2 $        1.50 

   $     207.50 
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The College of Architecture once again allowed use of their facilities in the creation of the full-

scale heat sink.  However, if this product will eventually be pushed into large scale production, 

facility and equipment costs will increase the per unit price of the heat sink.  By the same token, 

increasing the economy of scale when purchasing the raw materials likely results in a significant 

reduction in pricing.  Given the many uncertainties in balancing the increased costs of equipment 

and space versus economies of scale, the assumption is that the per unit price of the full scale 

will remain the same after full scale implementation. 

 

If this proposed design were to be implemented on a full scale in the future, there would be a set 

of secondary cost considerations beyond the materials required for heat sink construction.  Table 

6.3 lists the different projected costs of a full scale installation, minus labor. 

 

Table 6.3) Projected Full System Costs 

Material Item Cost Number Total 
PV Panels $        600.00 16 $  9,600.00 
Heat Sinks $        207.50 16 $  3,320.00 

Centrifugal Pump $          35.00 2 $       70.00 
Helical Coil HEX $        500.00 1 $     500.00 

Storage Tank $      1,000.00 1 $  1,000.00 
Copper Piping $        3.00/ft. 200 ft. $     600.00 
6 kW Inverter $      3,400.00 1 $  3,400.00 

   $18,490.00 
 

Although 17 PV panels have been donated by TUV Rheinland for full scale implementation, the 

projected cost of these panels has been included as a template for scenarios in which panels are 

not being donated.  The $600 price point is standard for a 260 Wp PV panel (“Cost of Installed 

Solar Photovoltaic System Drops Significantly Over The Last Decade”, 2009).  Each pump has 

been priced at $35 as found from an online retailer (“Hydor L25 Inline Water Pump”, 2010), 
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given the specified flowrate established in the equipment section.  The costs of the heat 

exchanger and storage/expansion tank have been estimated based on costs for similar products 

found online (“Heat Flo Hot Water Storage Tanks Buy Page”, 2010).  Copper piping and inverter 

costs were estimated using a preliminary bid from a local solar installer; see Solar Gain Co-Gen 

System Bid, University of Arizona 2010 in Appendix H.  Copper piping is required by the 

University of Arizona DSS guidelines when working with any kind of water installation as a 

quality control measure (“Manual of Design and Specification Standards”, 2009).  However, it 

would be much cheaper to use PVC piping.  The clear cost driver of this installation is the PV 

panels, but through future charitable actions by local companies the system can continue to have 

a high economic benefit to the university. 

 

When taking into account the cost of materials and theoretical energy savings, this system has a 

cost payback period of 8.6 years.  This figure takes into account the estimated price of the PV 

panels being used if they were to be purchased.  In the case of the proposed installation on the 

Optical Sciences West building with donated PV panels, the cost payback period decreases to a 

mere 4.8 years.  If there is intent to perform larger installations on different buildings in the 

future, a scaling factor would be useful.  At a system price of $18,490 and a rated power output 

of 4.16 kW from electricity and 3.72 kW from hot water, this design costs $2.35 per watt. 

 

Labor costs are difficult to quantify for this proposal, as it is likely Facilities Management 

personnel would be involved in installation at their existing hourly wages.  However, in the event 

of installation being handled exclusively by a third party charging $16 per hour, and an estimated 

48 hours of work required as per Solar Gain Co-Gen System Bid, University of Arizona 2010 in 
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Appendix H, labor costs would total $768.  However, this figure is not included as part of the 

official economic analysis as there are too many uncertainties associated with how installation 

would take place and how the billing structure of the installer would happen. 

 

With grassroots plant proposals, special attention would need to be devoted to choosing an ideal 

location for construction and calculating the land value and local labor costs.  However, since 

this system has already been designated for the Optical Sciences West roof this becomes a non-

issue.  No extra money would be required to lease roof space for the system, as long as the 

energy savings go back to the university (Deutsch, 2010).  Although not confirmed, it is likely 

that Facilities Management personnel would be responsible for resolving any maintenance 

problems with the system, and only existing personnel would be required to assist in repairs.  

General maintenance duties including periodic panel cleaning and pump tune-ups are tied into 

existing FM duties as well.  Hence, there would be no added labor costs as part of the system 

since the system is designed to run automatically, and power to the pump is automatically 

regulated with the rest of the air handling system. 

 

In the hypothetical case of installing the same number of PV panels alone, it is clear there are 

reduced benefits when compared with the cogeneration design.  Taking into account non-optimal 

performance due to high temperatures, the 4.16 kW PV array would generate 27 kWh per day, 

translating to a yearly electricity savings of $421.  With the same equipment prices in Table 6.3 

minus components related to hot water generation, the cost payback period of the PV only 

system is over thirty years.  The 20 year disparity in the savings margin between PV only and 
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this cogeneration system provides clear evidence of the effectiveness of two-tiered solar energy 

generation systems.   

 

The economic hazards associated with this system are relatively minimal, with the only 

significant issue being sunlight availability.  Campus electricity and hot water demand will not 

decrease except in the event of a significantly reduced student body, which is unlikely.  Even in 

the event of reduced demand, the system is not large enough to produce an excess of electricity 

for the campus, which in turn leads to no reduction in cost mitigation.  Even a large reduction in 

utility costs will not be hazardous, as there are no secondary costs associated with normal 

operation of the system so it will still be profitable.  The only raw material input required after 

construction and installation is solar radiation, which is abundant in this region.  On average, 

Tucson experiences 71 cloudy days per year, with a cloudy day being defined as at least 80% 

occlusion of sunlight throughout the day (“Mean Monthly and Annual Number of Cloudy Days”, 

2010).  During cloudy days, the panels will not produce electricity or hot water, which cuts into 

cost savings.  During the night, the system will clearly be nonfunctional.  However, campus 

buildings shut off their air handling systems and have a severely reduced electricity demand, 

meaning that the solar cogeneration system would mostly go to waste if it were operational 

during the night. 

 

Despite the high degree of resistance to energy demand or market disruptions, the major 

economic hazards appear when there are unforeseen system disruptions.  A leak anywhere in the 

system will require the pump to be shut down and maintenance crews to clean up the spill and 

replace the water/propylene glycol mixture.  Replacing the mixture will cost a total of $1,450, as 
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denoted in Table 6.3.  The hours of labor will come at a much higher cost than replacing the 

mixture, but these labor costs cannot be accurately quantified (Marikos, 2009).  However, even 

in the event of a leak the system downtime will be minimal when compared to the overall 

estimated lifetime of the system.  In addition, the electricity generating capability of the system 

will be mostly unaffected by a leak since the duration of reduced performance is small compared 

to normal yearly operation. 

 

Pump failure is another economic hazard to consider.  In the event of this issue, the system 

would have to be shut down and the pump would need to be repaired.  In the case of catastrophic 

failure, the pump would need to be replaced.  However, the $35 equipment cost is very 

inexpensive compared to the other system components.  A replacement pump has been included 

in the system specifications, so in the event of failure the pumps can be switched out easily, 

resulting in minimal system downtime.  Therefore, overall mechanical failure is not expected 

since there is only one moving part in the system (pump) and it is designed with a spare. 

 

Economics Equations: 
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Section 7) Conclusions and Recommendations 
 

The economic and environmental benefits that can be gained by the installation of this solar 

cogeneration system make a clear case to move forward with future implementation.  With an 

estimated savings of $2,153 per year through reduced non-solar electricity and natural gas 

demand and installed cost of $10,340 when taking into account donated PV panels, this proposal 

is a sound investment.  The system will pay for itself in less than five years.  By offsetting 

10,938 kg of CO2 emissions per year, it will be easier to achieve the climate commitment signed 

by the university.  The forward-thinking nature of doing alternative energy projects such as this 

also provides the University of Arizona with a higher profile that may indirectly lead to 

attracting a larger pool of applicants which generates more money as well.  The multi-faceted 

benefits appeal to people of all different backgrounds and interests, making it difficult not to find 

support for implementation. 

 

There are very few safety hazards of note for this design, and in fact the system is inherently safe 

and has very limited failure potential.  The system is completely closed-loop and designed to run 

without any manual operation, limiting user exposure.  In the unlikely event of a leak in the 

system, the water and propylene glycol mixture poses no chemical hazard.  The theoretical 

maximum temperature of the heat exchange medium is 68.5 °C, which is insufficient to cause 

moderate injury.  The closed-loop is designed to run at a maximum of only 506.5 kPa, which 

greatly reduces the possibility of mechanical failure due to pressure.  In the event of a blockage 

in the loop, there is a safety release valve that will engage if there is excess pressure buildup.  

The only reasonable safety concern is associated with excess wind loads that may dislodge the 
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panels from the roof.  However, the racking to be selected for this application will have to be 

designed to withstand heavy wind loads or the design will not be approved by a structural 

engineer. With all this in mind, there is no reason to not approve this project on the grounds of 

inadequate safety considerations. 

 

The economic hazards of this proposition are also very limited, as there are limited installation 

and operational costs and a constant demand for electricity and hot water.  In a simpler sense, 

unless the university shuts down operations this system will always serve a purpose and have a 

positive impact on utilities costs.  The pump used in the system uses far less electricity than is 

produced by the PV panels, meaning operational costs will never exceed energy output.  Except 

in the event of catastrophic failure, the cogeneration system operates automatically and therefore 

requires no extra labor costs as well.  Given the very simple nature of operation, there are a 

limited number of possible points of failure, and any disruption in operation is straightforward to 

resolve and downtime should be minimal.  System disruption will also have a neutral effect at 

worst on the existing building air handling system, since the cogeneration system is only 

designed to contribute to energy generation, not be the sole source. 

 

Based on all these considerations, it is highly recommended that more heat sinks be constructed 

and the system be installed as described in this report.  If the initial deployment of the 

cogeneration system on the Optical Sciences West building is as successful as the calculations 

predict, more systems can be installed on large buildings that use a hot water based variable air 

volume system.  As future work, it is worth considering the addition of new technological 

improvements, such as different materials of construction or a sun tracking mechanism.  
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Working on a better way to maximize thermal contact between the PV panel and heat sink is also 

encouraged. 

 

As a final recommendation, the initial success as part of the “Practice School of Sustainability” 

should pave the way for future engineering projects with a practical focus.  As engineers, the 

majority of work is done on paper and then sent off to be fabricated separately.  However, such a 

compartmentalized system makes it difficult for engineers to anticipate feasibility issues or other 

design inconsistencies.  By developing a program that takes students though the entire 

engineering process from conceptualizing to construction, students end up with a more well-

rounded skill set that is very marketable.  It is the hope of this group that the seeds laid down in 

doing this project will be nurtured through sufficient funding via the SAGE Fund and faculty 

support to grow into a robust and successful curriculum. 
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Appendix A) Process Calculations 
 

Coolant Temperature in Heat Sink 

 

Figure A.1) Heat Sink Dimensions 
 

Coolant that flows near the surface heats up quicker. Heat was assumed to diffuse within 1/16” 

beneath the surface. From determining the flow at the surface, the temperature of the surface 

fluid was predicted.  

