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 Abstract 

 A study was performed by Solar Energy Engineering to determine the feasibility of using solar 

thermal energy to heat yellow grease, a feedstock in the production of biodiesel.  This study is important 

because there is an increasing interest in alternative fuels such as biodiesel.  In order for biodiesel to be 

competitive in the market, it is necessary to develop methods of production so that it reduces energy 

consumption, energy costs, and improves sustainability.  The goals of this project were to determine by 

both theoretical and empirical simulation whether passive solar heating of yellow grease is practical, 

and if so, which method is most efficient.  Additionally, to establish whether or not and with which 

method solar heating is most cost effective.  The results indicate that solar thermal energy is practical 

and economically favorable to heat yellow grease.  The breadbox heater was found to be the most 

efficient and cost effective method of heating.  It is recommended that the proposed biodiesel plant be 

built with the incorporation of solar thermal heaters to reduce energy costs, improve sustainability, and 

decrease environmental impacts of the plant. 
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1.  Executive Summary 

A study was performed by Solar Energy Engineering to determine the feasibility of using solar 

thermal energy to heat yellow grease.  Yellow grease is a waste material made up of a variety of used 

cooking oils which can be used as a primary feedstock in the production of biodiesel.  High temperature 

reagents are imperative to the biodiesel reaction.  This study is important because there is an increasing 

interest in alternative fuels such as biodiesel.  In order for biodiesel to be competitive in the market, it is 

necessary to develop methods of production so that it reduces energy consumption, energy costs, and 

improves sustainability.  The goals of this project were to determine by both theoretical and empirical 

simulation whether passive solar heating of yellow grease is practical, and if so, which method is most 

efficient.  Additionally, to establish whether or not and with which method solar heating is most cost 

effective.  The results of the study will be summarized in four categories: theoretical simulation, 

empirical simulation, environmental and safety, and economics. 

The results of theoretical simulation indicate that solar thermal energy is practical for heating 

yellow grease to its desired temperature of 77 °C.  In particular, heat transfer by conduction is significant 

to the heating of yellow grease.  Therefore, structures such as a greenhouse or a breadbox heater will 

stimulate more heating.  Additionally, perfectly mixed tanks were found to be more efficient than tanks 

without mixing.  Finally, theoretical models concluded that the breadbox heater will be able to obtain 

the highest average temperatures. 

The results of the experiments performed to validate the theoretical simulations indicate some 

similar and some differing conclusions.  The performed tests confirmed that the breadbox is the best at 

heating and in spring can reach an average temperature up to 42 °C hotter than ambient during the day.  

The tests additionally showed that the greenhouse is effective at heating to an average temperature 20 

°C higher than ambient during the day, and storing yellow grease up to 18 °C higher than ambient at 

night.  Unlike the theoretical calculations, the experiments indicate that non-mixing is able to achieve 



 

   

 
Page 8 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

higher grease temperatures than simulated perfect mixing tests.  There is uncertainty in the validity of 

this conclusion, however, due to heat losses experienced during the mixing tests.  Several additional 

conclusions were drawn from the performed experiments.  First, that very little natural convection 

occurs within the tanks while heating.  Additionally, that insulating the tanks at night allows yellow 

grease to maintain higher temperatures.  Insulation tests on the breadbox indicated a 20 °C drop in the 

temperature of yellow grease at night with insulation as opposed to a 45 °C drop without insulation.  

Finally, that perfect mixing is best mimicked with a recirculation duty cycle of 50% every 20-30 minutes.  

 The pilot plant used for experimentation and the proposed actual biodiesel plant were found to 

be overall both environmentally friendly, and safe.  The proposed plant has many positive 

environmental impacts such as the fact that the main feedstock is a waste product, the product is a 

clean burning fuel, the process includes no materials with global warming potentials or ozone depletion 

potentials, it is a low water usage process, and the energy costs are significantly cut back due to the use 

of passive solar heating of yellow grease.  In terms of safety, there are few hazards such as contact burns 

from hot yellow grease tanks and the toxicity and flammability of two process materials.  Safety hazards 

can be avoided by wearing proper personal protective equipment and following safe handling and 

storing procedures. 

 Economic analyses of the process indicate that solar heating of yellow grease reduces the 

overall energy costs.  The breadbox without circulation was found to be the most cost efficient design.  

Though the breadbox has a high upfront cost, savings up to 45% annually can be reached on operating 

costs with its use.  Some uncertainty exists in the calculations performed due to scaling factors.  

Additionally, data from the experiments were used for calculations.  Therefore, any inaccuracies in 

experimental results, such as for perfect mixing, have been carried into the economic conclusions.  In 

terms of future demand for alternative fuels, the Food, Conservation, and Energy Act of 2008 continues 

to encourage advancement and developments in the production of biodiesel. 
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1. Introduction 

Just about everyone experienced the effects of the record setting oil prices in 2008.  Some claim 

that it was these record setting oil prices that caused or helped cause the current economic recession 

(Rubin, 2008).  Figure 2.1 shows that four out of the last five recessions occurred after a spike in oil 

prices.  Therefore, providing domestic alternate fuels such as biofuels at a much lower cost could 

provide economic stability when foreign oil prices are unpredictable. 

 

Figure 2.1: Past Economic Recessions and Oil Spikes (Rubin, 2008) 

Unfortunately, most biofuels cost more than the fossil fuels one could buy at a gas station.  One 

of the reasons for this is because of the enormous amount of infrastructure already in place for the sole 

purpose of extracting, transporting, processing, storing, and consuming fossil fuels.  This pre-existing 

infrastructure allows the use of fossil fuels to be cheaper than just about any biofuel.  Another reason is 

that some biofuels require modifications to a standard vehicle in order for that vehicle to use the biofuel 

(Wikipedia “Biofuel”).  This vehicle modification will require vehicle manufacturers and consumers in 

turn to invest large amounts of capital.  Another reason fossil fuels are cheaper is because the 

production of certain biofuels is inherently costly and inefficient.  For example, the production of 
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ethanol from corn as a biofuel was one avenue that was explored.  The downsides of producing ethanol 

in this way include:  the enormous amounts of land required, corn-based food prices increasing 

drastically, humanitarian objections to using food as fuel, ethanol having a lower energy density than 

most fossil fuels, and an increased use of environment damaging fertilizer and pesticides (Blowers, April 

2009).   

There are some biofuels that are economically competitive with fossil fuels; biodiesel produced 

from yellow grease is one such biofuel (Radich, 2004).  Biodiesel from yellow grease does not require 

modifications to a standard diesel motor and there are no EPA restrictions on using biodiesel derived 

from yellow grease since it is a relatively clean burning fuel (Wikipedia “Biodiesel”).  Yellow grease is 

already a waste material and therefore no drastic changes in society will need to be made in order for 

yellow grease to be used effectively. 

Yellow grease is essentially oil derived from vegetable oil and is collected from restaurants 

around the country.  According to the U.S. Census, 200 million gallons of yellow grease were produced in 

2007 (Weber, 2009).  The chemical reaction that converts yellow grease into biodiesel is a fairly simple 

one.  Yellow grease is converted to biodiesel via a base-catalyzed transesterification reaction.  The basic 

chemical reaction can be seen in Figure 2.2.   

 

Figure 2.2: Transesterification of Vegetable Oils (Shuchardt, 1998) 

Roughly 80% of the processed yellow grease results in biodiesel and the remaining 20% is glycerol 

(“Small Scale Biodiesel Production” p 12).   
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The problem being assessed with this project involves reducing the cost of producing biodiesel 

from yellow grease.  Yellow grease must be heated to 77 °C before it is mixed with methanol and fed 

into a reactor.  So far all of the energy required to heat the yellow grease has been done via power 

taken from Tucson Electric Power.  Due to the abundance of solar energy and land, it seems only 

practical to use passive solar heating to preheat the yellow grease.  Therefore, the goal of this project is 

to simulate, design, and test passive solar heating techniques in order to reduce energy consumption 

and thus make the proposed biodiesel plant more sustainable.  Furthermore, reducing the cost to 

generate biodiesel will allow one to sell the biodiesel at competitive prices and reduce the demand for 

fossil fuels.    

An approach to the problem that Solar Energy Engineering will investigate includes using a 

typical box shaped or house shaped green house that will enclose 500 gallon tanks.  Using previously 

developed simulators and heat transfer equations, a theoretical temperature output of the yellow 

grease from the green house can be estimated.  The preheated yellow grease will then be pumped into 

a 40 gallon tank that will be housed in a bread box shaped passive solar heater.  The bread box heater 

will be insulated on all sides except for the side containing the glass that will be mostly perpendicular to 

the incident solar radiation.  This heater is expected to be more efficient and heat the yellow grease 

even further.  Refer to the process flow diagram (Section 3.B) in order to visualize equipment use.  Again 

simulations will be done to estimate output temperatures of the yellow grease.  After simulations have 

been performed, testing will be done and data collected.  Based on the results of the data collected, the 

system will be further optimized.  Depending on time available, changes may be made to the design and 

more calculations performed.   

As mentioned before, Solar Energy Engineering is focused on reducing the cost of heating the 

yellow grease and thus reducing the overall cost of producing biodiesel.  As a result, determining an 

absolute overall cost of producing biodiesel from yellow grease is not necessary.  Furthermore, an 
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absolute cost will change from day to day as the economy changes.  The focus of this project is to 

determine the change in the production cost by implementing passive solar heating as a means of 

reducing heating cost and thus overall production cost.  With that said, only estimates of non-solar 

biodiesel production costs are needed.  The following table provides estimated projections of biodiesel 

production costs as well as petroleum based diesel production costs.   

Table 2.1: Projected Production Costs for Diesel Fuel by Feedstock, 2004-2013 (Radich, 2004) 

 

Note that the cost comparison in Table 2.1 is between the cost of biodiesel, excluding capital, and the 

cost of petroleum diesel, including capital (Radich, 2004).  Also note that there is relatively no additional 

capital investments needed to produce biodiesel since biodiesel producers operate at an overcapacity 

and have a product that meets diesel sulfur limits.  It should also be noted that the petroleum based 

diesel cost only encompasses the cost of refining (Radich, 2004).  It does appear that the production of 

biodiesel from yellow grease is costly in comparison; however, implementing passive solar energy into 

the production of biodiesel should drastically reduce the production cost.   

The Energy Information Administration (EIA) has predicted that the demand for biodiesel should 

increase based on the fact that Energy Policy Act of 1992 (EPACT) requires that 75% of light-duty 
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vehicles owned by Federal and State agencies be run off of alternative fuels.  Furthermore, EIA has 

predicted that the demand of biodiesel fuels should increase because the United States has lubricity 

problems with the ultra-low-sulfur diesel.  In order to help with this lubricity problem, biodiesel can to 

be added.  Projections predict that 470 million gallons of biodiesel in 2010 will be needed to solve the 

lubricity problem (Radich, 2004). 

Mike Kazz, owner of Grecycle, currently produces biodiesel from yellow grease in a pilot plant at 

the University of Arizona’s agricultural farm in Tucson, Arizona.  It is at this location that Solar Energy 

Engineering will be performing tests for this project.  Mr. Kazz’s goal is to design and build a larger scale 

biodiesel plant that can process approximately 3,000 gallons of yellow grease per day (Kazz, Jan 2009).  

Solar Energy Engineering is working with Mr. Kazz to reduce the production cost of any scale plant he 

wishes to build.  Several assumptions were made before starting this project and these assumptions are 

as follows: 

1. Tanks needed for the process are provided by Mr. Kazz and are free of cost 

2. There is no heat loss when transferring hot yellow grease to the reactor 

3. There is no heat loss in the reactor 

4. Methanol is stored at 20 °C 

5. The resistance to heat transfer in metal is negligible 

6. For initial calculations, black paint is 100% efficient at absorbing sun light 

7. Yellow grease is either a perfectly mixed fluid or not mixed at all 

8. Theoretical calculations were done for the worst case scenario of winter conditions 

9. There is a mixing of yellow grease and methanol after the heating processes is finished 

at a 4:1 ratio of yellow grease to methanol 

10. Yellow grease is a composition of all edible fats and oils mixed in equal proportions 
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2. Process Description, Rationale and Optimization 

A. Block Flow Diagram 

Greenhouse/

”Bread Box”

Solar Thermal 

Heaters

Sun

Nighttime 

Storage Solution

Yellow Grease

77 °C

3 gpm

yellow grease

12 °C

3 gpm

Electrical 

Heater
Water 

Remover

 

Figure 3.3: BFD for solar thermal heating of yellow grease 
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B.   Process Flow Diagram 
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B. Stream Tables 

Table 3.1 below shows the stream table for the PFD (Figure 3.2). 