 

Volumetric flow rate in each panel is 1 gpm, V& = 
3

56.305 10 m
s

−× . Ratio between the diffuse 

height and height of heat sink is 1/8.  Only the fluid near the surface was assumed to heat up.  

Energy balance at the surface: 
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Mass flow of the heated fluid is calculated by: 

/ 8s cm Vρ= &&
 

(3) 

 

From the Appendix B, heat capacity and density equations are used.
 

With solar energy at 400 W/m2 and inlet temperature of 24.1 oC, the surface temperature rises to 

41 oC: 

( ) ( )( )2
30.00366 24.1 0.08436 24.1 1001.4 1.017 1018.5c

kg
m

ρ = − − + ⋅ =  

51018.5 6.305 10 / 8 0.008027s
kgm
s

−= ⋅ × =&
 

( )2 3 2 3

24.1
400 68" 3" 0.1515 30.974 1662.4 4205960 10

T

sm T T T dT−⋅ ⋅ = − + − + ×∫&  

2 41oT C=  

 

The output temperature is determined by: 

( )2, 2 1 1
s

out
VT T T T
V

= − +
&

&  
(4) 

2, 26.217o
outT C=  

 

Table B.1 and Table B.2 list the inlet temperature and surface temperature per solar panel. At 

higher solar irradiance, the surface temperature can get near the solar panel surface max 

temperature, assumed to be 80 oC. Highest fluid temperature can reach only 4 oC below the 

surface temperature (Huang, Lin, and Hung, 2001).   
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Heat Transfer Calculations: 

Heat transfer cycle requires heat sink and helical coil equations before obtaining steady state 

theoretical results. The coolant heats up from the solar panel, enters the helical coil heats the cool 

water and then is pumped to the solar panel. 

 

 

Figure A.2) Schematic of the Full-Scale Heat Sink 

 

The aluminum heat sink was constructed with 20 horizontal channels and one vertical channel. 

The heat rejection fluid flows in at the top of the vertical channel and out at the exits at the upper 

left side. Heat flows onto the top surface of the aluminum thus heating the fluid near the surface. 

As the density of the heated fluid lowers, buoyancy causes the fluid float upward and provides a 

convective motion. In this way, mixing does not occur and hot fluid collects at the top. Rayleigh 

number, Ra, is used to represent this convective force. 
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( ) 3

Pr s h
L L

g T T L
Ra Gr

β
να

∞−
= =  (5) 

p

k
c

α
ρ

=  (6) 

μν
ρ

=  (7) 

1 dV
V dT

β =  (8) 

Pr Cp
k
μ ν

α
= =  (9) 

 

The physical properties based off from NIST WebBook water data (“NIST Chemistry 

WebBook”, 2008).  In the Appendix B, the values are approximated to a function of 

temperature. There are instructions to approximate values for propylene glycol (“Propylene 

Glycol based Heat-Transfer Fluids”, 2005).   

 

sT is the surface temperature of the fluid. T∞ is the temperature away from the surface. 

 

Figure A.3) The Solar Irradiance, I 
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The solar irradiance, I, heats the surface fluid causing a low density section. The bulk fluid shifts 

to push the low density above the cool liquid. At the lower surface end, the heated fluid 

experiences the most force due to the density gradients. The gravitational convection increases at 

the lower end as more channels are connected. 

 

hL is approximated to be 0.5" 0.0147
cos30

m= . 

 

Obtained from Table B.1 and Table B.2, the first channel has a surface temperature, HoT , of 41oC 

and regional temperature, CoT , of 24.1 oC.  

 

At 41oC: 

 ( )( ) 50.7522 41 7.9224 10β −= + ×  = 4 13.88 10
K

−×  

( ) ( )( )2 80.0183 41 2.7551 41 146.84 10 /1.017cν
−= − + × = 

2
76.455 10 m

s
−×  

( ) ( )2 100.0228 5.7608 1326.7 10 / 0.935 1.017T Tα −= − + + × ⋅ = 
2

71.588 10 m
s

−×  

( )( )34
2

2 2
7 7

19.81 3.88 10 41 24.1 0.0147
1213382

6.455 10 1.588 10

o o

L

m C C m
s KRa

m m
s s

−

− −

⋅ × ⋅ −
= =

× ⋅ ×
 

 

A large Ra number shows significant buoyancy force compared to thermal and momentum 

diffusivity. Fluid flow would also provide some convection. 
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Re vdρ
μ

=  (10) 

 

Since the flow through the channel was not a plug flow, a small change was made. 

Vvd
w

=
&

 (11) 

 

The fluid flows to the channel width, w, of 2.75” then flows upward.  

5 3 2
56.308 10 / 7.526 10

0.8382
V m s m
w m s

−
−×

= = ×
&

 

 

At 41oC: 

( ) ( )( )20.00366 41 0.08436 41 1001.4 1.017ρ = − − + ⋅  = 31008.6 /kg m   

( ) ( )( )2 60.1837 41 27.758 41 1470.5 10μ −= − + × = ( )46.4 10 /kg m s−× ⋅  

( )
3 5 3

4

1008.6 / 6.309 10 /Re 118.1
6.4 10 / 0.8382

kg m m s
kg m s m

−

−

×
= =

× ⋅
 

 

By comparing the values of Gr and Re, the fluid condition informs whether free or forced 

convection was dominant. 

2Free convection / Re 1L LGr→  (12) 

2Forced convection / Re 1L LGr→  (13) 

487760
Pr
RaGr Raα

ν
= = =  

2 2/ Re 487760 /118.1 34.85L LGr = =  
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After calculating Ra, Nusselt number can be determined. 

 1/4 5 100.27 10 10L L LNu Ra Ra   (Sen, 2010) (14) 

L
LNu h
k

  (15) 

0.5" 0.0823
cos cos30

hL m


     

 

k is the thermal conductivity at 41oC, obtained from Appendix B. 

    2 51.0605 41 224.95 41 55761 10 0.632k W m K        

s

q h T
A

   (16) 

21347
s

q W
A m


 

 

Since the calculated energy absorbance was higher than the solar energy input, the determined 

heat flux validates that the diffused heat was absorbed into the coolant.  

 

 

Designing the helical coil and tank dimensions 

Helical coil tube was used for their efficient heat transfer. Modeling heat transfer in helical coil 

was complicated due to the fluid motion and thermodynamics inside the tubes. Without any 

temperature profile data, the best estimation would rely on the fluid flow within the helical tubes. 
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Figure A.4) Diagram of the Helical Coil 

 

Pitch, p, is the parallel distance between the coils. di and do are the inside and outer diameter of 

the helical tube. Helical coil diameter is Dh. Helical coil is placed in a Tank with a diameter of C. 

 

The helical coil and tank dimensions are based on a mechanical engineering report (Patil, 

Shende, and Ghosh, 1982).   

 

( )2 2
oL N d pπ= +  (17) 

2

4c oV d Lπ
=

 (18) 

( )2 2

4aV C B pNπ
= −

 (19) 
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f a cV V V   (20) 

4 f
e

o

V
D

d L


 (21) 

 

For Re between 50 – 10,000, 

0.5 0.31/ 0.6 Re Pro eh D k Nu   (22) 

 

For Re greater than 10,000, 

 0.140.55 1/30.36 Re Pr / wNu    (23) 

o
e

Nuh k
D


 (24) 

    / 1 3.5 /io ic o Hh h D d D D   (25) 

1/3Pri H
kh j
D

  (26) 

1 1 1
t a

o io c

x R R
U h h k

    
 (27) 

s lmcQ UA T   (28) 

0.99lmc lmT T    (29) 

 

Calculate the required surface area for the heat transfer, and then determine the number of turns. 

lmcA Q U T   (30) 

  T oN A d L N  (31) 
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For an easier tank design, B is set to 0. Inputting fV and L into eD  gives 

( )
( ) ( )

22 2 2 2

2 22 2

o o
e o

o o o o

pC d d p pCD d
d d p d d p

π

π π

− +
= = −

+ +
 

 

For a higher oh , od and p were set to 0.01 m. With pipe thickness of 0.001 m, id equals to 0.008 

m. 

Re o

T

QL
Aν

=
 (32) 

2
TA C π=  (33) 

Q m ρ= &  (34) 

o
VL
A

=
 (35) 

 

Kinematic viscosity, thermal diffusivity, thermal conductivity and density equations are given in 

Appendix B. 

 

With cooling water coming in at 20oC,  

( ) ( )( )2 8 7 20.0183 20 2.7551 20 146.84 10 9.906 10 m sν − −= − + × = × , 

( ) ( )( )2 10 7 20.0228 20 5.7608 20 1326.7 10 1.433 10 m sα − −= − + + × = ×  

, ( ) ( )( )2 51.0605 20 224.95 20 55761 10 0.598k W m K−= − + + × = ⋅ , 
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( ) ( )2 30.00366 20 0.08436 20 1001.4 998.2kg mρ = − − + = . 

 

With tank dimensions of C at 0.4 m, V  at 1 m3, and m& at 2 kg/s, 

32 998.2 0.002Q m s= =  

( )( )22 11 0.4 3.96oL A mπ −= =  

Re 8005=  

Pr 6.91=  

0.5 0.310.6 8005 6.91 97.75Nu = ⋅ =  

( )

2

2 2

0.01 0.4 0.01 0.1355
0.01 0.01 0.01

De
π

⋅
= − =

⋅ +
 

431.66oh =  

 

Coolant Fluid: 

Using equations SG and CP, and Appendix B equations, the following values were found at 

68.4oC, 

( ) ( )( )2 8 7 20.0183 68.4 2.7551 68.4 146.84 10 /1.017 4.327 10 m sν − −= − + × = ×  

( ) ( )( ) ( )2 10 7 20.0228 68.4 5.7608 68.4 1326.7 10 / 0.935 1.017 1.726 10 m sα − −= − + + × ⋅ = ×  

( ) ( )( )2 51.0605 68.4 224.95 68.4 55761 10 0.662k W m K−= − + + × = ⋅  

( ) ( )( )2 30.00366 68.4 0.08436 68.4 1001.4 1.017 995.1kg mρ = − − + ⋅ = . 

5 3 5 32 6.305 10 12.61 10V m s m s− −= ⋅ × = ×&  
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Re 11594.6=  

 

At high turbulence, jH required and determined from Figure B.9 in Appendix B, 

60Hj =  

Pr 2.51=  

25826io
Wh

m K
=  

For a copper helical tube, ck is 400 W/mK 

0.001
400c

x
k

=  

For the system, 
2

0.00018t
m KR
W

= , 
2

0.00053a
m KR
W

= (“Typical Fouling Factors”, 2010), 

2306.85 WU
m K

=  

 

Temperature of heated water: 

water water water coolant coolant coolantm Cp T m Cp TΔ = Δ& &  (36) 

At solar energy of 1000W/m2, 21778 J kg was needed to heat the coolant from 24.1oC to 

68.45oC. With an inlet water temperature of 20oC, outlet water temperature was 22.6oC. 