Table 3.1: Stream Table 

Stream 1 2 3 4 5 6 7 8 

Flow [gpm] 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.000 

Liquid Fraction 1 1 1 1 1 1 1 1 

Component [gpm]        

Yellow Grease    2.9982 2.9982 2.9996 2.9996 3.0000 3.0000 3.0000 3.000 

Water 0.0015 0.0015 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 

Heavy Waste 0.0003 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Pressure [atm] 1 1 1 1 1 1 1 1 

Temperature Range 

[°C] 
ambient ambient ambient ambient ambient ambient 

ambient-

36 

ambient-

36 

 

Stream 9 10 11 12 13 14 15 16 

Flow [gpm] 3.0000 3.0000 3.0000 3.0000 3.0000 2.0000 2.0000 4.000 

Liquid Fraction 1 1 1 1 1 1 1 1 

Component [gpm]        

Yellow Grease    3.0000 3.0000 3.0000 3.000 3.0000 1.997 1.9986 3.9983 

Water 0.0003 0.0003 0.0003 0.0003 0.0003 0.0012 0.0012 0.0024 

Heavy Waste 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0002 0.0004 

Pressure [atm] 1 1 1 1 1 1 1 1 

Temperature Range 

[°C] 

ambient-

46 

ambient-

46 

ambient-

69 

ambient-

69 
77 ambient ambient ambient 

 

C. Equipment Tables 

Table 3.1: Equipment Table-Pumps 

Pump P-101 

Type Diaphragm 

Flow Rate [gpm] 3 

Number of Units 1 

Unit Flow Percentage 100% 

Component Yellow Grease 

Efficiency 70% 

Temperature, suction [°C] ambient-77 

Temperature, discharge [°C] ambient-77 

Power [kW] 0.88 

Power [Hp] 1.18 

MOC Stainless Steel 
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Table 3.2: Equipment Table- Tanks 

 Vessels T-101 T-102 T-103 T-104 T-105 

Type Horizontal Horizontal Horizontal Vertical Vertical 

Component Yellow Grease Yellow Grease Yellow Grease Yellow Grease Yellow Grease 

Number of Units 1 1 1 1 1 

Volume [gallon] 500 500 44 300 500 

Temperature Range [°C] ambient-36 ambient-46 ambient -70 ambient ambient 

Pressure [atm] 1 1 1 1 1 

MOC Steel Steel Steel Plastic Plastic 

 

Table 3.3: Equipment Table- Heater 

Heaters H-101 H-102 

Type Green House Bread Box 

Number of Units 1 1 

Dimension  6'x8'x10' 24''x24''x5' 

MOC Polycarbonate Plywood 

Insulation Material N/A R13 Kraft Batt 

Window Material Polycarbonate Tempered Glass 

Temperature [°C] ambient-46 ambient-59 

Pressure [atm] 1 1 

 

Table 3.4: Equipment Table-Heater 

Pump HE-101 

Type Electric 

Number of Units 1 

Inlet Temperature [°C] ambient-69 

Oultlet Temperature [°C] 77 

Power [kW] 6 

Power [Hp] 8 

MOC Stainless Steel 

 

Table 3.5: Equipment Table-Valves 

Valves V1-11 

Type Ball Valves 

Numver of Units 11 

MOC Stainless Steel 
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D. Utility Tables 

Table 3.6: Utility requirements and Pricing (TEP) 

Model Greenhouse 

With 

Mixing 

Greenhouse 

With No 

Mixing  

Breadbox 

With 

Mixing 

Breadbox 

With No 

Mixing 

Electricity Alone 

Power Usage  [kWh/yr] 29,201 23,169 22,074 12,924 47,675 

Total Utility Cost in 2009 $ 3,434 $ 2,725 $ 2,596 $ 1,520 $ 5,607 

 

E. Written Description of Process 

Yellow grease is transferred from a storage tank at the University of Arizona’s Student Union into 

a tanker truck.  The yellow grease has roughly 0.05 % by volume water and 0.01 % by volume solid 

particulate or waste.  The tanker truck then off loads the yellow grease into the outside storage tank, T-

105, at the University of Arizona Agricultural Farm.  If there is more than 500 gallons of grease in the 

tanker then yellow grease is pumped at a rate of 3 gpm from T-105 into the storage tank T-104.  Please 

refer to the PFD in Section 3.B, stream tables for temperatures in Section 3.C equipment tables in 

Section 3.D in order to get a better understanding of what equipment is being referred to in the process 

description.   

 Tanks T-104 and T-105 are shaped as such to allow them to be used as gravity separators or as 

decanters.  Every day at around 2:00 pm the water and solid particulate is drained from the bottom of T-

104 and T-105 by opening valves V-12 and V-13 respectively.  Separation of water and solid particulate 

from the yellow grease appears to be best when the bulk of the solution is hot (Kazz Jan. 2009).  

Appendix A shows that the contents of the tanks reach a maximum temperature at around 3:00 pm.     

 After at least a day of sitting in the decanters, yellow grease, with a composition of 0.0004 % by 

volume water and a 0.00008 % by volume particulate, is then pumped at a rate of 3 gpm into tanks T-

101 and T-102 for further storage.  In order to transfer yellow grease from T-104 and T-105 into T-101 
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and T-102, valves V2, V3, V6, and V7 must been opened and the pump turned on.  Visual confirmation 

can be used to determine when any of the 500 gallon tanks are full.  When the tanks are full, the pump 

is turned off and valves V2, V3, V6 and V7 are shut.   

When biodiesel is needed to be produced, yellow grease is pumped from T-102 at a rate of 3 

gpm into tank T-103.  This should be done in the morning so that the full benefit of the breadbox can be 

capitalized on.  Data from Section 3.C shows that yellow grease pumped from T-102 is at approximately 

ambient temperature to 46 °C.  Before the pump can be started, valves V1 and V10 are opened.  

Thermocouple temperatures are monitored in order to determine when to stop pumping to T-103.  

When thermocouple T7 indicates a drastic temperature change it means that the thermocouple is 

covered in oil and the tank is full.  When the tank is full the pump is turned off and valve V1 is shut and 

V10 is left open for reasons that will be explained later. 

  Tank T-103 is fed from T-102 because data in Appendix A shows that the yellow grease from T-

102 is at a higher temperature than T-101 throughout the day.  Furthermore, the models found in 

Appendix C show that the bread box heater generates a hotter yellow grease final temperature if the 

initial yellow grease temperature starts out high.  Therefore, in order to maximize the yellow grease 

temperature from passive solar heating the yellow grease needs to be pumped from T-101 to T-102 and 

then from T-102 to T-103 at all times.   

For this project only one batch is done in a day.  As a result the yellow grease should stay in T-

103 from morning to about 3:00 pm.  Data in Appendix A shows that the yellow grease should be at a 

maximum temperature of 50-60 ° C at around 3:00 pm.  Note that these temperatures are based on the 

spring temperatures and therefore will be much higher in the summer.  If the yellow grease is not up to 

the desired temperature of 77 ° C, the immersion heater will heat the yellow grease up the rest of the 

way. 
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F. Rationale for Process Choice 

 Several experiments were performed at the pilot plant to empirically validate the feasibility of 

heating yellow grease using solar thermal energy.  There are three main tanks at the pilot plant which 

were tested: T-101, T-102, and T-103 (see Section 3.2  and Section 3.4).  From now on, T-101, T-102, and 

T-103 will be referred to as the storage tank, the greenhouse tank, and the breadbox respectively.  This 

section gives a rationale behind each of the experiments performed on each of the tanks.  The following 

experiments were performed: 

• Storage Tank 

o Baseline test 

• Greenhouse Tank 

o Baseline test 

• Breadbox 

o Horizontal baseline test 

o Horizontal recirculation test 

o Horizontal insulation test 

o Vertical baseline test 

o Vertical recirculation test 

The tanks were set up such that each had two thermocouples: one at the top front of the tank 

and the other at the bottom back.  The thermocouples were placed such that the hottest and coolest 

temperatures of the yellow grease in the tank would be recorded (See Appendix C.iii ).  Three additional 

thermocouples recorded temperature data of the ambient air, the ambient air in the greenhouse, and 

the ambient air in the breadbox for a total of nine thermocouples.  The nine thermocouples were 

attached to a data logger and laptop which recorded the temperature readings in degrees Celsius for 
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each position as a function of time.  The thermocouples used were 2-wire copper-constantine (bi-

metallic) thermocouples.  

A baseline test was first performed on each of the tanks.  Essentially all three tanks were 

completely filled with yellow grease and allowed to sit undisturbed while the data logger continuously 

recorded temperatures.  This test was performed in order to answer the following questions: 

• How do the temperature profiles within each tank look? 

o Is there a large temperature difference between the top and bottom of the 

tank? 

• How does the temperature of the yellow grease in each tank change throughout the day? 

o When and at what temperature does each tank reach its maximum? 

o When and at what temperature does each tank reach its minimum? 

• How do the temperatures in the tanks compare to their surroundings? 

• How do the heating methods compare? 

o Which tanks achieved the highest and lowest average temperatures? 

o Which tank maintained its heat the best at night? 

Baseline tests are essential prior to running any other experiments.  A main goal of this project is to 

optimize the yellow grease heating process.  It is necessary to be able to compare optimizations to the 

base case to determine whether or not the system was in fact optimized.  

 The remainder of the experiments was performed on the breadbox heater.  The breadbox is the 

smallest out of the three tanks and therefore requires less energy to recirculate, and less material to 

insulate.  The rationale was that optimizations of the breadbox could be similarly applied to the larger 

tanks without having to physically test each optimization on each tank.   

 The first optimization experiment performed on the breadbox was a recirculation test.  A timer 

was set up on the pump which could be set to run every specified time interval for a percentage of that 
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given time interval.  For example, the first test was set at 1 hour and 25%, which translates to the pump 

recirculating the oil in the tank every hour for 15 minutes.  The recirculation experiment was performed 

in order to test whether or not mixing increased the average temperature that could be achieved in the 

breadbox compared to a static system.  It was thought based on calculations that perfect mixing would 

allow for better heat transfer in the tank (Appendix C.iii).  Perfect mixing, which would require a 

continuous recirculation, was chosen not to be performed experimentally to save energy.  Instead, 

perfect mixing was simulated as previously described by mixing in short intervals.  The recirculation 

times were changed each day in order to obtain data that was a good representation of perfect mixing. 

 Simultaneous to the recirculation tests, an insulation test was performed on the breadbox at 

night.  The insulation test was performed in order to empirically determine whether insulating the tank 

would prevent heat loss during the night.  The recirculation tests were only performed during the day 

when the grease was being heated.  Once the sun goes down the grease quickly loses its heat to the 

environment.  In order for passive solar heating to be practical, it is necessary to be able to maintain the 

heat gained during the day throughout the night for use either during a night shift, or the next day.  The 

simplest way to prevent heat loss is to insulate the system.  

After the recirculation/insulation tests were performed on the breadbox, a final set of 

experiments were performed which included turning the breadbox so that it sat vertically rather than 

horizontally.  Note that all of the experiments previously discussed for the breadbox were horizontal 

tests, which is the normal configuration of the breadbox and the way it was designed to sit.  A baseline 

and two recirculation tests were done with the breadbox while it was in its vertical configuration.  The 

rationale behind turning the tank vertically came from a suggestion from Dr. John Peck of the Aerospace 

and Mechanical Engineering department at the University of Arizona who proposed that a vertical 

configuration may promote more natural convection and therefore better heating (Kazz  Mar. 2009).  

The baseline vertical test was performed in order to determine if better heating was achieved in the 
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vertical configuration compared to the horizontal configuration.  The vertical recirculation tests had the 

same rationale as the horizontal recirculation tests: attempting to find an optimized heating 

configuration.  Since none of the three recirculation tests performed on the horizontal breadbox were 

deemed optimized, the timing of recirculation was again changed for each vertical recirculation test.   

 Several additional tests were considered but not performed for various reasons.  One such 

experiment was a preheating test which involved preheating grease in the greenhouse tank prior to 

transferring it to the breadbox.  It was proposed that preheating would allow for a shorter residence 

time of grease in the breadbox to reach the same maximum temperature.  Since the breadbox tank is 

smaller, this would allow more batches of grease to be sent through the breadbox for maximum heating 

prior to reacting it.  This test was not performed because of time constraints, but the results of such a 

test would be highly valuable in determining the optimal configuration of heaters at the proposed 

biodiesel plant.  Similar to the previously described test would be a test using breadboxes in series to 

see if this would allow for more batches of grease to be maximally heated.  Again this experiment was 

not performed due to time and material constraints, as another breadbox was not currently available for 

testing.  

 Another proposed test expands on the simple insulation test that was performed.  To save costs, 

it was thought that putting a large storage tank underground would allow the heat gained during the 

day in each of the tanks to be maintained.  A large underground tank should be well insulated due to the 

large thermal mass as well as the earth surrounding the tank.  This experiment was not performed due 

to lack of time and equipment.  Finally, a test was proposed that would include heating grease in the 

breadbox, and then moving it to the greenhouse tank for storage during the day.  This was again 

suggested as a way to gain the maximum temperature of the maximum amount of grease.  This test was 

deemed unnecessary after the first baseline tests were performed.  It was determined that based on the 
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temperature of the grease in the breadbox, the greenhouse would not be able to maintain the grease’s 

high temperature in storage and would actually lose heat. 

 The experiments performed all proved to be valuable and provided a better understanding of 

the benefits of solar thermal heating.  Based on the results of the experiments (detailed reports can be 

found in Appendix A), the recommended configuration for heating is the breadbox without recirculation, 

and the greenhouse for storage, with insulation at night. 

3. Equipment Description, Rationale and Optimization 

Tanks 

Since one of the goals of this project is to collect solar energy, it is important that we have a 

means to do so.  This project requires that solar energy be converted into molecular kinetic energy in 

the yellow grease.  One of the simplest ways of heating the yellow grease is by placing the yellow grease 

in a container that is in direct sunlight.  The energy from the sun can be quantified as a flux.  This means 

that the energy from the sun can be measured in units of energy per area per time (Joules ∙ Area -1 ∙ 

Time -1).  This means that the most ideal geometry for a solar collector container would be a vessel that 

has the largest surface area for a given volume.  However, in order for Solar Energy Engineering to 

collect data and compare to viable models, we had to use the materials that were already on hand.   

Mike Kazz had some storage tanks available that were chemically inert to yellow grease.  Mr. 

Kazz provided two 500 gallon steel tanks that are cylindrical in shape.  The diameter to length ratio of 

these tanks is roughly 1 to 4.  These tanks are made of out 1/8 inch steel and are painted with a light 

absorbent flat black paint.  Mike Kazz also provided two more 500 gallon tanks that are made of plastic 

and are primarily used as decanters.  The plastic tanks are not used in the process calculations since heat 

transfer through plastic is relatively slow when compared to heat transfer through metal.  Mike Kazz 

also provided a smaller 40-45 gallon tank that is also made of steel and painted flat black.  The smaller 

tank is of similar proportions as the 500 gallon tanks.  Each tank was also fitted with an overflow vent to 
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prevent over-pressurization.  Since these were the materials provided for the pilot plant testing, all 

theoretical calculations were based on the tanks provided. 

Each tank was drilled and tapped so that it could be fitted with thermocouple wire for the data 

acquisition system.  Two thermocouple wires were attached to a long rod and inserted into the tanks.  In 

each tank, the thermocouples were positioned in such a way that data would be collected from yellow 

grease closest to the incoming solar radiation and from yellow grease farthest from the incoming solar 

radiation.  It would have been ideal to have a third thermocouple that was placed in the center of each 

tank; however, the data logger used could only handle a limited number of inputs.  The thermocouples 

where placed in such a manner that the collected data would provide an idea if natural convection was 

occurring.  In Appendix C, the detailed process calculations, show that with perfect mixing the 

temperature throughout the tank is uniform.  Appendix C also shows that there is a non-uniform 

temperature profile in the tanks when conduction dominates heat transfer.  Furthermore, the process 

calculations in Appendix C show that heat transfer by convection is much faster.   

Green House and Bread Box 

Newton’s Law of cooling and heating states that the rate of change of the temperature of an 

object is proportional to the difference in temperature between the object and the surrounding ambient 

air (Saez Mar. 2009).  Note that this does not take it account heating due to solar radiation.  This means 

that the rate of change of the temperature of the yellow grease is proportional to the difference in 

temperature between the yellow grease and the ambient air.  For example, when the ambient air 

temperature is lower than the yellow grease temperature the yellow grease will lose heat to the 

surrounding air.  This also means that if the air is hotter than the yellow grease; the yellow grease will 

heat up at a rate proportional to the difference between the air and the yellow grease.  Therefore, to 

maximize the rate in which the yellow grease will heat up, the surrounding air must be as hot as 

possible.   
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To achieve higher ambient air temperatures, a greenhouse and a bread box heater are used.  A 

greenhouse allows the high energy radiation from the sun to penetrate through the greenhouse walls 

and heat up any air and other surfaces in the greenhouse.  The hot air and hot objects in the greenhouse 

will emit low energy infrared radiation which cannot penetrate the greenhouse walls as effectively as 

the high energy radiation from the sun (Wikipedia: Greenhouse).  As a result, an accumulation of energy 

will build up in the greenhouse causing the average temperature of everything in the greenhouse to be 

higher than ambient.  The University of Arizona’s Agricultural Department has provided simulators that 

show air temperatures in a greenhouse as a function of time.  The simulator also provides values for 

solar radiation as a flux throughout the day inside and outside a greenhouse.  The simulator also allows 

one to manipulate several greenhouse structural variables.   

When Solar Energy Engineering took on this project, Mike Kazz already had a greenhouse built 

at the University of Arizona’s agriculture farm.  Since the greenhouse was already built, the materials of 

construction were already decided.  Mr. Kazz had built the frame of the greenhouse from metal and the 

walls from polycarbonate.  The north-facing back wall is made of plywood.  The dimensions of the 

greenhouse can be seen in Appendix C.vii.  A picture of the greenhouse house can be also seen in 

Appendix C.vii. 

According to the simulator, constructing the walls of the greenhouse out of glass would allow 

more of the suns radiation to enter the greenhouse when compared to using polycarbonate.  However, 

the simulator shows that the ambient air temperature in the greenhouse is slightly higher when using 

polycarbonate.  This trend could possibly be explained by looking at the properties of the two materials.  

The polycarbonate has a thermal conductivity that is an order of magnitude less than that of glass 

(Wikipedia: Polycarbonate).  This means that the polycarbonate will resist heat loss much better than 

glass.  This higher resistance to heat loss appears to compensate for the less than stellar optical quality.  

In order to reduce upfront cost, rigid polycarbonate was used for the walls of the greenhouse.  The 
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costing section of this report shows how expensive glass is when compared to the polycarbonate.  The 

simulator shows that the ambient air in the greenhouse is slightly warmer when using the polycarbonate 

("Greenhouse Simulator"). One thing that the simulator does not take into account is the cost of 

materials.  Mr. Kazz told Solar Energy Engineering that upfront cost was a concern of his and that is why 

polycarbonate was used (Kazz Jan. 2009).   

A breadbox heater is similar to a greenhouse in that it uses the greenhouse effect to accumulate 

heat in the box.  The breadbox differs from the greenhouse in that all but one of the walls is made of 

materials that support heat transfer resistance.  Materials of construction can be seen in Section 3.4.  

The lone remaining face of the breadbox is made of glass and is installed at an angle that forces the 

surface of the glass to be incident to the incoming solar radiation the majority of the day.  A picture of 

the breadbox can be seen in Appendix C.vii.  Having the breadbox heater built this ways reduces the 

amount of heat loss across the walls of the structure.  Since the cost of materials for the bread box is 

higher than that of a greenhouse, the 40 gallon steel tank will be housed in a breadbox type heater. 

Thermocouples where placed in the greenhouse and the breadbox heater so that an internal air 

temperature could be recorded.  This temperature was needed for developing reasonably accurate heat 

transfer models. 

Pumps, Piping, and Valves 

 The scope of this project was to determine what kind of energy absorption could be achieved 

with tanks housed in a greenhouse and a breadbox heater.  The transferring of yellow grease between 

tanks and between a tank and the reactor was outside the scope of this project.  However, since a pump 

was needed for some of the tests performed, Mike Kazz provided Solar Energy Engineering with a Fill-

Rite Heavy Duty Diaphragm pump.  The specifications for this positive displacement pump can be seen 

in Section 3.4.  Since the process is a batch process, just about any pump with a reasonable capacity 

would have been sufficient for this project.  Since some equipment needed to be moved around during 
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this project, it was determined that using flexible 1 inch neoprene hose would be the ideal piping for the 

pilot plant since it can be moved easily and can withstand high heat.  Moreover, since the neoprene 

hose was already purchased and on site when our company started this project it seemed unreasonable 

to use anything other than what was already on hand.  1 inch stainless steel ball valves where used to 

connect piping to equipment and provide equipment isolation. 

4. Safety Statement 

All processes and systems posses some type of hazard whether it be related to structural, 

chemical, or personnel.  To fully understand the potential safety hazards that the yellow grease heating 

process presents, Process Hazard Analyses (PHA) were completed for all major equipment and lines 

within the pilot plant (See Appendix H).   In addition, Material Safety Data Sheets for all the components 

to be used in the real plant are examined.  The main safety concern is the high temperatures of yellow 

grease because the pilot plant system consists of heating up the yellow grease.  According to data 

collected, the temperatures of the yellow grease in the tanks can reach up to 60-70 °C (Appendix A).  

The flash point of yellow grease is 204 °C, and since yellow grease is a combustible material, the 

potential hazard of a fire is unlikely (“MSDS Yellow Grease”).  However, 60-70 °C is still a high enough 

temperature to cause burns.  Due to the high temperatures of yellow grease, precautions need to be 

considered to avoid personnel injury.  This section will discuss the main potential safety hazards studied 

regarding the equipment in the pilot plant and the chemicals in the proposed plant. 

The first part of this study considers the hazards related to the tanks in the pilot plant system.  

T-101 and T-105 are located outside of any building or structure.  These tanks are used for storage of the 

yellow grease.  Average temperatures at the surface of these tanks ranged from  to 30-40 °C throughout 

the day.   The PHA addresses the possibilities of leaks, external fire, and skin contact.  As mentioned 

before, yellow grease is a combustible component so an external fire will only occur when a direct flame 

comes into contact with the yellow grease.  The tanks are vented, so there is no possibility of over-
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pressurizing the tanks.  However, throughout the day, it is known that the yellow grease expands.  

Therefore, there is the possibility the yellow grease will leak out the vents if this expansion is not 

accounted for when filling the tanks.  The main concern if yellow grease leaks out of the tanks is the 

potential burns from skin contact.  It is necessary that personnel wear the proper protective equipment 

when handling the tanks.   The PHA’s detail similar hazards in regards to the other tanks in the system, 

T-102, T-104, and T-103 whose temperatures can reach up to 46, 59, and 70 °C respectively.  In addition, 

the PHA’s address the precautions that need to be considered as well as recommendations to prevent 

the hazards, such as installing overflow reservoirs in case a leak occurs. 

The PHA’s also address potential hazards pertaining to the lines as well as the greenhouse and 

breadbox heaters, H-101 and H-102 respectively.  The lines transport the yellow grease from tank to 

tank and to the reactor.  Corrosion due to sun damage as well as the tripping hazard are the main 

concerns with the lines.  H-101 and H-102 passively absorb solar energy to heat up the tanks.  Any 

damage to the plastic or glass of H-101 and H-102 will release heat into the atmosphere and decrease 

the efficiency of the system.  It is important that daily inspections of the structures are performed to 

find any damage as soon as possible.   With each hazard, there are safeguards to prevent any of the 

consequences as well as further recommendations to ensure the safety of personnel and the 

equipment. 

The next part of the study considers hazards associated with the pump, P-101.  P-101 is used to 

pump the yellow grease through the lines for transport as well mixing T-103.  The main hazard 

pertaining to P-101 is the possibility of overheating due to long periods of run-time.  It is recommended 

the pump only run for the minimum amount of time necessary in order to obtain perfect mixing within 

the tanks.  Therefore, a true continuous process is currently not feasible.  It is also recommended the 

current pump be replaced with a more powerful pump.  More details are given in the PHA’s. 
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In regards to the chemicals used in the real plant, there are a few hazards associated.  Table 5.1 

below summarizes the NFPA 704 ratings, as well as concerns associated with the chemicals in the real 

plant.     

Table 5.1: Summary of Hazards and Concerns Associated with Chemical used in Real Plant 

Component Health 

Rating 

Fire 

Rating 

Reactivity 

Rating 

Concerns References 

Glycerin 1 1 0 none "MSDS Glycerine”  

Na-Methylate 

(25% soln)  

3 3 1 toxic by inhalation, by skin 

contact, & if swallowed; 

reacts violently with water 

"MSDS Na-Methylate" 

Methyl alcohol 2 3 0 toxic by inhalation, by skin 

contact, & if swallowed 

“MSDS Methyl 

Alcohol” 

Biodiesel  0 1 0 can cause eye irritation “MSDS Biodiesel” 

Yellow Grease  
0 1 0 can cause eye irritation “MSDS Yellow Grease” 

 

As shown, the chemicals used do not possess a great safety concern, with the exception of Na-

Methylate and methy alcohol.  Not only is there a great fire hazard associated with these chemicals, but 

there is also a great health risk.  In order to reduce these hazards, it is important to practice safe 

handling procedures including wearing the proper protective equipment.  Follow usual procedures of 

thoroughly washing skin and eyes if any of the chemicals come into contact.  If any of the chemicals are 

inhaled, remove the personnel from area, give artificial respiration if necessary, and contact help 

(MSDS).  For Na-Methylate and biodiesel, a carbon dioxide fire extinguisher must be used ("MSDS Na-

Methylate", “MSDS Biodiesel”).  For small methyl-alcohol and glycerol fires, a dry chemical powder can 

be used (“MSDS Methyl Alcohol”, “MSDS Glycerine”).  For larger methyl-alcohol and glycerol fires, foam, 

water spray, or fog can be used to extinguish the fire (“MSDS Methyl Alcohol”, “MSDS Glycerine”).   

 In conclusion, there are no great hazards associated with the pilot plant.  The system is vented 

to the outside environment and there are no dangerous chemicals being processed.  The greatest 

hazard is the high operating temperatures which can be avoided by proper handling practices as well as 
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wearing the proper protective equipment.  Another hazard is the possibility of the pump overheating, 

therefore extra caution needs to be taken when starting the pump.  It is highly recommended that 

overflow reservoirs be installed for each tank to capture any yellow grease that may potentially leak 

from the tanks.  In addition, if the pilot plant continues to operate, it is recommended a fire suppression 

and clean up system, such as cat liter, is placed nearby.  The greatest chemical hazards associated with 

the real plant are the high flammability and toxicity of Na-Methylate and methyl alcohol.  Safe handling 

procedures and wearing the proper protective equipment will reduce the hazards associated with these 

chemicals. 

5. Environmental Impact Statement 

A modified gate to grave life cycle analysis (LCA) was performed on the production and usage of 

biodiesel from yellow grease.  The results of this analysis detail the environmental impacts of running 

such a plant.  The analysis is called “modified” gate to grave because the environmental impacts of the 

products and bi-products after they leave the manufacturing facility will be discussed, but 

transportation will not.  The performed analysis is based on the actual proposed biodiesel plant as 

opposed to the pilot scale plant in order to ensure a more realistic assessment of the environmental 

impact.  The study will discuss the following: environmental regulations surrounding biodiesel 

production, overall environmental impact of each material associated with the process, a utility impact, 

and an analysis of the usage of products and bi-products. 

Shown below is a figure which illustrates the overall results of the LCA and environmental 

impacts of running the proposed biodiesel production facility. 
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Figure 6.1: Schematic of Environmental Impact 

 Prior to discussing the life cycle analysis, the environmental regulations that govern the 

production of biodiesel will be discussed.  There are five main materials involved in the process of 

manufacturing biodiesel that warrant government regulation: yellow grease, methanol, sodium 

methylate, glycerol (or glycerin), and biodiesel.  An overview of the environmental regulations of each of 

the materials can be found in Table 6.1 below.  Each material was rated in the following seven 

categories: 

• Regulation under the Clean Air Act 

o Whether or not the substance is a Hazardous Air Pollutant (HAP) 

o Whether or not the substance is a Class 1 Ozone Depletor 

o Whether or not the substance is a Class 2 Ozone Depletor 

• Regulation under the Clean Water Act 

o Whether or not the substance is a Priority Pollutant 

o Whether or not the substance is a Toxic Pollutant 
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o Whether or not the substance is a Hazardous Substance 

• Whether or not the substance is regulated under the Toxic Substances Control Act (TCSA) 

The TCSA “provides [the] EPA with [the] authority to require reporting, record-keeping and testing 

requirements, and restrictions relating to chemical substances and/or mixtures” (“Summary of the 

TSCA”). 

Table 6.2: Environmental Regulations of Substances Involved in Biodiesel Manufacturing 

 Clean Air Act Clean Water Act   

Substance HAP 

Class 1 

Ozone 

Depletor 

Class 2 

Ozone 

Depletor 

Priority 

Pollutant 

Toxic 

Pollutant 

Hazardous 

Substance 
TSCA References 

Methanol Yes No No No No No Yes 

“MSDS 

Methyl 

Alcohol” 

Yellow 

Grease* 
No No No No No No Yes 

“MSDS 

Olive Oil”, 

“MSDS 

Peanut Oil” 

Sodium 

Methylate 
-- -- -- -- -- -- Yes 

BASF 

Corporation 

Glycerol No No No No No No Yes 
“MSDS 

Glycerol” 

Biodiesel -- -- -- -- -- -- Yes 
“MSDS 

Biodiesel” 

* No regulatory information on yellow grease was found.  Regulations for olive oil and peanut oil were 

used instead as they are two main components of yellow grease. 