( ) ( )( )
( ) ( )( )
68.45 24.1 22.6 20

14.72
ln 68.45 24.1 22.6 20lmT K

− − −
Δ = =

− −
 

0.99 14.58lmc lmT T KΔ = ⋅Δ =  
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After calculating the corrected log mean temperature difference, the required surface and number 

of coil turns with the following equation: 

s lmcQ UA T= Δ  (37) 

25.31sA m=  

156TN =  

 

Solar Power Generation: 

 

Figure A.5) Solar Panel Power Data 

(“ET Module: ET-P672”, no date) 

 

The following equations are obtained from Figure A.5: 

( ) 3 50%
28 7

P IR IR= −  (38) 
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( )% .46 111.5oP C T= − +  (39) 

 

Each solar panel has a peak power = 260 W 

( ) ( )% % o
peakPower P IR P C P= ⋅ ⋅  (40) 

 

At a solar energy of 400 W/m2, the first solar panel heats the coolant to 33.07oC. 

( ) ( )% 400 % 33.07 260 86Power P P W= ⋅ ⋅ =  

 

The results are show on Appendix B. 
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Appendix B) Tables and Figures 
 

Compilation of Trend Lines Fits from Graphs: 

Thermal Conductivity (W/m*K) 
( )2 51.0605 224.95 55761 10k T T −= − + + ×  

 
Density (kg/m3) 

20.00366 0.08436 1001.4T Tρ = − − +  
 
Heat Capacity (J/kg K) 

( )3 2 30.1515 30.974 1662.4 4205960 10Cp T T T −= − + − + ×  
 
Dynamic Viscosity (Pa s) 

( )2 60.1837 27.758 1470.5 10T Tμ −= − + ×  
 
Volume (m3/kg) 

( )2 80.3879 7.3513 99871 10V T T −= + + ×  
 
Thermal Diffusivity 

( )2 100.0228 5.7608 1326.7 10T Tα −= − + + ×  
 
Kinematic Viscosity 

( )2 80.0183 2.7551 146.84 10T Tν −= − + ×  
 
Thermal Expansion Coefficient 

( ) 50.7522 7.9224 10Tβ −= + ×  
 
These values are for pure water, for the coolant: 

1.017coolant waterρ ρ=  
1.017coolant waterν ν=  

0.935coolant waterCp Cp=  
( )0.935 1.017coolant waterα α= ⋅  
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Figure B.1) Thermal Conductivity of Heat Rejection Fluid 

 

 

Figure B.2) Density of Heat Rejection Fluid and Optical Sciences Water 
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Figure B.3) Heat Capacity of Heat Rejection Fluid and Optical Science Water 

 

 

Figure B.4) Dynamic Viscosity of Heat Rejection Fluid and Optical Science Water 
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Figure B.5) Volume of Heat Rejection Fluid and Optical Sciences Water 

 

 

Figure B.6) Thermal Diffusivity of Heat Rejection Fluid and Optical Sciences Water 
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Figure B.7) Kinetmatic Viscosity of Heat Rejection Fluid and Optical Sciences Water 

 

 

Figure B.8) Thermal Expansion Coefficient of the Heat Rejection Fluid 
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Table B.1) Intel Temperature of Each Solar Panel in a Row 

  Solar Energy 
  400 800 1000 

Solar Panel 1 24.1 24.1 24.1 
 2 26.22 27.83 29.47 
 3 28.34 31.57 34.88 
 4 30.46 35.33 40.34 
 5 32.59 39.11 45.84 
 6 34.73 42.91 51.40 
 7 36.87 46.74 57.01 
 8 39.02 50.58 62.70 
 Outlet 41.17 54.46 68.45 

 

 

Table B.2) Surface Temperature of Each Solar Panel in Row 

 
  Solar Energy 
  400 800 1000 

Solar Panel 1 41.05 53.95 67.11 
 2 43.20 57.78 72.79 
 3 45.35 61.67 74.53 
 4 47.52 65.60 75.39 
 5 49.69 69.54 75.32 
 6 51.87 73.52 75.36 
 7 54.05 74.53 75.54 
 8 56.24 74.58 75.79 
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Table B.3) Total Energy Output of the Solar Panels 

  Power (W)  Units 
Solar Energy: 400 800 1000 W/m2

Solar Panel #     
1 86.00 177.08 209.63 W 
2 85.08 173.48 202.85 W 
3 84.16 169.82 195.98 W 
4 83.24 166.13 188.98 W 
5 82.31 162.43 181.88 W 
6 81.38 158.69 174.66 W 
7 80.45 154.92 167.30 W 
8 79.51 151.12 159.79 W 

Total output 662.14 1313.7 1481.1 W 
 0.66214 1.3137 1.4811 kW 
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Figure B.9) Colburn Factor vs. Reynolds Number 
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Appendix C) Excel Spreadsheets 
 

 

 

<<<See following documents>>> 

1. Energy Generation 

2. Stream Table 

3. Old Report 

 



Max 	 cold water flow 
W/m2 Solar energy 400 800 1000 mass flow 2 'qfjs 


C Temp in 24.1 24.1 24.1 

C Temp out 41.17 54.46 68.45 

W 4243 7550 11039 


kWh Energy 0.250 0.445 0.650 


powerW 
dimensions of helical coil and tank 
Hellical coil Tank Volume solar energy 400 800 1000 W/m2 
do 0.01 m 1 m3 channel 92.61847 190.7033 225.7597 
di 0.008 m length 1.989437 m 2 91.62919 186.8219 218.4488 
p 0.01 m inside diametel 0.4 m 3 90.63704 182.8874 211.0536 

N 156 optimized for 4 89.64186 178.9127 203.5116 
H 1.568101 m water coolant 5 88.64349 174.9231 195.8686 
Dh 0.35 m Tin 20 68 6 87.64176 170.8997 188.0922 

tout 22.57722 24.1 7 86.63648 166.8398 180.1682 
8 85.62999 162.741 172.0803 

TotaloutPl 	 713.0783 1414.729 1594.983 W 
0.713078 1.414729 1.594983 kW 

i 
I 

f-
I c 

http://gandipsbiO.com/Articles/Papers!3_HelicaLCoiLHeatlG20Exgr_1982.pdf 

http://gandipsbiO.com/Articles/Papers!3_HelicaLCoiLHeatlG20Exgr_1982.pdf


4 

2 

3 

water 

5 

residence time 
Coolant water 

6 solar panel he.t sink heat sink 
min time 3.534719594 2.922129 8.31874 

units 

stream 2 3 4 5 6 

fJ"'SSUre atm 1 1 1 1 
temperature C 68.45 24.1 24.1 24.1 20 22.57 
mass velocity legis 0.125517 0.125517 0.125517 0.125517 2 2 



• • 

• • 

J 
o 

Electricity Costs Hot Water Costs 	 Assume 70% natural gas boiler efficiency \YJ 
average elec. Cost In 2008: Average natural gas cost In 2008 $ltherm 

$ 0.077405 $IkWh 1.515631853 $ltherm Jan-08 1.499953109 

In 2008: In 2008: Feb-08 1.45026973 


1,902,788.50 kWh/yr for Harshbarger Mar-08 1.38665632 

$147,285.37 $/yr gallhr Apr-08 1.50346214 


4415580 gal/yr heated water May-08 1.532482827 

If we Inltall the PV IYltem w/o cooling 16714918.42 kg/yr Jun-08 1.716507983 


18,220.80 kWh/yr In energy production hot water temp 140 F Jul-08 1.736794644 

1 ,884,567.70 kWh/yr used 60 C Aug-08 1 .565164088 

$145,874.99 $/yr starting temp 25 C Sep-08 1 .644943428 


delta T 35 C Oct-08 1.368151292 

Savlnga: a required 3.1803E+12 J/yr Assume 70% natural gas boiler efficiency Nov-08 1.363422216 


1,410.38 $/yr In savings 2.78E-04 Wh/J Dec-08 1.419774461 
8.83E+08 Wh/yr 
8.83E +05 kWh/yr average cost In 2008: 29.3 kWhltherm 

If we add the PV cooling Iystem $45,701.12 $/yr 1.515831853 $Ilherm 29300 
24,294.40 kWh/yr In energy production 

1,878,494.10 kWh/yr used With hot water system: 0.05172805 $/kWh 
$145,404.88 $/yr new starting T 52 C 


hot water temp 80 C 

Savings: delta T 8 C 


$1,880.51 $/yr In savings from electricity a required 7.26928E+11 J/yr Once again allume 70% 

2.78E-04 Wh/J 


$470.13 $/yr difference In adding cooling system 2.02E+08 Wh/yr 

2.02E+05 kWh/yr 


$10,445.97 $/yr 


a saved with system: 6.82E+05 kWh/yr 
Savings from hot water: $35,255.15 $/yr allumlng 100% maximum capacity 10% $3,525.52 
Fudge factor 0.5 20% $7,051.03 

$17,827.56 $/yaar assuming 50% operation 	 30% $10,576.55 
$5,875.86 conservative estimate 	 40% $14,102.06 

50% $17,627.58 
60% $21,153.09 

i Cost savlngs 	 70% $24,678.61 
80% $28,204.12 


Total savings per year from this system $40,000.00 90% $31,729.64 

. $35,000.00$18,097.70 $/year from combined PV efficiency and hot water generation 	 100% $35,255.15 
~ $30,000.00 	 .. 