 

 In addition to the regulations in Table 6.1, methanol and biodiesel are regulated further by the 

Environmental Protection Agency (EPA).  Due to the fact that methanol is considered an HAP, the EPA 

requires that prior to the construction of a biodiesel production facility, an air permit be filed (Kemper 

20).  In addition, if the facility loses more than 10 tons of methanol per year to the atmosphere, the 

plant will be considered a major source of hazardous air pollutants and will require further regulation 

(Kemper 20).  Lastly, the EPA requires that methanol not be vented to the atmosphere.  If vessels with 

methanol are vented, they must be scrubbed with best available control technology (BACT) to remove at 
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least 98% of the methanol vapors (Kemper 21).  Biodiesel is regulated under the Resource Conservation 

and Recovery Act (RCRA) which controls hazardous wastes during “generation, transportation, 

treatment, storage, and disposal (“Summary of RCRA”).  Biodiesel itself is not a hazardous waste, but 

when it is being disposed of, or if other substances containing trace amounts of biodiesel are being 

disposed of, the producer is responsible for determining whether it could be considered hazardous 

(National Biodiesel Board 3).  Additionally, biodiesel is regulated under the Clean Air Act which gives the 

EPA “the authority to regulate fuels . . . in order to obtain information about emissions and health 

effects . . . and where appropriate to reduce the risk to public health from exposure to their emissions” 

(“U.S. EPA Guidance for Biodiesel Producers”).  The EPA regulates biodiesel because after manufacturing 

it is used as vehicle fuel, which ultimately leads to emissions and air pollutants. It is important to ensure 

that the fuel being produced can be used in an environmentally friendly manner.  

 Table 6.2 illustrates the environmental impact of each component present in the production of 

biodiesel from yellow grease.  Each material is rated in the following areas: annual usage, toxicity, 

ecotoxicity, Ozone Depletion Potential (ODP), Global Warming Potential (GWP), whether or not the 

substance is recycled or recyclable, and results and remediation of accidental release.  Overall the 

process has been deemed generally environmentally-friendly.  Four out of the five researched 

components had low or moderate toxicities.  None of the components were found to have ozone 

depletion or global warming potentials.  Additionally, the main feedstock, yellow grease, is already a 

waste product which reduces the consumption of non-renewable resources.  A side-product the yellow 

grease/methanol reaction is glycerol.  Once glycerol is purified of excess methanol, the methanol can be 

recycled to the system and the glycerol sold and recycled in a variety of other industrial uses.  

 A few environmental hazards were discovered including the moderate to high ecotoxicity of all 

the materials and the high toxicity of methanol.  Many of the materials received a higher ecotoxicity 

rating because of their potentially harmful affect on aquatic life in the event of an accidental release.  



 

   

 
Page 37 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

Glycerol and biodiesel in particular, due to their high Biological Oxygen Demand (BOD), pose threats to 

waterways in which they are released.  

Table 6.3: Overall Environmental Impact of Materials Involved in Biodiesel Manufacturing 

Environmental 

Consideration 
Methanol 

Yellow 

Grease 

Sodium 

Methylate 
Glycerol Biodiesel References 

Annual Usage 195,000 gal 780,000 gal 4,100 gal 140,000 gal 820,000 gal Kazz 3-31-09 

Toxicity High Low Moderate Low Low -- 

Ecotoxicity Moderate Moderate Moderate High High -- 

ODP None None None None None “U.S. EPA 

Ozone” 

GWP None None None None None “U.S. EPA 

Ozone” 

Recycled/ 

Recyclable 

Substance 

No Yes No Yes No -- 

Results of 

Accidental 

Release 

Biodegrades 

quickly in soil 

and water. 

Harmful to 

aquatic life in 

high 

concentrations. 

Potentially 

harmful to 

aquatic life. 

Increases 

BOD of 

contaminate

d waterways. 

Potentially 

harmful to 

aquatic life. 

Readily bio-

degradable. 

Extremely 

harmful to 

aquatic life due 

to high BOD. 

Biodegradable, 

but potentially 

hazardous to 

birds and aquatic 

life. Increases the 

BOD of 

contaminated 

waterways. 

-- 

Remediation of 

Accidental 

Release 

Disperse vapors 

with a water or 

foam spray. 

Absorb liquid 

spills with a 

non-

combustible 

absorbent. 

Absorb liquid 

spills with a 

non-

combustible 

absorbent. 

Neutralization 

required due 

to high pH. 

Contain liquid 

spills 

immediately, 
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-- 

 

The proposed biodiesel plant is expected to have a low overall environmental impact due to 

utilities.  Two main utilities that could potentially have an environmental impact are water and power.  

Water is detrimental to the reaction of yellow grease with methanol to produce biodiesel, so very little 
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should be necessary for the actual manufacturing process besides normal day to day water usage. This is 

a positive for the environment as water is a precious resource in Arizona and conserving it is a priority. 

Power in the form of electricity is needed for several of the processes in the plant including heaters, 

pumps, and stirrers  The main consumer of power in the plant is due to the necessary heating of yellow 

grease prior to reacting it.  It was found that the annual energy usage to heat yellow grease is 

approximately 87,000 kWh.  Normally this energy would be purchased from Tucson Electric Power.  This 

electricity comes mainly from burning fossil fuels which in turn releases various environmentally harmful 

greenhouse gases.  Instead of purchasing the required 87,000 kWh of energy per year, the proposed 

plant will replace it with solar thermal energy.  This in turn reduces costs, depletion of non-renewables, 

and hazardous greenhouse gas emissions. 

The LCA chosen was a modified gate to grave.  The life-cycles of biodiesel and glycerol continue 

after their departure from the plant and will be briefly discussed.  Glycerol is a byproduct of the desired 

reaction and prior to processing is contaminated with methanol, water, salt, and trace amounts of the 

reaction catalyst, biodiesel, and yellow grease.  To reduce costs and waste, methanol can be removed 

from the glycerol and recycled to the process (“U.S. EPA Environmental Laws” B2).  Often after the 

methanol is removed, the impure glycerol is landfilled (“U.S. EPA Environmental Laws” B2).  If the 

proposed plant were to also landfill, this would result in 140,000 gal of glycerol being dumped annually.  

Instead, glycerol could be purified on-site or shipped to an off-site refiner who can sell the purified 

glycerol as a feedstock for other processes.  Glycerol has many industrial uses as a feedstock for 

cosmetics, toiletries, food products, other household products (“U.S. EPA Environmental Laws” B1). 

Biodiesel from yellow grease is a greener alternative to crude based vehicle fuels for many 

reasons: 

• Main feedstock does not deplete non-renewable resources 

• Processing is clean and does not release GHG’s 
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• Not dependent on foreign materials which minimizes environmental pollutants due to 

transportation 

• Produces a cleaner burning fuel 

Once the biodiesel is sold to the market, it is important to understand how its uses affect the 

environment.  Biodiesel, much like crude-based diesel or gasoline, when burned for use in vehicles 

exhausts emissions into the environment.  Unlike crude-based fuels, the emissions are significantly less.  

Table 6.3 gives a summary of the environmental benefits of biodiesel versus diesel.  

Table 6.4: Comparison of Environmental Impacts of Biodiesel Use vs. Diesel (“Summary Results from 

NBB/USEPA” 2-3) 

Environmental Impact Result 
Compared to 

Diesel 

Overall Ozone Forming Potential Produce smog 50 % less 

Carbon Monoxide Poisonous gas, produce smog 50 % less 

Particulate Matter Contributes to respiratory disease 30-80% less 

Sulfur Oxides/Sulfates Acid rain 100% less 

Aldehyde Compounds Human health problems 30% less 

Hydrocarbons Produce smog 95% less 

Aromatic Compounds Carcinogenic 75-90% less 

Mutagenicity Effects Cause mutations in mammals Substantially less 

Biodegradibility Harmless degradation in aquatic environments 4 to 5 times greater 

 

6. Economic Analysis 

 In this economic analysis, the cost of the different options for heating up yellow grease was 

considered based on the results of the pilot plant testing.  These options include using an electric heater, 

using a greenhouse, or using a breadbox for heating up the yellow grease.  In addition, the economic 

hazards associated with the real plant were investigated.  These hazards include the supply of yellow 

grease and methanol as well as the demand for biodiesel and glycerin.  This section will discuss of the 
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economic calculations performed on the pilot plant as well as the potential economic hazards associated 

with the real plant.  For further details on how the calculations were performed, see Appendix C.vii. 

 For this analysis on the economic calculations performed, the main goal is to determine: 

• Whether or not using solar heating is more efficient and more cost effective than 

using electricity alone 

• Which heater best accomplishes heating the yellow grease to the desired 

temperature (77 °C – See Appendix C.i) 

o Breadbox heater 

o Greenhouse heater 

o Electric heater 

Note that this analysis is based on the results of the pilot plant.  In order to compare the different 

methods, it is necessary to determine the raw material costs since they will be constant regardless of 

the method used.  Since there are two 500 gallon tanks inside the greenhouse, it is assumed the pilot 

plant is processing 1,000 gallons of yellow grease per day, and is running continuously for 12 hours per 

day.  The 1,000 gallons of yellow grease heated up is then assumed to be pumped out to react with 

methanol and a catalyst to produce biodiesel.  Table 7.1 summarizes the annual raw materials and the 

annual raw material costs for the components used.  

Table 7.1: Raw Materials Requirements 

Yearly Raw 

Materials 
Flow rate   Base Cost Reference Annual Cost 

Yellow Grease 1,953,277  lb/yr $0.18/lb Mike Kazz $351,590 

Methanol 65,000  gal/yr $1.75/gal Mike Kazz $113,750 

Sodium 

Methylate 
1,365  gal/yr $0.0777/gal BD Mike Kazz $21,212 

  Total Material Cost in 2009 $486,552 
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These values are based on a 4:1 ratio of yellow grease to methanol processed (Kazz Mar. 2009).  Sodium 

Methylate is used as the catalyst and it is assumed that the flowrate is 0.5% of the biodiesel produced.  

Also from Mike Kazz, there is 1.05 gallons of biodiesel produced from every gallon of yellow grease 

processed.  Therefore, a flowrate of the sodium methylate and methanol can be estimated.   

 A byproduct from biodiesel is glycerol, which can be sold for some profit in addition to the 

biodiesel.  From Mike Kazz, there is one gallon of glycerol produced for every 6 gallons of biodiesel 

produced.  Table 7.2 below summarizes the flowrates and selling cost for the products assuming the 

yellow grease from the pilot plant is processed. 

Table 7.2: Product Selling Prices 

Yearly Raw Materials Flow rate   Base Cost Reference Annual Cost 

Biodiesel 273,000 gal/yr $3.05/gal Jacobsen $832,650 

Glycerol 45,500 gal/yr $0.05/gal Jacobsen $2,275 

  Total Material Cost in 2009 $834,925 

 

Taking the difference of the raw materials used and the products that can be sold gives a total 

profit of approximately $350,000 annually.  This value will be the same regardless of the method used 

for heating. 

 Using solar power to heat up the yellow grease will not eliminate all electricity usage.  There will 

still be electricity needed to run the pumps, lighting, data logger, and so on.  How much electricity, 

however, depends on the method.  Table 3.6 from before shows the power requirements and the 

annual cost. 
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Table 3.6: Utility requirements and Pricing (TEP) 

Model 1A 1B 2A 2B 3 

Power Usage  [kWh/yr] 29,201 23,169 22,074 12,924 47,675 

Total Utility Cost in 2009 $ 3,434 $ 2,725 $ 2,596 $ 1,520 $ 5,607 

 

The notation for the different models is summarized in Table 7.3.  For the purpose of comparison, it is 

assumed all tanks for each method had a volume of 1,000 gallons. 

Table 7.3: Method Notation 

Model Method 

1A perfectly mixed greenhouse tank 

1B non-mixed greenhouse tank 

2A perfectly mixed breadbox tank 

2B non-mixed breadbox tank 

3 no solar heat; using electricity alone 

 

From Table 3.6, the electricity cost for the non-mixed tank in the breadbox is the most economically 

favorable.  This means the breadbox heater is the most efficient at heating up the yellow grease. 

 When using solar energy to heat up the yellow grease (models 1 and 2), a pump is needed for 

recirculation, if necessary, and to pump from tank to tank and to the reactor.  Because using solar 

energy alone cannot allow the yellow grease to reach the target temperature of 77 °C (See Appendix 

C.i), an immersion heater is needed.  The immersion heater will be used to heat up the yellow grease 

the rest of the way to 77 °C.  For model 3, a pump will be needed to pump the yellow grease from tank 

to tank and to the reactor.  In addition, an immersion heater will also be used to heat up the yellow 

grease from ambient to 77 °C.  Table 7.4 below shows this common base equipment cost. 
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Table 7.4: Base Equipment Requirement and Pricing 

Model Quantity Cost 

Pump 1 $ 650 

Immersion Heater 1 $ 1,200 

Total Additional Cost in 2009 $ 1,850 

 

There is also an upfront equipment cost for the different methods, summarized in Table 7.5.  

Table 7.5: Additional Equipment Requirement and Pricing (See Appendix C.vii) 

Model Quantity 1A  1B 2A 2B 3 

Greenhouse 1 $ 300 $ 300 $ 0 $ 0 $ 0 

Breadbox Heater 1 $ 0 $ 0 $ 1,144 $ 1,144 $ 0 

Valves 2 $ 401  $ 401 $ 401 $ 401 $ 0 

Total Additional Cost in 2009 $ 701 $ 701 $ 1,545 $ 1,545 $ 0 

 

As shown in Table 7.5, the equipment cost for the greenhouse is much cheaper than that for the 

breadbox.  This is mainly due to the fact that the breadbox heater is built from scratch whereas the 

greenhouse heater can be bought as one unit.  The amount of savings each model has compared to 

electricity alone, operating costs, energy costs, and the cost to produce biodiesel needs to be examined 

(See Appendix C.vii).  It is assumed that the lifetime of the greenhouse is three years and the lifetime for 

the breadbox is six years.  Therefore, to make a reasonable comparison, a present worth calculation for 

six years is performed (See Appendix C.vii).  Table 7.6 below summarizes the percent savings for each 

model compared to model 3. 
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Table 7.6: Percentage Savings and Present Worth (See Appendix C.vii) 

Model 1A  1B 2A 2B 

Daily (exclude additional equipment cost) 39% 51% 54% 73% 

Annually  26% 39% 26% 45% 

Present Worth* -$ 20,815 -$16,793 -$ 16,270 -$ 10,167 

 *Present worth in six years 

It is important to note that the upfront cost of the breadbox is about four times more expensive 

than the upfront cost of greenhouse.  This leads to higher upfront cost for model 2A and model 2B.  

However, the annual operating cost for models 2A and 2B are lower than models 1A and 1B which 

results in a higher savings for models 2A and 2B (the breadbox methods).   From Table 7.6, the present 

worth of 1A and 1B are higher than that of 2A and 2B. 

After examining the results from the economic calculations (Appendix C.vii), it is clear that the 

breadbox method is most efficient in heating up the yellow grease.  In addition, as Table 7.6 shows, 

having a non-mixed tank has a higher savings.  Therefore, based on economics alone, the optimal 

configuration would be a non-mixed tank using solar energy to heat up the yellow grease in a breadbox.   

Once the yellow grease reaches the outlet temperature of the breadbox, which will be below the target 

temperature, an immersion heater will be used to heat up the yellow grease the rest of the way.  It is 

also important to note that these calculations are based on the worst case scenario, which is the winter 

season in Tucson, AZ.  Therefore, during the summer, less heating would be required resulting in even 

more of a savings. 

 It is crucial to not only discuss the costing of the pilot plant, but also the economic hazards that 

are associated with the real plant.  There is a certain supply and demand when it comes to the 

production of biodiesel.  The supply of yellow grease and methanol is as important as the demand for 

biodiesel and glycerin when an economic analysis is performed.  In order to successfully investigate the 
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economic hazards the proposed plant may encounter, a history of the prices and markets for these 

products needs to be examined.   

 Yellow grease is mainly considered as a waste product that can be used as dust control for roads 

or as an additive in animal feed (Wikipedia “Yellow Grease”).  However, the value of yellow grease has 

greatly increased since it became a feedstock of biodiesel.  Therefore, the demand for yellow grease is 

prominent.  It is highly desirable as a source for the production of biodiesel since it consists of turning a 

cheap waste into fuel.  It is also attractive because it is easily accessible due to the fact that it is a waste 

product of nearly all restaurants, hospitals, schools, and personal homes.  Figure 7.1 below shows the 

history of the monthly average prices of yellow grease.  The monthly averages were calculated by taking 

the average of the values for all the different regions of the US, given by The Jacobsen, for each week 

beginning in the year 2005.  These weekly averages were then averaged to give a monthly average. 

 

Figure 7.1: Average monthly prices of Yellow Grease across US for 2005-2009 (The Jacobsen) 

 

As shown in Figure 7.1, the monthly average price of yellow grease has little fluctuation up to 

the year 2007 where there is a spike in prices.  This spike was due to the spike in the prices of biodiesel 

which will be explained later in this section.  After the year 2008, the price of yellow grease dropped 

dramatically due to the current economic recession.  It is difficult to predict the future behavior of the 
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yellow grease price, yet it is projected the prices will follow the trend leading up to the year 2008.  The 

maximum price of yellow grease reached 59 cents per gallon while the minimum was 11 cents per 

gallon.  The price of yellow grease has always remained below one dollar and is expected to do so in the 

near future due to the continuous availability of the waste. 

Methanol is another common product that has a wide range of uses.  Up to approximately 40% 

of methanol produced is converted to formaldehyde while other uses include solvents, a source of 

gasoline, and a source of biodiesel (Wikipedia “Methanol”).  Because of its wide usage, its availability is 

also high.  There will also be a demand for methanol since it is used for gasoline.  Figure 7.2 below shows 

the monthly averages of methanol prices.  These prices were calculated by the same method as the 

yellow grease averages. 

 

Figure 7.2: Average monthly prices of Methanol for 2001-2009 (Methanex) 

As shown in Figure 7.2, the prices of methanol range from 11¢ to $2.50 per gallon.  The prices of 

methanol remained above one dollar and are expected to remain below $3.00 per gallon from 

examining the trends.  It is still a relatively inexpensive and easily accessible product, therefore making 

methanol reasonable to use as a feedstock for biodiesel. 
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The availability of biodiesel differs from that of yellow grease and methanol.  It has been said 

that the biodiesel production capacity has increased 40% between 2002 and 2006 and is expected to 

increase after 2006 (Wikipedia “Biodiesel”).  It is also said that the demand for biodiesel has increased to 

approximately 150 million gallons in the US and Europe (Biopower London).  There are many reasons 

why biodiesel is desirable. 

The attraction of biodiesel is mainly due to the fact that it is more environmentally favorable.  It 

is less harmful to the environment as it reduces greenhouse gas emissions and releases about 43% less 

carbon monoxide (Biopower London).  In addition, biodiesel has lower emissions, is nontoxic, 

biodegradable, and mainly free of sulfur (“Biodiesel 101”).  Besides the environmental effects, biodiesel 

is favored over regular gasoline because it reduces America’s dependence on foreign oil.  This allows for 

the US to make a profit which can increase the economic security of the nation.  In addition, biodiesel 

reduces fuel system wear because it has 55% less particulates (Biopower London) to clog fuel filters and 

is a better lubricator. 

Figure 7.3 below shows the trends in biodiesel prices between 2005 and 2009.   

 

Figure 7.3: Average monthly prices of Biodiesel across US for 2005-2009 (The Jacobsen) 
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As shown, a spike occurred in 2008, most likely due to the Food, Conservation, and Energy Act 

of 2008.  This act provided grants for the development and advancement of biofuels.  As mentioned 

earlier, during this time is also when a spike occurred in yellow grease prices, which is to be expected 

when something becomes profitable.  The price of biodiesel reached a maximum of $5.29 in 2008 and a 

minimum of $2.22 in 2005.  It is expected that the prices of biodiesel will remain over $2.50 and possibly 

increase due to the drive to decrease the US dependence on foreign oil and the increase alternative fuel 

use. 

Glycerin is a byproduct of biodiesel and is most commonly used in pharmaceuticals.  Glycerin’s 

many applications include: sweeteners, fillers, lubricant in cough syrups, skin care, toothpastes, and 

plasticizers (Miller-Klein, 2).  The market for glycerin used to be relatively stable but has dropped 

dramatically due to the increase in the production of biodiesel.  Because glycerin is a byproduct of 

biodiesel, glycerin suddenly became more available and the availability became greater than the 

demand.  This is shown in Figure 7.4 below.   

 

Figure 7.4: Prices of Glycerin for 2004-2006 (Miller-Klein, 3) 

The price of glycerin is the biggest economic hazard associated with the proposed biodiesel plant.  

Figure 7.5 shows the history of glycerin prices starting in 2005. 
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Figure 7.5: Average monthly prices of Biodiesel across US for 2005-2009 (The Jacobsen) 

Although the demand is low, there is still some profit that can be made from glycerin because of 

its wide variety of uses. 

In conclusion, Figure 7.6 compares the reactants and products of the real plant.   

 

Figure 7.6: Average monthly prices of all components of real plant for 2005-2009 (The Jacobsen, Methanex) 

In 2008, all components of the process had a spike in prices.  Since then, the prices have dropped, 

mainly due to the economic recession.  However, with the Food, Conservation, and Energy Act of 2008, 
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there is a great drive in the development and advancement of biofuels.  In addition, the prices of 

biodiesel are large compared to the components used to produce them.  Lastly, environmental concerns 

are now more important than in the past.  Therefore, using solar energy to produce biodiesel is a great 

improvement and proven to be a successful method for heating up the yellow grease reacted. 

7. Conclusions 

Solar Energy Engineering took on this project knowing that there was great potential for making 

a revolutionary biodiesel more affordable.  Now that this phase of the project is over, it is evident that 

some broad conclusions about the work can be made.  Conclusions made from this project can be 

broken down into five categories: environmental, safety, theoretical calculation results, experimental 

results, and economics. 

An environmental study showed that producing biodiesel from yellow grease while 

implementing passive solar energy is a highly environmentally friendly process.  Reasons for this 

conclusion are: yellow grease is a waste product, energy consumption can be reduced by using passive 

solar energy, the biodiesel produced from this process is a cleaner burning fuel, the process does not 

include materials with GWP’s or ODP’s, and it is a low water consuming process.  On a more negative 

note, the materials used have a moderate to high ecotoxicity.  In other words, most of the materials are 

harmful to aquatic life in case of an accidental release.  It would be recommended to have an overflow 

reservoir for each tank and to have a spill kit available.   

The safety study showed that there are few hazards associated with this process.  The yellow 

grease tanks in the greenhouse and breadbox can get exceptionally hot.  It is possible that burns could 

result from direct contact, but this can be avoided by wearing appropriate PPE.  Another safety concern 

was the high toxicity and flammability of Na-methylate and methanol.  Potential harm can be avoided by 

wearing appropriate PPE and ensuring safe handling practices.  It would be recommended that an 

overflow reservoir be installed for each tank and to have a fire suppression system in place. 
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To aid in predicting the behavior of a passive solar heating system, models were created and 

theoretical results were produced.  It was determined that the yellow grease should be heated to 77 °C 

prior to mixing with methanol and reacting.  The greenhouse simulator provided by the University of 

Arizona’s agricultural department was useful for generating models for predicting solar radiation flux 

and greenhouse air temperatures.  Models showed that heat transfer by conduction is slow when 

compared to heat transfer aided by convection.  Models show that the heating of yellow grease by hot 

greenhouse or breadbox air is considerable and should not be ignored.  Results also show that a 

perfectly mixed tank will generate a theoretical maximum average temperature that cannot be 

exceeded by a non-mixed tank.  Results predict that a breadbox heater will provide superior 

temperatures when compared to a tank in a greenhouse.  The fourth model predicts the behavior of the 

pilot plant the best when there is no mixing occurring in the tanks.  It is recommended that models be 

generated for alternative passive solar heating techniques so that decisions can be made on whether or 

not a new piece of equipment should be built and tested.   

Experiments were performed at a pilot plant at the University of Arizona’s agricultural farm.  

Results from those experiments show that there is little to no natural convection occurring in the yellow 

grease tanks.  It can be concluded that an accurate model which could predict trends in the pilot plant 

would take into account: heat transfer due to solar radiation, convective heat transfer with the 

surrounding air, and conductive heat transfer through the yellow grease.   The 500 gallon tank in the 

greenhouse was effective at heating and storing.  Tanks in the greenhouse reached average 

temperatures that were 20 °C higher than ambient during the afternoon and maintained average 

temperatures 18 °C higher than ambient at night.  Results showed that the breadbox was the most 

efficient heating tool with an average temperature of yellow grease that was 42 °C higher than ambient 

during the day.  Results from the vertical breadbox text were inconclusive when trying to determine if 

there was more natural convection occurring.  Recommendations for future work include: performing 
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more vertical tank tests and determining a better way of finding an average temperature in the tank.  

Insulation tests showed that the yellow grease temperature in an insulated breadbox only dropped by 

20 °C at night compared to over 45 °C without insulation.  Recommendations for future work should 

include underground storage and insulation for tanks in the greenhouse.  Recirculation tests were 

performed in order to mimic perfect mixing or convection in the tank.  The optimized pumping cycle was 

10-15 minutes of runtime and 20-30 minutes of downtime.  The average temperature of the mixing test 

was lower than the non-mixing tests.  It was concluded that the lower temperatures obtained in the 

mixing test was most likely due to heat lose through the 14-20 feet of piping needed for the 

recirculation loop.  For a future recommendation, a better method should be developed for a perfect 

mixing experiment. 

After all of the experimental data was analyzed, an economic analysis was performed.  The 

analysis shows that implementing passive solar heating in the production of biodiesel is economically 

favorable.  It was determined that a breadbox assembly, despite its high upfront cost, was the most cost 

effective solution to implementing passive solar heating into the plant.  It was also found that 

implementing a breadbox assembly can reduce the daily electricity consumption by 73%.   
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9. Appendices 

A. Lab Reports 

i. Determining the Specific Heat Capacity of Yellow Grease 

Date Performed: February 12, 2009 

Summary 

The following report details the results of an experiment run on three samples of yellow grease.  The 

goal of the experiment was to determine the specific heat capacity of yellow grease, which was done 
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using an isobaric calorimeter.  A known amount of yellow grease was placed in the isobaric calorimeter 

at a known starting temperature.  A piece of copper, also with known mass and higher initial 

temperature than the yellow grease, was then placed in the yellow grease.  After the yellow grease and 

copper equilibrated, the final temperature of the system was recorded.  A simple energy balance 

resulted in values for the heat capacity of each sample. 

In addition to the experiment, theoretical calculations for the heat capacity of yellow grease were 

performed.  It was found based on an initial test with water, that the overall experimental procedure 

was viable.  The average experimental heat capacity of yellow grease was found to be 3.6 kJ/kg K, while 

the theoretical heat capacity was found to be 1.81 kJ/kg K.  Unfortunately, due to the many sources of 

error present, the experimental results obtained for yellow grease were generally both inaccurate and 

imprecise.  Several suggestions are made to further improve upon this experiment for future work.  

Introduction 

Yellow grease, the common name for a mixture of various processed cooking oils, is quickly 

emerging as an inexpensive and environmentally-friendly feedstock to make biodiesel.  Common 

properties of yellow grease are largely unknown as recycling it for biodiesel production is a fairly new 

technology.  One such property is the specific heat capacity.  This report details an experiment 

performed on three samples of yellow grease in an attempt to determine its specific heat capacity.  Not 

knowing common properties of any material make it difficult to predict the material’s behavior in 

various situations.  To maintain good engineering practices as well as keep a safe and environmentally-

friendly work environment, having an understanding of the materials being used in imperative.  In the 

particular case of the proposed biodiesel plant, it is desired that the yellow grease be pre-heated using 

solar thermal energy prior to being reacted.  A vital component in being able to predict mathematically 

how yellow grease will behave when exposed to solar thermal energy is its heat capacity.  Without 

knowing the heat capacity, it is impossible to calculate how much energy will be needed to bring the 
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yellow grease to the desired temperature, or further, whether it is even feasible to do so.  There are two 

main objectives of this work; the first is to determine experimentally the heat capacity of several 

samples of yellow grease.  The second is to calculate a general heat capacity based on the common 

components of yellow grease and compare the theoretical and empirical values.  