$25,000.00 ..t f $20,000.00 • • 
$15,000.00 .. .. Cost savIngs! 	 I ..$10,000.00 

$5,000.00 

$0.00 
~ 0% 20% 40% 60% 80% 100%--o Efficiency Foetor 

http:5,000.00
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http:15,000.00
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_costrM 

Vollmo 01 ....... ill syWm 
F_ 
cIemiIy 01_ 1000 I<!)Im3 mlOft 32808 

$20.000.00 intom 0.0254 
$11,714.03 ftlom 0._ 

$1.987.42 ft21Om2 0.092905 
IbslOkg 0.453593

IengIII 0I1\lbing per _ _ 328.08 II :!::::,100m 
10 0I1\lbing 0.68 ill 
.......__0I1\lbing 0.011V'21l3S m "7,...761.45 

0.0002343Il;1 m2 	 $1.42 
_ 0I1\lbing per_ __insyAMI 	 0.023430ZIII m3 $39.261.45 

0.468604555 m3 2.'_'632
IOtaIfiIod_"""", _.6045653 kg 
syAMI--- 30 minmass_ 1800 • 

0.26033586<1 kg/s 

cost per panel 

AsoI.wne IIIi$ " .. COOl, SinCe I 

,,""''''' - purposecost 01 F"II panels 

IOtaIIengIII 
cost 0I_1\lbingcostol_per__ 
_ 01 __• 

__cost 
fillings cost 

wloI_ 
wi 0I_1\lbing per sink 
wi oI_in entiresyAMI 

Aluminum 
IengIII_01_-
cost perft2 -- cost perm2 
IIwge_SA
cost per IIwge _ 
_ 0I1Iwge_ 

_1Iwge sheet cost per sink 
SA 01 smaII_costper __ 
_ 01 ....... _ 

_ ....... sheet cost per sink 
__costper_ __cost 

_0I1Iwge_ 
__01__oIsmaII_ 

mass 01_ per_ 
_massol_ 

500 $ 

$20.000.00 $ 

50 

2m 


6.5616 II 

328.08 11 per _ sink 

1.n $III baseOon!;J1lingefprices
580.1'016 $per __ 

20 
100 $ 


$11,114.1)3 $ 

0.3_ 


98.424\1>$ 

1_.4131bs 


892.8885104 kg 

2m 
2m 

0.OHI050038 m 
0.1)09525019 m 

1312 $1112 
12.18911529 $1m2 

4m2 
413.75610115 $ perllwge_ 

2 
97.513<4023 $ 

0.038100071> m2 
0.4&4408507 $ 

4 
1.85763<4029 $ 
99.3710:\632 $ 

$1.987,42 $ 

27 g/cm:l 
2700 kg1m3 

0.038100076 m3 
0.1lOO362904 m3 
0.0Tl651768 m3 
209669n42 kg 
4193.195483 kg 

211 kg per panel 

40 


1120 kg 

0.3 m2 

12 m2 


~-

r 

6206.084054 kg 
6674.688609 kg 
5450._7"" 
0.053797145 _ 

0.7'iiCl6Q284 psi 
65411.94837 N 

Total cost 01 __per sink 
580.0726363 $ 

Max _0tIIJU 30000 w 
COSlolirM!!1er $4.500.00 $ 
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average solar insolation 960 J/m2 s 2.78E-Q7 Kwh/J 
SA of entire system 
Wattage hitting system 
seconds in 8 hours 
energy hitting system 

Assumed energy dissipation 
Energy available for heating 

80 m2 
76800 J/s 
28800 s 

2211840000 J/day 
2211840.00 kJ/day 

0.3 
7372800 kJ/day 

r 


http:2211840.00
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Appendix D) Overall Mass Balance 
 

For all processes, mass is conserved. 

in outm m=& &  

 

Water: 

Stream 5 = Stream 6 

2 kg H2O = 2 kg H2O 

 

Heat Rejection Fluid: 

Stream 1 = Stream 2 = Stream 3 = Stream 4 

0.13 kg/s = 0.13 kg/s = 0.13 kg/s = 0.13 kg/s 
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Page 82 of 4 HazardReview LEADER 

Company: University of Arizona 

 

Plant: University of Arizona- Spring 
2010 Chemical Engineering 
Department 

Site: Building 11 Rooftop Unit: Solar Co-Generation System System:  

Method: What-if Type: Solar heat sink Design Intent: Capture excess heat from PV panels transferred to heat transfer fluid 

Number:  

Team Members: Paul Rheinheimer, Michael Hwang, Mark Sholin, Hua Jiang 

 
No.: 1 Description: [S-101] Solar Photovoltaic Panels attached with heat sink 

 

Item What if...? Root Causes/Related Questions Consequences Safeguards Action Items 

1.1 What if there is a short 
circuit in the system? 

Water exposure to electrical unit; 

Physical disruption of the circuit 

No electricity generation; 

Exposed conductive surfaces; 

Personnel electric shock 

Short-circuit nearby equipment 

Electrical insulation; 

Circuit breaks; 

Emergency shut-off on inverters; 

Specify GFCI near surface areas 

Rec. 1: Consider electrical 
insulation 

Rec. 2: Consider circuit 
breakers 

Rec. 3: emergency shut-off 
GFCI circuit. 

1.2 What if the system leaks? Environmental wear on the system; 

Overpressure upstream; 

Silicone erosion; 

Weld failure; 

Water/propylene glycol on rooftop; 

Possible leaching into the building; 

Personnel toxicity or inhalation 

Seals on critical parts; 

Specify biweekly maintenance; 

Run-off system on roof 

Specify safety alarm 

Rec. 1: Order biweekly 
maintenance.   

Rec. 2: Consider seals on 
critical parts 

Rec. 3: Consider a run-off 
system on the rooftop 

Rec. 4: Consider safety 
alarm. 

1.3 What if there is a 
structural collapse or 
failure of the system? 

System is too heavy; 

Environmental wear; 

Building or support fatigue; 

Thermal expansion of support 

Roof collapse; 

Solar panel destruction; 

Possible cause for 1.1 & 1.2 

Physical harm to humans 

Reinforce roof; 

Specify struts on racking; 

Specify roof inspections 

Rec. 1: Consider additional 
support columns. 

Rec. 2: Consider additional 
struts for the racking.   

1.4 What if personnel are 
exposed to surface 
temperatures above 150 
oF? 

PV panel temperature too high; 

Skin contact on panel 

Moderate to severe burns 

Skin damage to humans 

Specify proper training 

Minimize contact with panels; 

Specify insulation to capture heat 

PPE – heat resistant gloves and 
smocks, googles 

Rec. 1: Consider purchasing 
appropriate PPE. 

Rec. 2: Consider additional 
insulation. 

Rec. 3: Consider training 
sessions.   
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Page 83 of 4 HazardReview LEADER 

Company: University of Arizona 

 

Plant: University of Arizona- Spring 
2010 Chemical Engineering 
Department 

Site: Building 11 Rooftop Unit: Solar Co-Generation System System:  

Method: What-if Type: Closed Loop / DW Heat Exchanger Design Intent: Transfers heat from thermal fluid to domestic water supply 

Number:  

Team Members: Paul Rheinheimer, Michael Hwang, Mark Sholin, Hua Jiang 

 
No.: 2 Description: [H-101] Closed loop heat exchanger 

 

Item What if...? Root Causes/Related Questions Consequences Safeguards Action Items 

2.1 What if a rupture occurs in 
the heat exchanger? 

Environmental corrosion; 

Upstream overpressure; 

Thermal degradation from heat 

Leakage of heat transfer fluid and 
water; 

Contamination of domestic water; 

Human ingestion health hazard 

Seal critical areas; 

Specify run-off or collecting system; 

Specify control valve; 

Specify emergency shutoff 

Rec. 1: Consider sealing 
critical areas. 

Rec. 2: Consider run-off.  

Rec. 3: Consider control 
valve.  

Rec. 4: Consider emergency 
shutoff. 

2.2 What if personnel are 
exposed to surface 
temperatures above 150 
oF? 

Surface temperature gets too high Moderate to severe burns 

Skin damage to humans 

PPE - heat resistant gloves and 
smocks, googles 

Avoid touching HEX; 

Consider emergency shutoff 

Rec. 1: Consider emergency 
shutoff 

Rec. 2: Consider purchasing 
appropriate PPE. 

2.3 What if the system is 
holding too much back 
pressure? 

Excessive flowrate; 

Temperature increases too high; 

Pressure relief failure 

Possible rupture or damage; 

Leakage; 

Refer to 2.1 & 2.2 

Specify pressure meter; 

Specify pressure release valve; 

Rec. 1: Consider installing a 
pressure meter. 

Rec. 2: Consider pressure 
release valve. 

 
 



Cogeneration Heat Sink for Photovoltaic Panels       84 

 

Page 84 of 4 HazardReview LEADER 

Company: University of Arizona 

 

Plant: University of Arizona- Spring 
2010 Chemical Engineering 
Department 

Site: Building 11 Rooftop Unit: Solar Co-Generation System System:  

Method: What-if Type: Pump Design Intent: Moves the heat transfer fluid in the closed loop from the PV panels to HEX 

Number:  

Team Members: Paul Rheinheimer, Michael Hwang, Mark Sholin, Hua Jiang 

 
No.: 3 Description: [P-101] Pump 

 

Item What if...? Root Causes/Related Questions Consequences Safeguards Action Items 

3.1 What if the internal motor 
breaks down? 

Overuse; 

Normal wear and tear; 

No flow in the system; 

Leaks in nearby areas; 

Human skin contact to fluid; 

Specify run-off or collecting system; 

Specify appropriate flowrate 

Rec. 1: Consider ordering 
biweekly maintenance. 

Rec. 2: Consider instructions 
for flowrates. 

3.2 What if there is a rupture 
in the pump? 

Rupture in the piping or pump; Leaks in nearby areas; 

Human skin contact to fluid; 

No flow in the system; 

Use the trenches as run-off; 

Seal critical areas 

Rec. 1: Consider reinforcing 
critical areas with sealants.   

3.3 What if the pump short-
circuits or has an exposed 
wire? 

Thermal degradation;  

Contact with fluid 

Pump breaks; 

Electric shock 

Specify insulation; 

Specify biweekly maintenance 

Rec. 1: Consider adding 
insulation.  

Rec. 2: Consider ordering 
biweekly maintenance. 

3.4 What if the pump gets 
clogged? 

Liquid is too viscous; 

Mineral buildup; 

Contamination of fluid 

Physical damage to the pump; 

Leaks in nearby areas; 

Human skin contact to fluid; 

Specify biweekly maintenance; 

Specify deionized water; 

Specify appropriate fluids 

Rec. 1: Consider mandate to 
use dionized water and 
propylene glycol only.  

Rec. 2: Consider ordering 
biweekly maintenance. 
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Page 85 of 4 HazardReview LEADER 

 
No.: 4 Description: Utilities and plant services 

 

Item What if...? Root Causes/Related Questions Consequences Safeguards Action Items 

4.1 What if electric power 
were lost momentarily or 
longer? 

Circuit shortage; 

Power outage 

Pump stops working; 

Fluids are static in the piping; 

PV panels are decreased in efficiency; 

Hot water generation stops 

Specify backup power source; 

Specify automatic system shut-off 

Rec. 1: Consider installing a 
backup power source.  

Rec. 2: Consider automatic 
system shut-off.   

4.2 What if the control system 
(DCS, PLC, etc.) were lost? 

Someone stole it; 

Electricity went out; 

System may defer from steady state; 

Excessive or too little water; 

Breakage of pump, valve, or heat 
exchanger 

Refer to No 1, 2, & 3 

Specify backup control system; 

Specify guard on the system; 

Rec. 1: Consider backup 
control system. 

Rec. 2: Consider guard on 
the system. 

4.3 What if plant air were lost? Ventilation failed Difficulty in breathing indoors; 

Suffocation of personnel 

No blockage on ventilation; 

Specify backup system 

Rec. 1: Consider checking to 
ensure no physical objects 
block ventilation 

Rec. 2: Consider installing a 
backup system. 

4.4 What if cooling water were 
lost? 

Water shortage; 

Water was diverted; 

System leakage 

PV panel temperature increase; 

Decrease efficiency of PV panels 

Increase energy requirement of heat 
generation 

Specify storage tank of cooling water; 

Specify alterative source of cooling 
water 

Rec. 1: Consider having a 
storage tank filled with 
additional cooling water. 