Background 

 The experiment performed on the samples of yellow grease was essentially an isobaric 

calorimeter experiment.  A calorimeter measures the energy transferred as heat during a process.  An 

isobaric calorimeter does this for processes occurring at constant pressure (Atkins and De Paula 38).  It is 

known that the energy transferred as heat during a constant pressure process can be quantified with 

the change in enthalpy (Atkins and De Paula 41).  It is also know that enthalpy and temperature are 

related in the following manner (Atkins and De Paula 44): 

TmCpH ∆=∆  A.1 

Where Cp is the heat capacity at constant pressure, ΔH is the change in enthalpy, ΔT is the change in 

temperature, and m is mass.  Practically, based on the definition of enthalpy, Equation 1 can be re-

written as (Atkins and De Paula 44): 

TmCpq ∆=  A.2 

Where q is the heat supplied to the system. 

 The simple isobaric calorimeter used is a closed system and because of the first law of 

thermodynamics, the energy transferred from the hot object in the calorimeter is equal to the energy 

absorbed by the cooler surrounding fluid.  The following relationship between the copper and yellow 

grease can then be made, assuming that the insulation around the system is perfect and no heat is able 

to escape to the atmosphere:  

YGYGYGCuCuCuYGCu TCpmTCpmqq ∆=∆→=  A.3 
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Where qCu is the heat released from the copper, qYG is the heat absorbed by the yellow grease, and mCu 

and mYG are the masses of the copper and yellow grease samples respectively.  CpCu and CpYG are the 

heat capacitates, and ΔTCu and ΔTYG the temperature changes of copper and yellow grease respectively.  

 Therefore, measuring the mass of the copper and yellow grease samples, along with the 

temperature change of both yellow grease and copper, and knowing the heat capacity of copper, the 

heat capacity of the yellow grease sample can be determined.  A detailed explanation of the calculations 

performed can be found in Appendix A.i. 

Experimental Method 

The heat capacity lab was performed on February 12, 2009 in the Harshbarger building at the 

University of Arizona under the supervision of Dr. Greg Ogden.  The following materials were needed to 

perform the experiment: 1 hot plate, 2 glass beakers, 1 pair of tongs, 1 small copper sample, 1 digital 

thermometer, 1 Styrofoam container, and 3 samples of yellow grease.  The experimental setup is shown 

in Figure 

A.1.

 

Figure A.1: Schematic of the Experimental Apparatus 

 First, a large block of Styrofoam was cut to hold the plastic sample containers of yellow grease.  

The Styrofoam was placed inside of a beaker to hold it in place. Meanwhile a hot water bath was setup 
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and the copper piece was allowed to heat in the bath.  Prior to heating, both the copper piece and 

yellow grease sample were weighed.  Once the water bath was boiling, the copper was determined to 

be in equilibrium with the bath.  At this point, the initial temperature of the copper sample and the 

yellow grease sample were measured and recorded.  The copper piece was then quickly moved from the 

water bath to the yellow grease sample in the insulated beaker using tongs.  The top of the insulated 

container was covered with paper towel.  The digital thermometer was placed in the yellow grease 

sample as soon as the copper was.  The temperature of the yellow grease was monitored until it was 

determined that the system had reached steady state.  Steady state was called once the temperature 

reading became stable, indicating that the copper and yellow grease had equilibrated.  This final 

equilibrated temperature was then recorded.  

 The experimental procedure was repeated seven times.  The first run was performed with water 

rather than yellow grease to test the validity of the experiment.  The remaining six runs were performed 

with half of each yellow grease sample.  Note that Sample B had solidified during storage prior to the 

experiment.  In order to run the experiment on Sample B, it was preheated just enough to liquefy it.  

This preheating should not have affected the results, as the change in temperature is the value of 

interest.  A detailed experimental procedure can be found in at the end of this report. 

Results and Discussion 

 In order to properly analyze the data collected and test the validity of the experiment, it is 

important to have an idea of the theoretical heat capacity for yellow grease.  As previously mentioned, 

this data is not easily accessible so an alternate method was used to determine a theoretical heat 

capacity of yellow grease.  In addition, a theoretical thermal conductivity, k, will be found.  Time 

constraints did not allow a thermal conductivity experiment to be conducted, but it is an important 

physical property of yellow grease that is also widely unpublished. 
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Yellow grease is comprised of multiple feedstocks and each feedstock is comprised of several 

fatty acids.  If it is assumed that the mixture of these fatty acids is ideal, then a weighted average of the 

physical properties of each component can be used to determine the physical properties of the mixture 

as a whole.  The composition of yellow grease needs to be determined in order for this method to work. 

Fatty acids are classified by the number of carbons in their fatty chains and by the number of 

double bonds.  Yellow grease is made of several fatty acids and Table A.1 shows the percent 

composition of each fatty acid found in yellow grease.  Furthermore, Table A.1 shows the percent 

composition of fatty acids in other commonly used feedstocks.  Note that the physical properties of the 

all the feedstocks in Table A.1, excluding yellow grease, are readily available.   

Table A.1: Percentage of Each Fatty Acid Present in Various Biodiesel Feedstocks (Van Gerpen et al.  2) 

Oil or Fat 14:00 16:00 18:00 18:01 18:02 18:03 

Peanut Oil -- 8-9 2-3 50-60 20-30 -- 

Olive Oil -- 9-10 2-3 73-84 10-12 trace 

Butter 7-10 24-26 10-13 28-31 1-2.5 0.2-0.5 

Lard 1-2 28-30 12-18 40-50 7-13 0-1 

Tallow 3-6 24-32 20-25 37-43 2-3 -- 

Yellow Grease 2.43 23.24 12.96 44.32 6.97 0.67 

 

In order to determine which feedstocks make up the composition of yellow grease, the ratio of 

fatty acids in each feedstock can be compared to the ratios found in yellow grease.  When the ratio of 

fatty acids in a feedstock is similar to that of yellow grease, the physical properties of that particular 

feedstock will be used when performing a weighted average for the properties of yellow grease.  The 

feedstocks with similar fatty acid compositions to that of yellow grease include: peanut oil, olive oil, 

butter, lard, and tallow. 
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Table A.2 provides specific heat capacities and thermal conductivities of the feedstocks that 

primarily make up yellow grease.  Since the composition of yellow grease changes depending on where 

and when it was collected, it was assumed that yellow grease is composed of equal parts of the 

previously determined feedstocks.  An average was used to determine the physical properties of yellow 

grease based on the properties of the feedstocks it is made up of.  The bulk properties of all edible fats 

and oils were used to help validate the newly determined physical properties of yellow grease (Table 

A.2). 

Table A.2: Summary of Heat Capacities and Thermal Conductivities 

Component Cp (kJ/kg·K) k (W/m·K) 

Peanut Oil 1.81 0.1679 

Olive Oil (1) (2) 1.97 0.17 

Butter 1.26 0.1972 

Lard 2.26 - 

Tallow 0.88 - 

Vegetable Oil (1) 1.67 - 

Yellow Grease 1.6417 0.1784 

Bulk Edible Oils (3) 1.98 0.17 

Average 1.811 0.1742 
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The results of the performed experiment are summarized in Table A.3.  

Table A.3: Empirical Results 

Trial Sample mS (g) Ti,Cu (°C) Tf,Cu (°C) Ti,S (°C) Tf,S (°C) CpS (kJ/kg·K) 

1 W 25.74 98.2 27.1 22.9 27.1 4.281 

2 B 21.59 98.0 39.0 33.7 39.0 3.356 

3 A 34.28 98.1 31.0 27.5 31.0 3.640 

4 A 44.41 98.1 29.6 27.4 29.6 4.563 

5 C 45.27 98.1 27.6 25.6 27.6 5.068 

6 C 44.93 98.1 29.9 27.2 29.9 3.659 

7 B 38.45 98.1 38.7 31.7 38.7 1.436 

 

The samples are labeled W, A, B, and C. W was the water sample, A was a yellow grease sample 

the group was told was mainly composed of peanut oil, B was considered to be a “real” or “true” sample 

of yellow grease that could be processed for biodiesel, and C was an average yellow grease sample.  The 

samples were collected from different locations at different times to get an understanding of the 

composition variations of yellow grease.  

 First, to see if the experiment done was viable, the heat capacity calculated for water can be 

compared to a published value.  The empirical value calculated was 4.281 kJ/kg K. From Felder and 

Rousseau (2000) the heat capacity of liquid water at an average temperature of 25 °C is 4.185 kJ/kg K 

(635).  Based on the results of Trial 1, the experiment seems to be a very accurate; the percent error was 

found to be only 2%.  A table of the empirical heat capacity values for each sample and their 

corresponding percent errors is shown below.  The tests are grouped together by sample rather than 

trial to easily compare heat capacities found from the same yellow grease sample.  
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Table A.4: Percent Error in Empirical Heat Capacity Values 

Sample/Trial 
CpS,empirical 

(kJ/kg·K) 
Error 

W/1 4.281 2% 

A/3 3.640 101% 

A/4 4.563 152% 

B/2 3.356 85% 

B/7 1.436 21% 

C/5 5.068 180% 

C/6 3.659 102% 

 

Unlike the water sample, which had very good accuracy, the remainder of the tests seemed to 

have both very poor accuracy and precision.  All but one trial had heat capacities much larger than the 

theoretically calculated value and percent errors between 80 and 180%.  The average empirical heat 

capacity of yellow grease was found to be approximately 3.6 kJ/kg K which has a percent error of almost 

100%.  

Several explanations for the experimental error have been analyzed.  One such source of error is 

contributed to the use of the digital thermometer.  The calculations performed are highly dependent on 

the initial and final temperatures of the copper and sample.  Using the digital thermometer, it was very 

difficult to decipher when the copper and the yellow grease had reached equilibrium.  If steady state 

was called prior to equilibrium, the final recorded temperatures of the copper and sample would be 

lower than if they were allowed to reach equilibrium.  The lower temperature would cause the 

calculated heat capacity to be higher.  It was determined for the various samples that if the steady state 

temperatures were 2-4 °C higher than the final recorded temperature, this would be enough to produce 

empirical heat capacity values with almost no error.  Another issue with the digital thermometer was 



 

   

 
Page 65 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

that it was much larger than the sample it was measuring.  It is unknown if or how this affected the 

results, but it is possible that the temperature readings were inaccurate due to the size of the 

thermometer.  Although, the same thermometer was used for all the tests, so the possible error due to 

this should be consistent between the tests.  A final issue with the digital thermometer was that there 

was only one available.  As a result, it was necessary to transfer the thermometer back and forth 

between the hot water bath and the calorimeter. This could have caused errors depending on how long 

the thermometer takes to equilibrate, and whether transferring the thermometer from the hot water 

bath affected the temperature of the cooler yellow grease sample. 

Another possible source of error was due to the insulation.  The insulation around the container 

was uneven and only about ½” thick.  Additionally, the top of the apparatus was only insulated with 

paper towels.  The calculations used to determine the heat capacity of yellow grease work only when 

the system is perfectly insulated.  If some of the heat from the copper was transferred to the 

surroundings rather than into the yellow grease, the recorded steady state final temperatures will be 

less than if the system had been perfectly insulated.  This loss of heat will cause the experimental heat 

capacities to be higher than in reality.  

An additional source of error is due to the initial temperature of the copper.  It is known for the 

water trial that the copper had reached equilibrium with the hot water bath before being transferred to 

the calorimeter, because they were heated at the same time and copper has a much lower heat capacity 

than water.  This means that it takes less energy to heat the copper than the water.  After the first trial, 

the amount of time the copper piece was left in the hot water bath was very inconsistent.  It is possible 

that on one or more of the trials, the copper was removed from the bath prior to reaching equilibrium.  

The recorded initial copper temperature would then be higher than what the actual initial temperature 

of the copper was.  This difference would then translate in the calculated heat capacity being higher 

than in actuality.  
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Another possibly large source of error could be due to the fact that at least two of the samples 

contained water.  Yellow grease, prior to processing, often has entrained water.  Since the heat capacity 

of water is higher than the heat capacity of yellow grease, any water in the samples would cause the 

heat capacity of the yellow grease to read higher than if the samples had be desiccated prior to testing.  

It is known that at least two of the samples contained some percentage of water.  The melting point of 

yellow grease is 30 °C (Dobbs).  Since the melting point of water is much lower than that of yellow 

grease, any percentage of water in the samples would lower the melting point.  The temperature in the 

lab at the time of the experiment was about 27 °C and samples A and C were completely liquefied.  

Sample B on the other hand was solidified, indicating that it had very little water.  Looking at the results 

of the experiment, Sample B had the least amount of error.  It has then been concluded that water in 

the samples did affect the empirical heat capacities and increase the error.  

Finally, the fact that the samples were not being stirred could be a source of error.  If the yellow 

grease surrounding the copper sample quickly heated and then leveled off, it would appear that the 

copper had reached steady state with the yellow grease.  In reality, perhaps the high temperature 

grease surrounding the copper gave a false steady state.  If the system had been stirred, the cooler 

yellow grease at the top of the sample would have allowed the temperature gradient between the 

copper and grease to be maintained until a true steady state was reached.  

Future work is suggested for this experiment.  It is believed that a much more accurate 

collection of data would be able to be obtained with a few changes to the experiment.  To ensure 

equilibrium is called when it has actually been reached, thermocouples and a data logger are suggested 

as opposed to the digital thermometer.  This would also solve the other sources of error surrounding the 

digital thermometer.  A better method of insulating the system is also suggested to minimize heat losses 

to the surroundings.  Specifically thicker, more even insulation with a lid.  Additionally, it is suggested 

that some calculations be done to determine how long it will take for the copper to reach steady state 
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with the hot water bath.  Once this value is known, the copper sample should be consistently left in the 

hot water bath for the specified amount of time necessary to reach equilibrium.  Next, and highly 

important, the samples must be void of water before attempting to measure their heat capacity.  Finally, 

stirring should be incorporated into the system so that steady state temperature readings are as 

accurate as possible.  

It is curious that with all the possible sources of experimental error, the water sample gave such 

an accurate empirical heat capacity.  Some possible explanations for this are that the steady state 

temperature reading was very obvious for the water trial.  Additionally, as previously explained, it is 

known that the copper was in equilibrium with hot water bath prior to transferring it to the calorimeter.  

Finally, it is known that the sample was pure water, which also helped ensure the accuracy of the 

calculated result.  

Conclusions 

 Having performed a detailed analysis of the results, two main conclusions can be drawn: the 

overall methodology of the experiment is valid but many sources of error resulted in inaccurate and 

imprecise empirical results.  Despite the error in the empirical values, the theoretical calculations 

performed have given good estimates for the specific heat capacity and thermal conductivity of yellow 

grease.  The overall objective of the experiment was to come away with values for the properties of 

yellow grease that could be used in other calculations to predict its behavior, which has been fulfilled.  It 

is also important to have good empirical data to understand how the properties of different samples of 

yellow grease vary, as the theoretical value is general to any sample.  It is suggested for future work that 

the experiment be redone taking into account the many suggestions to reduce experimental error. 
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Notation 

Symbols  

Cp Specific heat capacity, kJ/kg K or kJ/mol °C; CpYG, specific heat capacity of yellow 

grease; CpCu, specific heat capacity of copper; CpS, specific heat capacity of sample 

(water or yellow grease) 

k Thermal conductivity, W/m K 

m Mass or moles, g or mol; mYG, mass of yellow grease; mCu, mass or moles of copper; 

mS, mass of sample (water or yellow grease) 

q Heat, kJ; qYG, heat absorbed by yellow grease; qCu, heat released by copper 

T Temperature, K or °C; Ti,YG initial temperature of yellow grease; Tf,YG final 

temperature of yellow grease; Ti,Cu initial temperature of copper; Tf,Cu final 

temperature of copper; Ti,S, initial temperature of sample (water or yellow grease); 

Tf,S, final temperature of sample (water or yellow grease) 

Greek Letters  

ΔH Change in enthalpy, kJ 

ΔT Change in temperature, K or °C; ΔTYG change in temperature of yellow grease; ΔTCu 

change in temperature of copper 
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Calculations 

From Equation A.1 described in the Background section, the unknown heat capacity of each 

sample of yellow grease can be determined.  Equation A.1 can be manipulated the following way to 

solve for the desired heat capacity: 
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The heat capacity of copper is temperature dependent and was estimated to be approximately constant 

at 0.0232 kJ/mol °C.  The following equation was used to determine the heat capacity and is valid for 

copper temperatures (T) between 0 and 1084 °C (Felder and Rousseau 635): 
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An average copper temperature of 65 °C was used as the heat capacity was found to vary very little 

within the temperature range studied (27.1-98.2 °C).  The mass of the copper was measured to be 17.86 

g which is approximately 0.281 mol.  An example of the calculation performed for each sample is shown 

below for Trial 7: 
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7.317.3845.38

7.381.98/0232.0281.0
7,  

The heat capacities calculated from the other trials were completed in a similar manner and the results 

can be seen in Table A.4. 
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Experimental Procedure 

Objective 

 To experimentally determine the specific heat capacity of yellow grease using three different 

samples and an isobaric calorimeter. 

Safety Considerations 

 Possibility of contact burns from the hot plate, water bath, thermometer, and copper sample.  

Use tongs and caution when moving the copper from the hot water bath to the yellow grease.  Be aware 

of the hot surfaces and wear gloves if it becomes necessary to be in direct contact.  Safety goggles and 

lab coats should be worn through the duration of the experiment. 

Procedure 

See Figure A.1 for a schematic of the experimental setup. 

1. Measure and record the mass of the copper sample. 

2. Fill a clean beaker with water, place it on the hot plate, and allow the water to boil.  Boiling 

chips may be added if desired.  While waiting for the water to boil, proceed with Step 3. 

3. Carefully place the copper sample in the hot water bath using the tongs.   

4. Prepare the first yellow grease sample by splitting it in half.  Two runs will be performed on each 

sample, one on each half.  

5. Measure and record the mass of the first yellow grease sample.  Place the container of yellow 

grease in the Styrofoam container. 

6. Once the hot water bath is boiling, measure and record the temperature of the water.  The 

water and copper sample are in equilibrium at this point, so the temperature of the water is the 

initial temperature of the copper sample. 

7. Move the thermometer to the yellow grease sample and measure and record the initial 

temperature.  Leave the thermometer in the sample. 
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8. As quickly as possible transfer the copper sample from the hot water bath to the yellow grease 

sample using the tongs.  Immediately cover the top of the glass beaker holding the sample with 

paper towels to insulate the system.  

9. Monitor the temperature of the yellow grease.  Once the temperature reading remains 

constant, the yellow grease and copper have come to equilibrium.  

10.  Record the final temperatures of the yellow grease and copper. 

11. Remove the copper sample from the yellow grease and clean it off.  Repeat Steps 3-10 for the 

remainder of the samples.  

 

ii. Passive Solar Heating of Yellow Grease: Baseline Tests 

Dates Performed: March 26-April 2, April 14-16, April 18-20, 2009 

Introduction 

 Baseline tests were performed on each of the tanks of interest: the storage tank (T-101), the 

greenhouse tank (T-102), and the breadbox (T-103) in both a horizontal and vertical configuration.  The 

following report details these baseline tests and discusses the results obtained.  The baseline 

experiments are the set of control experiments for each of the tanks.  Essentially, they answer the 

question: What happens to the temperature of the yellow grease in each configuration when the tanks 

are exposed solely to solar thermal energy?  Control data is imperative to have prior to changing any 

experimental variables, such as mixing and insulating, in order to understand the effects these variables 

may have on optimizing the heating process.   

 There are three main objectives of this work, the first of which is to understand the temperature 

profiles and heating that can be achieved within each tank during the day and during the night.  The 

second is to determine how the tank temperatures relate to their surrounding ambient temperatures.  
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The final objective is to compare the configurations to determine which is the most efficient for daytime 

heating, and nighttime storage. 

Experimental Method 

 Several of the baseline tests were performed at different times depending on the availability of 

yellow grease, but all followed the same general experimental method.  The tanks were set up as shown 

in the Process Flow Diagram in Section 3.2.  The entire process is located outside on the south side of a 

small building which housed the data logger in order to obtain as much direct sunlight throughout the 

day as possible.  As described in the Rationale for Process Choice (Section 3.7), each tank was equipped 

with two thermocouples: one at the top front and bottom back of each tank. 

 At the beginning of each baseline test, the tank being tested was fully filled with yellow grease.  

The tanks were filled enough to submerge the top thermocouple, but also to allow room for thermal 

expansion as the grease heated.  The data logger was turned on and allowed to collect temperature 

readings at each thermocouple as a function of time for as long as the test was run.  The tanks were 

allowed to heat freely during the day and cool undisturbed during the night.  Once it was felt that a wide 

enough spread of data had been obtained, the data was collected from the data logger and analyzed. 

Results and Discussion 

The data gathered for each tank was graphed as a function of time.  Figures A.2-5 show one to three 

days worth of collected data for each tank.  The graphs show the temperature of yellow grease at the 

top and bottom of each tank, along with the surrounding air temperature in the heater (either the 

greenhouse or the breadbox), and the ambient outside air temperature (in the shade).  Additional 

graphs showing data over the entire collection time can be found in Additional Collected Data. 
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Figure A.2: Storage Tank Baseline Data (4/14-4/16) 
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Figure A.3: Greenhouse Baseline Data (3/28) 
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Figure A.4: Horizontal Breadbox Baseline Data (3/28) 
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Figure A.5: Vertical Breadbox Baseline Data (4/18-4/20) 

From a brief glance at the graphs, one can see that the breadbox tank was able to reach higher 

temperatures than either the storage tank or the greenhouse tank.  It is also easily observed that the 
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greenhouse and breadbox air achieved much higher temperatures than ambient, promoting heat 

transfer into the tanks more efficiently.  Additionally, it is observed that there are large temperature 

differences between the grease at the top and bottom of each tank during the day.  For more specific 

analysis of the data and for comparison purposes, Tables A.5-7 were created to display the main results 

and help fulfill the goals of the experiment.  Table A.5 expands on the temperature profiles that were 

found to exist within each tank. 

Table A.5: Temperature Profiles within Each Tank 

Parameter 
Storage 

Tank 

Greenhouse 

Tank 

Horizontal 

Breadbox 

Vertical 

Breadbox 

Maximum Temperature Span Between Top 

and Bottom 
24 °C 23 °C 44 °C 30  °C 

Minimum Temperature Span Between Top 

and Bottom 
0 °C 1 °C 0 °C 1  °C 

Time of Maximum Span 2:00 PM 2:00 PM 12:30 PM 3:30 PM 

Time of Minimum Span 11:00 PM 6:00 AM 8:00 AM 6:00 AM 

 

 All of the tanks showed a large temperature (>20 °C) gradient through the diagonal length of the 

tank during the daytime.  This temperature gradient indicates that very little natural convection is 

occurring within the tanks.  A large temperature gradient will prevent the grease from being heated 

most effectively.  Heat transfer into the tanks from the surrounding air will only occur if the air is 

warmer than the grease.  When a temperature span exists, the grease at the top of the tank is always 

warmer than the air.  This results in the warm air transferring heat only through the bottom of the tank, 

and heat being lost to the air from the top of the tank.  If the tanks were perfectly mixed, heat would 

transfer only into the tanks from the air for maximum efficiency.  Though the horizontal breadbox had 

the greatest temperature span, it also did the best at heating the grease.  If the breadbox were perfectly 
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mixed, the maximum temperature of the grease may not only be higher, but it should reach its 

maximum temperature faster. 

As discussed in the Rational for Process Choice section, the vertical breadbox configuration was 

originally tested based on the hypothesis that more natural convection would occur.  Notice that when 

the breadbox was in its vertical configuration, it had a 32% smaller temperature gradient than when the 

breadbox was horizontal.  This decrease in the temperature gradient proves that the vertical 

configuration did have more natural convection and heated more efficiently than the horizontal 

configuration.  

 Table A.6 shows a breakdown of the maximum and minimum temperatures that each of the 

tanks achieved. 

Table A.6: Maximums and Minimums 

Parameter 
Storage 

Tank 

Greenhouse 

Tank 

Horizontal 

Breadbox 

Vertical 

Breadbox 

Maximum Top Temperature 48 °C 57 °C 87 °C 87.5  °C 

Maximum Bottom Temperature 24 °C 37 °C 57 °C 60  °C 

Maximum Average Temperature 36 °C 46 °C 69 °C 73  °C 

Minimum Average Temperature 21 °C 25 °C 23 °C 29  °C 

Time of Maximum Average Temperature 2:00 PM 5:00 PM 3:30 PM 4:30 PM 

Time of Minimum Average Temperature 6:00 AM 7:00 AM 7:30 AM 8:00 AM 

 

 The fact that a temperature gradient exists between the yellow grease at the top and bottom of 

each tank makes comparing the heating methods difficult.  Though it is important to know the maximum 

temperature that can be achieved at the top of a tank, it is more important to know the average 

temperature in the tank.  The average temperature is important because it is this temperature that will 

determine whether or not further heating is required prior to the yellow grease being sent to the 
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reactor.  It was assumed to perform the average temperature calculations in Table A.5 that a liner 

relationship exists between temperature and tank position.  This assumption is known to be inaccurate 

based on calculations performed, which prove that the relationship is nonlinear (Appendix C.iii).  

Unfortunately, determining an average temperature for the grease without a linear assumption is not a 

trivial calculation and is outside the scope of this project.  It is known that assuming linearity will 

overestimate the average. 

The vertical breadbox achieved the highest maximum average temperature at 73 °C.  The 

horizontal breadbox was a close second with a maximum average temperature of 69 °C. The storage 

tank had the lowest maximum average temperature of 36 °C.  The vertical breadbox also had the highest 

minimum average temperature at 29 °C, indicating that it held its heat the best during the night.   

While the data shown in Table A.6 is accurate, it is important to take into consideration that the 

tests were performed on different days, therefore the results may have to do with the fact that one test 

was performed on a warmer day.  To ensure that false conclusions are not being drawn, Table A.7 was 

created which compares temperature achievements to their ambient conditions.  

Table A.7: Temperature Achievement from Ambient 

Parameter 
Storage 

Tank 

Greenhouse 

Tank 

Horizontal 

Breadbox 

Vertical 

Breadbox 

Ambient Air Temperature at the Hottest 

Part of the Day 

31 °C 26 °C 27 °C 34 °C 

Temperature Difference Between the 

Ambient Air and the Average Temperature 

of the Oil During the Hottest Part of the Day 

7 °C 20 °C 42 °C 39  °C 

Temperature Difference Between the 

Ambient Air and the Ambient Tank 

Conditions During the Hottest Part of the 

Day 

-- 20 °C 32 °C 22  °C 
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Temperature Difference Between the 

Ambient Air and the Average Temperature 

of the Oil During the Coldest Part of the Day 

5 °C 18 °C 15 °C 12  °C 

Temperature Difference Between the 

Ambient Air and the Ambient Tank 

Conditions During the Coldest Part of the 

Day 

-- 4 °C 8 °C 5.5  °C 

 

First, note for the storage tank that the temperature difference between the oil and ambient air during 

the hottest part of the day versus during the coldest part of the day was only 2 °C.  From this it can be 

concluded that the storage tank is not good at heating.  It is difficult to determine if the storage tank 

would be useful for storage of hot oil based on the data that was collected.  It is a possibility that had 

warm grease been placed in the storage tank and left overnight, that the large thermal mass would have 

proved to be a good insulation.  It is suggested that this experiment be performed in future work.   