4.5 What if fire suppression 
(water, carbon dioxide, 
Halon, etc.) were lost? 

It was stolen; 

It is inaccessible; 

It was used previously 

Fire hazard increases; 

Destruction of physical property; 

Destruction of equipment 

Specify fire suppression locations 

Disperse fire suppression units 

Rec. 1: Consider mapping 
locations of nearby fire 
suppression. 

4.6 What if there were 
inadequate drainage? 

Poor installation; 

Drainage failed 

Propylene glycol / water leakage; 

Personnel toxicity 

Flooding of indoors 

Specify storage tank for leaks; 

Specify backup draining into another 
source 

Rec. 1: Consider installing a 
storage tank and backup 
draining. 

4.7 What if nighttime lighting 
were lost? 

Power shortages; 

Short circuit 

Difficulty in visuals 

Physical damage to personnel 

Specify backup lighting system; 

Shut down and wait until morning to 
fix problems 

Rec. 1: Consider installing 
backup lighting.   

4.8 Plant people and 
contractors are not 
adequately trained? 

Budget cuts; 

Language barriers; 

Poor training programs 

Poor installation; 

System malfunction or breakage; 

Poor maintenance 

Refer to 1, 2, & 3 

Oversee training and installation; 

Specify system checks 

Ensure proper training and budget 

Rec. 1: Consider proper 
training for all contractors.   
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Appendix F) Web Printout 
 

 

 

<<<See following documents>>> 

1) ET Module – ET-P672 Specifications Sheet 

2) Permatex – Black Silicone Adhesive Sealant Technical Data Sheet 

3) United States Representative Gabrielle Giffords present “Solar Power for the Home: 

Getting Started” 
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ET MODULE Poly 

ET-P672280 280Wp 

ET-P672275 27SWp 

ET-P672270 270Wp 

ET-P672265 26SWp 

ET-P672260 260Wp 

ET-P672255 2SSWp 

lEe 61215 Ed.2 c@us 
lEe 61730 ~TED C€

3RVD 

SPECIFICATIONS 

Model type eT-P672280 ET-P672275 ET·P672270 ET-P67226S eT-P672260 eT-P672255 

Peak power (Pmax) 280W 275W 270W 265W 260W 255W 
Cell type 156mm x 156mm 

Number of cells n cells In series 

Weight 22.86 kg (50.4 Ibs) 
Dimensions 1956><992><50 mm (77)<39.1><1.97 Inch) 

Cell Efficiency 16.47% 16.18% 15.89% 15.59% 15.30% 15.00% 

Module Efficiency 14.43% 14.17% 13.92% 13.66% 13.40% 12.14% 

Maximum power voltage (Vmp) 36.nV 36. nv 36.40V 36.40V 36.00V 35.20V 
Maximum power current (Imp) 7.63A 7,49A 7.42A 7.28A 7.23A 7.23A 
Open circuit voltage (Voc) 43.78V 43.78V 43.63V 43.63V 43.49V 43.88V 
Short circuit current (Isc) 7.98A 7.96A 7.90A 7.90A 7.79A 7.85A 
Power Tolerance -1 to +3% 

Maximum system voltage DC 1000V 
Temp. Coeff. of Isc (TK Isc) 0.065 %/'e 
Temp. Coeff. of Voc (TK Voc) -0.346 %/'e 
Temp. Coeff. of Pmax (TK Pmax) -0.46 %/'C 
Norm211 Operating Cell Temperature 45.3:i:2'C 
Series fuse rating CA) 12A 
Number of bypllSs diode 3 cA 
Max Load 2400Pascals ( 50Ib/ftl ) ~' 

Nota: the opeclfleetlon. ara obtained under the Standard Telt Condltlonl (STC.): 1000 W/m' .olar Irradlanee, 1.5 Air Maso, and cell temperature of 2S t. 

The NOCT II obtained under the Telt Condltlono : 800 w/m', 20'C ambient tamperature, 1 mi. wind speed, AM 1,5 spectrum, 0' 

Please contact for technical support. 

The parameters may be changed without notice due to product Improvement. 

http:77)<39.1><1.97


ET Module 
ET-P672280 ET-P672275 ET-P672270 ET-P672265 ET-P672260 ET-P672255 
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c.1:o,ar 

• Headquarters (ET Solar Asia) 
Nanjlng 
Add: 24F, A2 World Trade Center Mansion, 

67 Shanxi RD, Nanjlng 210009, China 

Talzhou 
Add: 97 Jiangzhou South RD, Talzhou 225300, China 

Tel: +86 25 8689 8098 

Fax: +86 25 8689 8097 

E-mail: sales@etsolar.com 

• ET Solar Korea 
Add: B-605,Ssangyong IT Twin Tower, 442-5, 


Sangdaewon-Dong, Jungwon-Gu, Seongnam City, 


GyunSSI-Do, 462-72.3, Korea. 


Tel: +82 31 732 4131 


Fax: +82 31 732 4132 


E-mail: sales@etsolar.com 


'P~~rr 

~--

• ET Solar Europe 
Add: 1m Munich City Tower, 

Landsberserstr. 110-114, D-80339, 

Munich, Germany 

Tel: +49 B9 5009405-0 

Fax: +49 89 500 9405-99 

E-mail: sales@etsolar.de 

• Italv Office 
Add: Via Boezl0 6, 00193 Roma, Italy 

Tel: +390632803428 

Fax:+ 390632803400 

E-mail: sales@etsolar.lt 

• ET Solar USA 
Add: 4900 Hopyard Road, Suite 290, 

Pleasanton, CA 94588, USA 

Tel: +1-(925)-460-9898 

Fax: +1-(925)-460-9929 

E-mail: sales@etsolar.us 

0'\
www.etsolar.com 0-

~ 

http:www.etsolar.com
mailto:sales@etsolar.us
mailto:sales@etsolar.lt
mailto:sales@etsolar.de
mailto:sales@etsolar.com
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Toll Free: fIT PERIIATEX 
(877-376-2839) 

10 Columbus Blvd., Hartford, 
Connecticut 06106 

6875 Parkland Boulevard, Solon 
Ohio 44139 IJennalex: 

PRODUCT DESCRIPTION 
Permatex® Black Silicone Adhesive Sealant (low odor formula) 
is a general purpose, single component, room temperature 
vulcanizing (RTV) compound, designed for the sealing of 
mechanical assemblies. Upon curing from the exposure to 
moisture in the air, this non-sagging paste forms a tough, 
flexible, waterproof seal of silicone rubber, which resists aging, 
weathering and thermal cycling without hardening. shrinking or 
cracking. Note: Not recommended for engine gasketing 
applications. 

PRODUCT BENEFITS 
• 	 Low odor formula 
• 	 Easy application 
• 	 Applied to horizontal or vertical surfaces 
• 	 Superior adhesion and flexibility 
• 	 Waterproofs 
• 	 Insulates 
• 	 Unaffected by vibration 
• 	 Non-flammable 
• 	 Non-toxic 

TYPICAL APPLICATIONS 

Permatei~l Black Silicone Adhesive Sealant is an excellent all

purpose adhesive/sealant for the following materials: 

• 	 Metal 
• 	 Glass 
• 	 Wood 
• 	 Plastic 
• 	 Silicone resin 
• 	 Vulcanized silicone rubber 
• 	 Ceramics 
• 	 Natural and synthetic fibers 
• 	 Painted surfaces 

Bonds, seals. repairs. mends and secures: 
• 	 Weather stripping 
• 	 Windshields 
• 	 Windows 
• 	 Door frames 
• 	 Vinyl tops 
• 	 Housings and covers 

DIRECTIONS FOR USE 
For Assembly 
1. 	 Remove all previous material from mating surfaces. 

Permatex® 
2. 	 For best results. clean and dry all surfaces with a 

residue-free solvent, such as Permatex® Brake and 
Parts Cleaner. 

3. 	 Cut nozzle to desired bead size, 1/16" to 1/4" in 

Technical Data Sheet 

Permatex® Black Silicone 
Adhesive Sealant 

AAM Revised 02109 

diameter. An 1/8" bead is usually sufficient for most 
applications. 

4. 	 Remove cap, puncture tube or cartridge seal and attach 
exlension nozzle. 

5. 	 Apply a continuous and even bead of silicone to one 
surface, as shown below: 

6. 	 Assemble parts immediately while silicone is still wet. 
Secure or tighten as required, avoiding excessive 
squeeze-out. 

7. 	 Re-torque will not be necessary after the product has 
cured. 

For Storage and Cleanup 
1 . 	 Allow excess material to exlend beyond the exlension 

nozzle to cure, sealing and protecting the remaining 
product from moisture. For reuse, simply remove the 
cured product from the tip. 

2. 	 Remove uncured product from parts and hand-tools with 
a dry cloth, if skinned over, break film with a dry cloth to 
remove as much as possible. and remove the remaining 
material with Permatex® Gasket Remover (not on 
painted surfaces) as previously stated. 

3. 	 Clean hands with a dry cloth or Permatex® Fast 
Orange® hand cleaner. 

PROPERTIES OF UNCURED MATERIAL 

Chemical Type 
Appearance 
Odor 
Specific Gravity 
Extrusion rate @ 25°C. (grams/min) 
Flash Point TCC °C eF) 

Typical Value 
Oxime silicone rubber 

Black non-sag paste 


Mild 

1.42 

>250 


>93 (>200) 


NOT FOR PROOOCT SPECFlCATlONS. 

TIlE TEQNCAl DATA CONTAlIEO HEREIN APE INTENDED AS REFERENCE ONLY. 


PlEASE CONTACT PEfNATEX. INC.. TEQNCAl SERIIICE OEPARlUENT FOR ASSISTANCE AN£) ~TlONS FOR 'II)fJR SPECIFIC APPLlCAllON. 

PE_TEX.INC.. HARTFORO SOlIARE NOR1H 10 COLlMlUS IIOtI.EVARO. HARTFORO. GT 06106 PI10NE - (HI7PE_TElQ 




Technical Data Sheet Black Silicone Adhesive Sealant 

TYPICAL CURING PERFORMANCE 
Pennatex® Black Silicone Adhesive Sealant cures on 
exposure to moisture in the air. The product dries tack free in 
1 hour and fully cures in 24 hours. Cure times will vary with 
temperature, humidity and gap. 

PERFORMANCE OF CURED MATERIAL 
After 7 days at 25°C (77"F), 50% Relative Humidity 

Typical Values 
Hardness (Shore A) >18 
Elongation, %' >350 
Tensile Strength, Nlmm2 (psi)" >1.2 

'Material will stretch 3.5 times its original length before breaking. 

,.Amount of force required to break material. 

TYPICAL ENVIRONMENTAL RESISTANCE 
Temperature Resistance Typical Values 

Continuous, °C (OF) -59 to 232 (-75 to 450) 
Intermittent, °C (oF) -59 to 260 (-75 to 500) 

GENERAL INFORMATION 
This product is not recommended for use In pure oxygen 
and/or oxygen rich systems and should not be selected as 
a sealant for chlorine or other strong oxidizing materials. 

For safe handling Information on this product, consult the 
Material Safety Data Sheet, (11505). 

ORDERING INFORMATION 
Part Number Container Size 
81158 (16BR) 3 oz. tube, carded 
81173 (16C) 11 oz. cartridge 

STORAGE 
Products shall be ideally stored in a cool, dry location in 
unopened containers at a temperature between 8° and 28°C 
(46° and ~F) unless otherwise labeled. Optimal storage is at 
the lower haH of this temperature range. To prevent 
contamination of unused product, do not retum any material to 
its original container. 

NOTE 
The data contained herein are furnished for infonnation only 
and are believed to be reliable. We cannot assume 
responsibility for the resuhs obtained by others over whose 
methods we have no control. IlW Perrnatex, Inc. 
specifically disclaims all warranties expressed or implied, 
including warranties of merchantability or fitness for a 
particular purpose, arising from sale or use of IlW 
Perrnatex, Inc. products and disclaims any liability for 
consequential or incidental damages of any kind, 
Including lost profits. This product may be covered by one 
or more United States or foreign patents or patent 
applications. 

Permatex and Fast Orange are trademarks of Illinois Tool Works, Inc. @2009 Permatex, Inc. All rights reserved 
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Appendix G) Meeting Logs 
 

 

<<<See following documents>>> 

1) November 4th, 2009 – Mark Marikos, Facilities Management Water Coordinator 

2) February 9th, 2010 – Dan Parker, Contact for TUV Rheinland 

3) February 11th, 2010 – Doug Myers, Instrument Maker / Designer 

4) February 15th, 2010 – Bill Richardson, CTO of SOLON 

5) February 18th, 2010 – Dr. Gregory Ogden, Faculty Professor 

6) March 1st, 2010 – Dr. Jim Field, Department Head of Chemical Engineering 

7) March 2nd, 2010 – Dr. Gregory Ogden, Faculty Professor 

8) March 2nd, 2010 – Derek Masseth, Senior Director of Infrastructure Services 

9) March 4th, 2010 – Chris Kopach, Assistant Director of Facilities Management 

10) March 10th, 2010 – Dr. Gregory Ogden Faculty Professor 

11) March 23rd, 2010 – Scott Logan, Facilities Management 

12) March 24th, 2010 – Paulus L. Musters, Lab Coordinator at Architecture 

13) March 25th, 2010 – Paulus L. Musters, Lab Coordinator at Architecture 

14) March 27th, 2010 – Torey Ligon, Solar Rock Concert Heart / Coordinator 

15) March 29th, 2010 – Bill Nelson, prez. of GLHN Architects, & Henry Johnston, PE 

16) April 5th, 2010 – Marianne Deutsch, Facilities Management staff 

17) April 17th, 2010 – Matt Adamson, Coordinator of Earth Day at Biosphere 2 
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Appendix H) Documentation 
 
Original Senior Design Report (Mark’s Group), Fall 2009: 
______________________________________________________________________________ 

Harshbarger PV Cooling System Executive Summary 
By: Mark Sholin representing Group 7 

 
Our entire senior design class was tasked with developing a cooling system for a new series of 
photovoltaic panels that are to be placed on top of the Harshbarger building at the University of Arizona.  
The price of the cooling system is limited to $3.00/W, and it is to be compatible with most major PV panel 
brands.  Group 7 has developed a highly effective water cooling system that not only cools the PV panels 
to a more efficient operating temperature, but also captures the waste heat from the PV panels and turns 
it into usable hot water.  In fact, the cost/energy savings from hot water production are an order of 
magnitude greater that the savings from increased electricity generation.  There are no currently 
recognized constraints preventing the manufacture and installation of this combined PV/solar hot water 
system, and it is our group’s hope that this design is selected for production. 
 
Current Electricity and Hot Water Costs: 
In 2008, the university paid an average of 0.077 $/kWh for electricity and 0.052 $/kWh for natural gas.  
During the same year, the Harshbarger building consumed 1.9 million kWh of electricity, which translates 
to over $147,000 in electricity costs alone.  The hot water demand for Harshbarger and the nearby 
student union is also tremendous.  Assuming a conservative estimation of 350 gal/hr of hot water required 
during the day for these buildings, it costs the school $32,000 per year in natural gas for just these 
buildings alone.  There is great potential to save the university large portions of money in utility costs and 
to help make the campus more environmentally sustainable.  This system takes advantage of this 
opportunity in a truly impressive way, and should be implemented as soon as possible.  The details of the 
design are below. 
 
Space Availability: 
Based on roof observations, the ideal location for this system is outside the West attic of the Harshbarger 
building.  There is a 50 ft2 region of empty space available for use.  The inside of the attic is mostly empty, 
leaving sufficient space for all necessary electrical wiring, water pipes, inverter, and pump.  This area is 
also mostly free of shading issues.  The only shading concern comes from the air handling system vent to 
the East.  However, the panel arrangement in this design minimizes shading problems from the vent.  
There are no guard rails bordering the roof, so the panels have to be positioned in such a way as to leave 
at least 6 feet of space between the arrays and roof border to comply with risk management. 
 
Design Overview: 
This system has been designed with the assumption that 40 PV panels will be available for installation at 
some point in the near future, despite the fact that there are only 19 currently available.  This number of 
panels was chosen in order to maximize roof space, eliminate shading obstructions, and comply with risk 
management guidelines.  Although the Harshbarger building is old enough to be classified as a historical 
building, historical constraints do not apply to removable objects.  There are no constraints for the system 
because the arrays can be uninstalled at any time if necessary.  There are four separate PV panel arrays, 
with ten panels per array.  Each array is tilted at a 30° angle pointed towards the South.  This orientation 
allows for maximum sun exposure.  There is a 3 meter separation between each array to ensure that no 
panel shades another at any time.  A diagram will be displayed during the presentation to illustrate this 
description, and it is available for later viewing upon request. 
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Water is used as the thermal collection medium for the cooling system, with the intention of using the 
heated water to offset university natural gas requirements.  In essence, the cooling system has the main 
purpose of capturing solar energy, with a secondary focus on PV panel cooling.  Utilizing the heated 
water, as opposed to just sending it to the sewer, has a tremendous economic/environmental benefit that 
dwarfs the benefit of increased PV panel efficiency alone.  This benefit will be described in great detail 
later on in this summary. 
 
The primary materials of construction of the cooling system are 0.75 in. (outer diameter) copper tubing 
and aluminum sheets.  Aluminum is also used for the support struts.  Corrosion is not an issue with this 
system because the aluminum will not react negatively with environmental conditions.  All surfaces of the 
aluminum shell are insulated with fiberglass except for the interface between the PV panel and heat sink.  
This insulation reduces heat loss between the aluminum and air, thereby increasing the energy available 
for water heating.  Each heat sink is 2 meters long and 2 meters wide, with a thickness of 0.75 in.  These 
dimensions were chosen with the intention to install one heat sink under two PV panels.  The thickness 
was chosen to provide maximum contact between the aluminum shell and copper tubing inside.  Water 
flows through the copper tubing, which is inside the aluminum shell.  There are 50 copper tubing channels 
inside each heat sink to maximize the temperature drop over the entire panel, as opposed to just one 
section.  At the normal production capacity of 350 gallons per hour, the water has a retention time of 4.2 
minutes in each heat sink.  After the water has passed through one heat sink, it enters the next and the 
process starts all over again.  Since there are ten PV panels per array, there are five heat sinks per array.  
With four arrays, there are 20 heat sinks in the entire system. 
 
The system is designed to produce 350 gallons of hot water per hour, and all the calculated numbers are 
based on this system capacity.  However, the pump selected in the design can scale either up or down, 
which allows for production flexibility.  At optimal operating conditions, water comes out of the system at 
54.5 °C, which is near the 60 °C requirement for hot water being produced by conventional means.  The 
retention time of the system is approximately 21 minutes, which is enough time for the water to reach 
steady state temperature conditions.  The heated water is delivered to a storage tank for use by both the 
Harshbarger building and the student union.  A diagram detailing the construction and configuration of the 
heat sinks will be displayed during the presentation, and will be available for further viewing upon request. 
 
System Weight: 
The empty weight of each heat sink is 254 kg.  When filled with water, the weight increases to 
approximately 278 kg.  With 20 heat sinks, the total weight of the cooling system is 5,554 kg.  Assuming a 
weight of 28 kg per PV panel and 40 panels, the weight of the PV system comes out to be 1,120 kg.  
When added together, the total weight of the entire integrated system is 6,675 kg.  Although this seems to 
be a large mass, the weight is distributed over approximately 70 m2 of area.  This translates to a pressure 
increase of 0.14 psi on the roof.  Architects would have to be consulted in order to confirm the weight 
bearing ability of the building, but based on these calculations there should be no issue. 
 
PV Energy Production and Cost Savings: 
Based on specifications provided by Lon Huber from SAGE, the panels being provided have a peak 
wattage rating of 260 W.  With a 40 panel system, the peak wattage rating is 10,400 W.  Of course, the 
peak rating only applies to test conditions and is therefore an idealized value.  If the 40 PV panels were 
installed on the roof without cooling, they can be expected to produce approximately 18,000 kWh per 
year.  Based on 2008 electricity rates, this translates to an energy savings of $1,410 per year.  With the 
cooling system installed, the panel temperatures are expected to drop over 10 °C.  This temperature drop 
will facilitate the PV panels to produce 24,294 kWh per year, which translates to an energy savings of 
$1,880 per year.  As a result, the cooling system saves $470 per year through increased electricity 
production efficiency. 
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Hot Water Energy Production and Cost Savings: 
Although the savings from electricity production may seem impressive at first, the major player in terms of 
economic/environmental returns comes from solar hot water heating.  Assuming a system output of 350 
gallons per hour for 12 hours, this system will produce 258,391 kWh per year of energy through hot water 
generation.  The water will be exiting the system at approximately 54 °C during normal operating 
conditions.  We expect the system to produce energy for 12 hours per day on average throughout the 
year, because the system can still produce heated water even without direct sunlight.  It will only cost the 
university $5,020 per year to heat the water up to 60 °C from 54 °C, as opposed to $32,000 per year 
heating it up from 25 °C.  With the system operating at an average of 12 hours per day, the university can 
expect to save over $13,000 per year in natural gas costs. 
 
Design Benefits: 
There are obvious energy production benefits for this type of system configuration.  However, the benefits 
listed below are meant to demonstrate the superiority of this design over designs proposed by other 
groups. 

• This system does not waste any water or energy, unlike several other proposed designs 
• Simple design allows for a high degree of reliability 
• Modular heat sinks are compatible with PV panels, and there is an easy ability to scale up a 

system to include more PV panels 
• Flexible flow system can produce a variable amount of hot water given changing demand 
• Low maintenance – The only moving part in the system is the single water pump 
• Large thermal mass indirectly reduces the cooling requirement of the inside of the building 

 
System Price: 
Two separate cost analyses have been performed for the system.  The first is for only the cost of the 
cooling components.  The second includes both the cooling components and the PV system.  It is 
important to note that the cooling component cost does not include manufacturing or installation costs, 
because these parameters are too difficult to accurately judge at this time.  After adding the cost of 
aluminum sheets, copper tubing, pump, and tank together, the total price of the cooling system is 
$16,760.  Insulation costs were assumed to be negligible in comparison to the other components.  This 
translates to a $1.61 per watt price increase on the PV system, which falls below the $3.00 per watt 
design constraint.  If the PV panels and inverter were added to the cooling system price, the total price of 
the entire system would be $41,260. 
 
The return on investment (ROI) for this system is outstanding.  The combined PV/solar hot water system 
will save the university $13,836 per year in electricity and natural gas costs.  Consequently, the savings in 
utility costs will make the system pay for itself in just under three years.  Although the cost does not 
include manufacturing or installation, inputting generous labor costs still results in a very fast ROI.  For 
example, if the labor costs totaled $15,000, the system would still pay itself off in four years.  All of the 
components in the system are rated to last at least 15 years without replacement, so the profit potential is 
incredible.  Of course, these savings will only increase as electricity and natural gas rates rise. 
 
Environmental Benefit: 
The economic gains the system can generate are impressive, but the environmental benefits are equally 
impressive.  The PV system offsets over 18.2 tons of carbon dioxide (CO2) emissions per year through 
clean electricity generation.  The solar hot water heating component offsets CO2 emissions by 193.8 tons 
per year.  All told, this system will reduce CO2 emissions by a total of 212 tons per year.  This number is a 
bit vague on its own, so here is some perspective as to how significant this is, courtesy of the EPA.  This 
is equivalent to the CO2 sequestered by 5,436 tree seedlings growing over 10 years, or the energy use of 
20 homes for an entire year.  This is a truly impressive feat for a system placed on a single section of one 
roof. 
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Future Work: 
Despite the great level of detail already considered in this design, there are several issues that still need 
to be resolved before installation can begin.  The major ones are as follows: 

• Determine installation cost 
• Work with architects to confirm weight bearing properties of the roof 
• Resolve piping location and storage tank location issues 
• Work with plumbers to do hot water distribution retrofit into the current setup 
• Determine detailed wiring configuration and inverter size for the system 
• Confirm availability and magnitude of tax incentives from Tucson Electric Power 
• Work on thermal regulator device to shut off flow to the hot water system when the heat sink 

temp is too low to gain any benefit 
• Install a pump timer to work with the thermal regulator device 
• Explore addition of other materials for increased heat conduction 
• Consider adding a sun tracking system to maximize sun exposure 

 
Finishing Notes: 
A complete set of calculations, diagrams, and references is available upon request. 
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Memo to ABOR regarding the Proposed Sustainability Fee: 
______________________________________________________________________________ 
 
 
TO: Arizona Board of Regents 
 
FROM: Chemical Engineering Senior Design Group 
 
DATE: March 8, 2010 
 
RE: Proposed Sustainability Fee 
 
 
As members of senior design group from the Department of Chemical & Environmental 
Engineering at the University of Arizona, we are writing to express our full support for the 
proposed Sustainability Fee.   
 
By the nature of our coursework, our higher education has a strong emphasis in the intricacies 
and complexities of the technical, social, and economic implications of a deteriorating physical 
environment. All too well are we aware of the future that our generations face if the status quo 
remains unaltered.  This week, there is an opportunity for you to stand by students and affirm 
that environmental sustainability is an institutional priority.   
 
With the recent university budget cuts from the state legislature, it is understandable there is 
resistance to an increase of fees.  However, these challenging times only reinforces the 
imperative to support sustainability.  Rising energy costs and increasing water scarcity in 
Arizona threaten to undermine of the long-term success of higher education in Arizona.  Indeed, 
future university students will benefit from decreased utility costs and increased research 
opportunities in sustainability.  
 
It is critically important to the development of the sustainability movement at the University of 
Arizona that this fee passes. We chemical engineers strongly urge the Arizona Board of Regents 
to enact the Sustainability Fee in an effort to increase opportunities for all students, decrease 
expensive utility costs, and create a national model for a sustainable, desert campus.    
 
 
Sincerely, 
 
Michael Hwang    Paul Rheinheimer   Hua Jiang 
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Protocol and Procedure for the Heat Sink Manufacture: 
______________________________________________________________________________ 
 

1) Measure dimensions of the metal racking on the PV panel 
 
2) Mark off exact dimensions from previous measurements on aluminum sheets 
 
3) Mark off an extra 0.5 in border on opposite ends of each sheet, respectively, for bending 

(consider overshooting to make welds easier) 
 
4) Bend sheets at 90o angle in marked areas, fit together to confirm that sheets fit together 

properly 
 
5) Mark off channel locations on bottom sheet.  
 
6) Use spare angle iron from outside Harshbarger to create channels if there is not enough scrap 

from aluminum sheets. Make sure to cut angle iron to proper channel height (0.5 in) 
 
7) Use Permatex® Black Silicone Adhesive Sealant to secure angle iron to bottom aluminum 

sheet. 
 
8) Purchase electrical fittings for inlet and outlet. We need to see if we can get bigger ones so 

we don't have such a large pressure buildup 
 
9) Use press to make inlet and outlet holes. Remember that both holes will be at the top of the 

unit based on the modified channel design 
 
10) Insert fittings and use epoxy to seal them in place 
 
11) Apply epoxy to the tops of the channels, fit the top sheet in place as accurately as possible 
 
12) Weld aluminum sheets together with oxyacetylene torch.  
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ACCESS TO UNIVERSITY BUILDING RESTRICTED AREAS AGREEMENT 

This agreement establishes the conditions and limitations which have been set in policy by The 
University of Arizona on December 3, 1996 for access to University building restricted areas 
(attached). 
The department of Chemical & Environmental Engineering , a University of Arizona entity 
(requesting department), request access to the following area: 

Building Harshbarger 	 Number _---;-____Room _-"Rc=.;o=..:o:..:.ft=o'-"p'--__ 
~o~\'-'Reason for access: __.... ..-"-('---I'=P'_'f<JI:..wt;.=.."--:p r.~'...,J-·f-t:........;C"-'±=----____~____ 


The requesting department agrees to uphold the Access to University Building Restricted Areas 
Policy and to the following requirements: 

1. Room to which access is granted will not be used for storage at any time. 
2. 	 Connections or changes to the campus cable plant will only be made by University 

Telecommunications (Telecom). 
3. 	 Department personnel actions are limited to patch cord changes/connections and the reset, 

restart, replacement, and lor reboot of customer owned equipment. 
4. 	 Installation of any electronic equipment in the room to which access is granted must be 

performed or coordinated by Telecom to assure that configuration records are properly 
updated and construction standards maintained. 

5. 	 No one other than the individual(s) specifically identified below will be allowed access to 
the room. 

6. 	 The expense of any lock or key changes needed for "split-key" arrangements will be the 
responsibility of the requesting department. The expense for correction of any netWork or 
maintenance related equipment problems caused or related to access by department \ 

personnel will be the responsibility of the requesting department. Cost will be the normal 
average rate which may include overtime to bring the network or equipment back to service. 

7. This agreement shall remain in effect until rescinded by Facilities Management. 

INDIVIDUAL(S) TO BE GRANTED ACCESS: 

Name___--=-M=l=·c.:..:h=ae=I-=H..::;.w'-'-=an'"'-'g::o-.._____Title____-""C""h""em=ic::.::a:.!.I...,E~n~g"-!in~e~e~riC!.!nl;>.g..:;,S,-",tu""d""e,,-,n,,,-t_ 

Name Paul Rheinhei"-!.m.."e"-r_____Title.____...::C=h'-"e.:..!m!.:.ic""a::.!.l~E:<!.n~g....,in.:..:e,-"e"",ri'-!.!nc.t:>g..:=S=tu",-,d""e:::.;n'-".-t 

Name___--!.M:.:;a""rC!.:k'-'S:!.!h.!!:o=li....,n'--______Title____-=C""'h=e:..:;.m:..:;.ic=a=I....:E=n""g""in=e=e,,-,ri=n.og...:::S=tu=d::..::e=n:..:;...t 

Name___----!.H~u~a~J!..!;ia~n.!.t;g:>--_______Title____..:::C""h""'e!.!.m'-"ic::.::a:.!.1~E~n~g"'"'in.:..:e'-"e~ri.:..:nl;>.g-"'S~tu""d::.>e"-'n'=_t 

REQUESTING DEPARTMENT: 

~ '""XWl F(e,,~ 
Department Head/Dean (Print) 	 Signature v V 
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Lon Huber Won the Accolades Award on 04.22.2010, Michael Hwang’s Nomination: 
_____________________________________________________________________________ 
1. Provide an example of how the nominee has taken the initiative to create specific academic, 
cultural, or social programs that are successful in his/her particular setting.:  

Lon Huber is the lead of the SAGE Fund aimed to improving Sustainability at the University 
of Arizona. He is actively involved with my chemical engineering senior design group tasked 
at installing a co-generation cooling system to a photovoltaic array to the rooftop of the 
Harshbarger building. His efforts and funding is the cornerstone of the project, and his 
direction provides a key framework for the project to move forward. He sets strict deadlines 
while providing constructive criticism to the project and finding resources of us to utilize 
effectively. This is also only in regards to the chemical engineering design; he is also 
involved with a project with the company called SunDrum to install a solar panel system on 
the dorms. This boost in efficiency not only saves money for the students and university, but 
also establishes a stance at the University of Arizona will not stand by as the environment 
degrades and energy prices rise.  

 
2. How has the nominee provided creative ways to interact with students while collaborating 
with other staff members and academic departments? Provide an example:  

As mentioned above, Lon Huber has exemplified key interaction with students through the 
senior design project. There is close collaboration between several staff members of the 
Department of Chemical & Environmental Engineering along with SAGE fund because of 
Lon. Due to the nature of the project, several other university employees are now involved in 
the project, including Facilities Management and Risk Management & Safety. Dr. Blowers 
and Dr. Ogden have also cooperated closely due to the efforts Lon has shown on the project. 
Additionally, SAGE Fund is composed of several students across various academic fields, 
from biology, engineering, and business. Lon has organized key efforts to boost the image of 
sustainability to the campus.  

 
3. How does the nominee demonstrate the value of diversity within his/her setting?:  

Lon has collected several students from diverse backgrounds to support him in his project 
areas. Various academic backgrounds can be seen through sciences, business, and 
engineering, along with journalism and public policy majors. In addition, many of these 
individuals are of a minority background. Mark Sholin is the lead technical consultant who 
establishes the engineering background of the projects. David Gonzalez also provides 
thorough input with his biology background. Lon has exemplified true diversity by the efforts 
of the organization.  

 
4. Describe how the nominee has been an advocate for students:  

One of the primary motivators of Lon's efforts is the price that students will inevitably pay 
through rising energy costs. The university is currently plagued with energy inefficiencies, 
and rising tuition will be a direct result. Lon Huber has thoroughly advocated that students 
may participate in sustainability projects if desire to help the campus move towards 
environmentalism. Regardless of background, Lon is willing to accept students if they are 
willing to commit time and effort for the cause. Although he may not be well-known, he is a 
key advocate of maintaining lower tuition for students while standing for campus-wide 
sustainability 
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Gas  Rates from Facilities Management, 2009: 
______________________________________________________________________________ 
 

Mar-98 0.320633587 Jan-01 1.74787027 Nov-03 0.720558552 Sep-06 1.743081761
Apr-98 0.338645836 Feb-01 1.499117167 Dec-03 0.770890248 Oct-06 1.384715005

May-98 0.346712523 Mar-01 1.409329699 Jan-04 0.866276171 Nov-06 1.411187953
Jun-98 0.285174681 Apr-01 1.334136706 Feb-04 0.829210482 Dec-06 1.230899587
Jul-98 0.366604386 May-01 0.762954829 Mar-04 0.786263108 Jan-07 1.337605202

Aug-98 0.357482152 Jun-01 0.770969261 Apr-04 0.787243714 Feb-07 1.298415261
Sep-98 0.301640326 Jul-01 0.639783545 May-04 0.860406934 Mar-07 1.169020007
Oct-98 0.2924782 Aug-01 0.685150483 Jun-04 0.865492334 Apr-07 1.260059339
Nov-98 0.310146053 Sep-01 0.695953939 Jul-04 0.944265356 May-07 1.432354592
Dec-98 0.306011117 Oct-01 0.696812503 Aug-04 1.022744875 Jun-07 1.844002038
Jan-99 0.337043549 Nov-01 0.734168485 Sep-04 0.965949604 Jul-07 1.64896412
Feb-99 0.238014709 Dec-01 0.788274846 Oct-04 0.795890858 Aug-07 1.899465765
Mar-99 0.265098984 Jan-02 0.644524889 Nov-04 1.054569303 Sep-07 1.864150688
Apr-99 0.284708345 Feb-02 0.657787319 Dec-04 0.950779886 Oct-07 1.407410589

May-99 0.343233458 Mar-02 0.604219725 Jan-05 0.894790945 Nov-07 1.615460707
Jun-99 0.316422433 Apr-02 0.568795902 Feb-05 0.88962212 Dec-07 1.408032389
Jul-99 0.363238283 May-02 0.739760184 Mar-05 0.889760015 Jan-08 1.499953109

Aug-99 0.414042147 Jun-02 0.668515513 Apr-05 0.983030822 Feb-08 1.45026973
Sep-99 0.410030954 Jul-02 0.682281918 May-05 1.007815915 Mar-08 1.38665632
Oct-99 0.372527575 Aug-02 0.544033749 Jun-05 0.908542489 Apr-08 1.50346214
Nov-99 0.361057156 Sep-02 0.568294693 Jul-05 0.922538785 May-08 1.532482827
Dec-99 0.294996394 Oct-02 0.573695076 Aug-05 0.947158175 Jun-08 1.716507983
Jan-00 0.295105879 Nov-02 0.678783381 Sep-05 1.009555815 Jul-08 1.736794644
Feb-00 0.321835835 Dec-02 0.721464217 Oct-05 1.30567149 Aug-08 1.565164086
Mar-00 0.303090832 Jan-03 0.830547602 Nov-05 1.494134216 Sep-08 1.644943428
Apr-00 0.288770536 Feb-03 0.775120893 Dec-05 1.246823767 Oct-08 1.368151292

May-00 0.175876356 Mar-03 0.882784397 Jan-06 1.011422598 Nov-08 1.363422216
Jun-00 0.862387182 Apr-03 0.791957578 Feb-06 1.093468569 Dec-08 1.419774461
Jul-00 0.597099874 May-03 0.707354292 Mar-06 0.966302604 Jan-09 1.346795139

Aug-00 0.709301786 Jun-03 0.749601613 Apr-06 0.901992805 Feb-09 1.202951164
Sep-00 0.567540014 Jul-03 0.820423136 May-06 1.14637193
Oct-00 1.167797716 Aug-03 0.79670116 Jun-06 1.594701129
Nov-00 0.534867695 Sep-03 0.803119437 Jul-06 1.362323892
Dec-00 1.592075735 Oct-03 0.730681405 Aug-06 1.352472066
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Solar Gain Co-Gen System Bid, University of Arizona 2010: 
______________________________________________________________________________ 
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Agenda 
Progress Meeting (1st of 4) 

 
ChEE 443 – Chemical Engineering Plant Design 
Group 8 – Solar Panel 
Department of Chemical and Environmental Engineering 
University of Arizona 
 
Attendance:  
____ Dr. Kim Ogden 
____ Michael Hwang 
____ Mark Sholin 
____ Paul Rheinheimmer 
____ Hua Jiang 
 
Facilitator: Mark Sholin 
 
 
2:10 pm – Call to order: Mark Sholin 
 
2:12 pm – Project Overview w/ old reports: Mark Sholin 
 
2:15 pm – Discussion of responsibilities: 

• Mark Sholin – collect PV from ASU, piping design w/ FM, HEX/medium, & installation 
bid.   

• Michael Hwang – Research current market, other heat sink materials, EHS, & 
environmental impact. 

• Paul Rheinheimmer – BFD, possible SU route, PFD/table, & process description.   
• Hua Jiang – Make module schematic, sun‐tracking mechanism, & manufacturing cost.   

 
2:20 – Question & Answers 
 
2:23 – Issue Bin  
 
 

Issue Bin: 
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Agenda 
Progress Meeting (2nd of 4) 

 
ChEE 443 – Chemical Engineering Plant Design 
Group 8 – Solar Cogeneration System Project 
Department of Chemical and Environmental Engineering 
University of Arizona 
 
Attendance:  
____ Dr. Kim Ogden 
____ Michael Hwang 
____ Mark Sholin 
____ Paul Rheinheimer 
____ Hua Jiang 
____ Lon Huber 
____ Dr. Glenn Schrader 
 
Facilitator: Paul Rheinheimer 
 
 
2:30 pm – Call to order: Paul Rheinheimer 
 
2:31 pm – Address Issue Bin 

• Truck Rental – Done (Mark Sholin) 
• Machine Shop – In Progress (Paul Rheinheimer) 
• Safety & Risk Management – In Progress (Mike Hwang) 
• Schematic – Done (Hua Jiang) 

 
2:34 pm – BFD / PFD Feedback (Paul Rheinheimer) 
 
2:35 pm – Recap SOLON Meeting (Mark Sholin) 
 
2:37 pm – Alternative Materials (Mike Hwang) 
 
2:38 pm – Budget Options / Calculations (Hua Jiang) 
 
2:40 pm – Self‐Manufacturing & workspace (Paul Rheinheimer) 
 
2:42 pm – Question & Answers 
 
2:44 pm – Issue Bin  
 
 

Issue Bin: 



Cogeneration Heat Sink for Photovoltaic Panels  104 

Agenda 
Progress Meeting (3rd of 4) 

 
ChEE 443 – Chemical Engineering Plant Design 
Group 8 – Solar Cogeneration System Project 
Department of Chemical and Environmental Engineering 
University of Arizona 
 
Attendance:  
____ Dr. Kim Ogden 
____ Michael Hwang 
____ Mark Sholin 
____ Paul Rheinheimer 
____ Hua Jiang 
 
Facilitator: Hua Jiang 
 
 
2:10 pm – Call to order: Hua Jiang 
 
2:11 – Address Issue Bin 

• Machine Shop Finalization – Paul Rheinheimer 
• Safety & Risk Management – Michael Hwang 
• Weight, Copper, & Sponsorship – Hua Jiang 
• Installer & Inverter – Mark Sholin 

 
2:15 – Jacket Design & Materials (Mark Sholin) 
 
2:17 – Attending Solar Rock event (Mark Sholin) 
 
2:18 – Welding the Support (Paul Rheinheimer) 
 
2:20 – Facilities Management (Michael Hwang) 
 
2:22 – PHA update (Michael Hwang) 
 
2:24 – Heat Exchanger Calculations (Hua Jiang) 
 
2:26 – Questions & Answers 
 
2:28 – Issue Bin 
 
 
Issue Bin: 
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Agenda 
Progress Meeting (4th of 4) 

 
ChEE 443 – Chemical Engineering Plant Design 
Group 8 – Solar Cogeneration System Project 
Department of Chemical and Environmental Engineering 
University of Arizona, 04.06.2010 
 
Attendance:  
____ Dr. Kim Ogden 
____ Michael Hwang 
____ Mark Sholin 
____ Paul Rheinheimer 
____ Hua Jiang 
 
Facilitator: Michael Hwang 
 
 
2:10 pm – Call to order: Michael Hwang 
 
2:11 – Address Issue Bin 

• Process Hazard Analysis – Michael Hwang 
• Finalize Aluminum Sheet Design – Paul Rheinheimer 
• Pictures for Poster – Hua Jiang 
• Final Install – Mark Sholin 

 
2:13 – Heat Sink Prototype (Michael Hwang) 
 
2:15 – Optical Sciences Building Change (Paul Rheinheimer) 
 
2:18 – Solar Rock Concert 2010 / Biosphere 2 (Mark Sholin) 
 
2:22 – Testing Prototype (Mark Sholin) 
 
2:24 – Ordering materials (Hua Jiang) 
 
2:26 – Questions & Answers 
 
2:28 – Issue Bin 
 
 

Issue Bin: 
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Appendix I) Schematics and Diagrams 
 

 
 

Figure I.1.a) Schematic of the Welded Support 
 

 
 

Figure I.1.b) Schematic of the Welded Support 
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Figure I.2) Schematic of the Full-Scale Heat Sink 
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Figure I.3) Diagram of a mock 2 x 2 Solar Panel 
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Figure I.4) Diagram of the Welded Support – Old Version 
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Figure I.5.a) Schematic of the Heat Sink Internal – Old Version 
 
 
 
 
 
 
 
 
 

 
 

Figure I.5.b) Schematic of the Heat Sink Internal – Old Version 
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Figure I.5.c) Schematic of the Heat Sink Internal with Casing – Old Version 
 



Cogeneration Heat Sink for Photovoltaic Panels  112 
 

Appendix I) Pictures 
 

Group Picture: 
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Constructing Welded Support System, 03.10.2010: 
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Constructing the Heat Sink Prototype, 03.22.2010 – 03.26.2010: 
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Solar Rock Concert, 03.27.2010: 
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Testing the Prototype, 04.05.2010: 
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Constructing Full-Scale, 04.12.2010 – 04.30.2010: 
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Biosphere 2 Earth Day, 04.17.2010: 

Democratic Congresswoman Gabrielle Giffords 
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