 The ambient air in the greenhouse was able to achieve temperatures as high as 20 °C above the 

outside ambient temperatures during the day and up to 4 °C at night.  During the hottest part of the day, 

the oil in the greenhouse tank reached temperatures 20 °C higher than ambient, and during the coldest 

part of the day 18 °C higher than ambient.  Essentially, the greenhouse is beneficial in two ways: for 

heating and storage.  Although the greenhouse tank did not achieve temperatures as high as the 

breadbox, it was still able to heat 500 gallons of grease to an average temperature of 46 °C. 

 It was previously determined that the vertical breadbox had the best overall heating and best 

efficiency due to natural convection.  Although, it was noticed that the horizontal breadbox achieved its 

maximum average temperature an hour prior to the vertical tank, which makes it seem as if the 

horizontal configuration is more efficient.  This discrepancy has been attributed to the fact that the 

breadbox was not designed to be configured vertically.  The vertical configuration caused the tank to not 

be exposed to direct sunlight as effectively.  Also, the day of the vertical test was much warmer than the 

day of the horizontal test.  It has been concluded that the breadbox, regardless of the configuration, is 
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the most efficient and effective at heating yellow grease to the desired temperature.  The breadbox is 

moderately good at maintaining heat during the night, but not as good as the greenhouse.  This is 

attributed to the fact that the breadbox tank is very small compared to the greenhouse tank so it does 

not have the advantage of thermal mass.  The breadbox would also be very impractical for storage 

anyway because holds so little grease.  

Conclusions 

 The three main objectives of this experiment were to understand the movement of yellow 

grease within the tanks during heating, to determine what kind of temperatures could be achieved with 

each of the heating methods, and to establish the best method of heating and storing yellow grease.  

Several very significant conclusions have been drawn from this experiment.  The first is that yellow 

grease allows very little natural convection when heating which in turn leads to lower efficiency.  An 

exception to this was the vertical breadbox tank which indicated more natural convection than the 

horizontal configuration.  A solution to the issue of inefficiency would involve perfectly mixed tanks.  It 

was also found that the storage tank is generally not useful for either heating or storing yellow grease.  

Alternately, the greenhouse was found to do an effective job at both heating grease during the day, and 

storing it at night.  Finally, the breadbox, regardless of configuration, was determined to be the best 

overall method for heating in terms of efficiency and highest temperature achievement. 
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Figure A.6: Greenhouse Baseline Data (3/26-4/2) 
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Figure A.7: Horizontal Breadbox Baseline Data (3/26-4/2) 
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Using the Data Logger 

A brief description of the methods necessary to perform the experiments described in this report are 

listed below. 

1. How to View Data Collection 

a. Click Graph 1 on the Connect Screen in the Data Displays box 

b. Real time data will be displayed on the graph 

2. How to Check Data Logger Battery Level 

a. Click Graph 2 on the Connect Screen in the Data Displays box 

b. Real time voltage data will be displayed on the graph 

c. Battery voltage readings below 11 mean the batteries should be changed 

d. NOTE: the battery voltage level reading seems to not be working, it is always about 9 

even after fresh batteries were put in. 

3. How to Collect Data 

a. Click Collect Now on the Connect Screen in the Data Collection box 

b. A Data Collection Results dialog box will appear, click OK 

c. On the desktop, open the Shortcut to LoggerNet folder 

d. There will we a DAT file named 21X_final_storage_1 

e. Right click on the file and open it with Excel 

f. Save the file and name it with the collection date 

4. How to Make the Collected Data Readable 

a. In Excel with the file open, select Column A 

b. Go to Data � Text to Columns 

c. Make sure Delimited is selected in the Original Data Type box 

d. Click Next 

e. Uncheck Tab in the Delimiters box and check Comma instead 

f. Set the Text qualifier to None 

g. Click Next 

h. Click Finish 

i. Renaming Columns 

i. B is the Date 

ii. C is the Time 

iii. E is T1, F is T2,…,M is T9 
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iv. Columns A,D,N,O mean nothing and can be deleted 

5. How to Change the Batteries 

a. Always collect data before changing the batteries 

b. Click the Disconnect button on the Connect Screen in the Stations box 

c. Turn off the data logger 

d. The batteries can now be changed: the data logger requires 8 Size D batteries 

e. Turn on the data logger after the batteries have been changed 

f. Click the Connect button on the Connect Screen in the Stations box 

g. Click the Send button on the Connect Screen in the Program box 

h. Click the Set Station Clock button on the Connect Screen in the Clocks box 

i. Ensure the Server Date/Time matches the Station Date/Time 

j. Click Graph 1 to ensure data is being collected 

 

iii. Passive Solar Heating of Yellow Grease: Insulation Test 

Dates Performed: 4/14/09 – 4/16/09 

Introduction 

 An insulation experiment was performed on the breadbox during a two night test.  The following 

report details the procedure followed and the results obtained.  There was one main goal of this 

experiment: to determine if yellow grease is able to maintain its heat better throughout the night when 

the breadbox is insulated as compared to when no insulation is present. 

Experimental Method 

On 4/14/09 after the first day of the recirculation test, the breadbox’s glass window was insulated at 

about 9 pm.  The insulation used was a 1 inch thick slab of foam with a reflective coating on one side.  

The insulation was attached to the breadbox window frame using screws and facing the foam-side 

down.  The data logger was left on all night and allowed to record the temperature data in the breadbox 

as a function of time.  On 4/15/09, the insulation was removed from the breadbox at 7 am and the day’s 

recirculation test was started.  At 6 pm when the recirculation test was shut off and the insulation was 
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placed back on the breadbox for a second night of testing.  Data was again recorded.  The insulation test 

ended at 7:30 am on 4/16 when the insulation was removed from the breadbox.  The insulation test was 

only performed on the breadbox when it was in its horizontal configuration. 

Results and Discussion 

 Figure A.8 shows the data that was collected during the insulation test in the breadbox tank.  
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Figure A.8: Horizontal Breadbox Insulation Experiment (4/14-4/16) 

 For a more precise comparison of the nighttime temperature drop of the grease during the 

insulation test versus during the baseline test, Table A.8 was created.  The results were as hoped: the 

nighttime temperature drop of the grease in the tank during the baseline test was much higher than 

during the insulation test.  The temperature of the grease dropped over 45 °C in the baseline test, while 

during the two nights of insulation testing the temperature drop was half as much at between 18 and 21 

°C.  To also confirm that the insulation served its purpose, it is important that the temperature of the 

grease during the coldest part of the night maintained its temperature well above ambient.  The first 
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night of insulation testing, second night of insulation testing, and baseline tests showed the temperature 

of the grease to be 19 °C, 26 °C, and 15 °C above ambient respectively.   

Table A.8: Nighttime Grease Temperatures during Insulation Test vs. During Baseline Test 

Parameter  
Night of 

4/14/2009 

Night of 

4/15/2009 
Baseline 

Nighttime Grease Temperature Drop 21 °C 18.5 °C 46 °C 

Time of Minimum Average Oil Temperature 7:00 AM 7:30 AM 7:30 AM 

Temperature Difference Between the Ambient Air and 

the Average Temperature of the Oil During the Coldest 

Part of the Day 

19 °C 26 °C 15 °C 

Temperature Difference Between the Ambient Air and 

the Ambient Tank Conditions During the Coldest Part 

of the Day 

13 °C 17 °C 8 °C 

 

It is concluded that the second night of insulation testing did the best job of maintaining the 

grease’s heat overnight, although the first night of testing was better than the baseline test.  It was 

determined that this was a result of the time the insulation was placed on the breadbox.  During the first 

night, the insulation was not placed on the breadbox until 9 pm.  For the second test, the insulation was 

placed on the breadbox at 6 pm, three hours earlier when the sun was still out.  During the first test, the 

three hours that the oil was uncovered allowed for heat to escape.  It can then be said that to get the 

best insulation and maintain the most heat overnight, the tanks should be covered as soon as they reach 

their maximum temperature, unless the grease is immediately used.  This maximum temperature is 

usually reached in mid-afternoon, at about 3 pm. 

Although this test was only performed on the horizontal breadbox, it is supposed that the 

results can be translated to the other heating configurations.  It was concluded from the baseline test 

that the greenhouse tank was the most effective at maintaining its heat overnight due to its large size 
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and thermal mass.  This tank could be insulated with removable lagging and used as a storage tank for 

hot grease.  

Conclusions 

 The goal of the experiment was to determine if insulating the tanks at night affected the 

temperature of the grease the next morning.  Based on the results with the breadbox heater, insulation 

does help maintain the grease’s warm temperature overnight.  An additional conclusion drawn from the 

experiment was that the earlier the insulation is put on the tank after the maximum grease temperature 

has been reached, the more effective the insulation is.   

iv. Passive Solar Heating of Yellow Grease: Recirculation Test 

Dates Performed: April 14-16, April 20-21, 2009 

Introduction 

 Five recirculation tests were performed on the breadbox in two different configurations.  It was 

hoped that recirculating the oil in the tank would prevent the temperature gradient from forming 

between the top and bottom of the tank and ultimately produce better overall heating.  The main goals 

of the experiment were to determine if recirculation improves the efficiency of heating yellow grease, 

and to establish a duty cycle for recirculation that mimics perfect mixing. 

Experimental Method 

 A total of three recirculation tests were performed on the breadbox in its horizontal 

configuration, and two on the breadbox in its vertical configuration.  The duty cycle for the first test was 

chosen arbitrarily as it was unknown how long it would take for the temperature of the oil at the top 

and bottom of the tank to equilibrate.  Allowing the temperatures of the top and bottom of the tank to 

equilibrate simulated a perfectly mixed tank.  On 4-14-09 at about 8:00 am, the first recirculation test 
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was started on the breadbox in its horizontal configuration.  For recirculation, the grease was 

completely emptied from the breadbox and replaced with fresh grease from the storage tank.  The timer 

on the pump was set to recirculate the oil in the breadbox tank every hour for 15 minutes (25 % duty 

cycle).  The test was allowed to run for the day until about 6 pm, when the timer was shut off and the 

day’s data was collected.  6 pm was chosen as the time to end the experiment as at this point, the oil 

had already reached its maximum temperature for the day and had begun to lose its heat.  Two 

additional tests were run following the same procedure on subsequent days, changing the duty cycle 

each day.  The recirculation times chosen for the second and third test were based on analysis of the 

previous days testing in an attempt to optimize mixing.  The second and third test recirculated the 

grease every 15 minutes for 5.25 minutes (35% duty cycle) and every half hour for 10.5 minutes (35% 

duty cycle) respectively.  Approximately one week later, two recirculation tests were performed on the 

vertical breadbox following the same procedure as for the horizontal breadbox.  The first vertical test 

recirculated every half hour for 15 minutes (50%), and the second every 20 minutes for 10 minutes 

(50%). 

Results and Discussion 

In order for the recirculation tests performed to be an accurate simulation of perfect mixing, the 

grease temperatures at the top and bottom of the tank need to be fully equilibrated after the interval of 

mixing.  Additionally, the maximum temperature of the grease in the tank at any given time should 

always be lower than the surrounding air temperature to maximize heat transfer (Saez Mar. 2009).  The 

results of the first test are shown in Figure A.9. 
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Figure A.9: Horizontal Breadbox Recirculation Test 1 – Every Hour for 15 Minutes, 25% (4/14) 

 

 Notice that on the first test performed, the temperature of the grease at the top of the tank 

exceeds the breadbox ambient temperature 10-15 minutes after pumping stops.  When pumping begins 

again, the top and bottom temperatures are between 15-20 °C apart.  The top and bottom 

temperatures did equilibrate after each mixing cycle as hoped.  This duty cycle was deemed not optimal 

as the top of the breadbox tank exceeded the ambient breadbox temperature for most of the day.  A 

duty cycle with shorter intervals between mixing was chosen for the second test in hopes of keeping the 

top and bottom grease temperatures closer together.  The results of the second test are shown in Figure 

A.10.  
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Figure A.10: Horizontal Breadbox Recirculation Test 2 – Every 15 Minutes for 5.25 Minutes, 35% (4/15) 

 

 The results of the second test were no more optimal than the first.  As with the first test, the 

temperature at the top of the tank exceeded the ambient breadbox temperature for the majority of the 

day.  Additionally, after mixing, the top and bottom temperatures were never able to equilibrate, 

indicating that the recirculation was not performed for a long enough time.  The results of this test were 

even less favorable than the first test.  A third test was performed and the results can be seen in Figure 

A.11.  
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Figure A.11: Horizontal Breadbox Recirculation Test 3 – Every Half Hour for 10.5 Minutes, 35% (4/16) 

  

The results of Test 3 proved to be the same as for Test 2.  It was noticed that a duty cycle of 35% 

was chosen for both Tests 2 and 3, which resulted in a poor approximation to perfect mixing.  For the 

next tests performed, the duty cycle was increased to 50% to ensure that the top and bottom grease 

temperatures equilibrated after mixing.  The results of the first recirculation test performed on the 

vertical breadbox can be seen in Figure A.12.  

 The results of the first vertical recirculation test proved much more positive.  The duty cycle 

chosen gave a very accurate representation of perfect mixing.  Both the top and bottom grease 

temperatures stayed at or below the breadbox ambient temperature for the majority of the day.  At 

about 2 pm, the ambient temperature was exceeded, but this is to be expected as yellow grease can 

maintain heat better than air.  Additionally, the top and bottom stayed within a few degrees of one 

another, also contributing to the accurate simulation of perfect mixing.  One more day of testing was 

done to see if any other configurations were able to produce similar results.  The results of the final test 

can be seen in Figure A.13.  
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Figure A.12: Vertical Breadbox Recirculation Test 1 – Every Half Hour for 15 Minutes, 50% (4/20) 
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Figure A.13: Vertical Breadbox Recirculation Test 2 – Every 20 Minutes for 10 Minutes, 50% (4/21) 
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 The final test had similar results to the previous test, which has been attributed to the similar 

duty cycle.  No additional energy was saved with this second test, as the pump was running for a total of 

a half hour for each hour, the same as the previous test.  To complete the second goal of the 

experiment: to determine whether mixing is more efficient than non-mixing and produces a higher 

overall yellow grease temperature, Table A.9 was created.  

Table A.9: Comparison of Mixing vs. Non-Mixing 

 
Horizontal Vertical 

Parameter 
Non-Mixing Test 1 Test 2 Test 3 Non-Mixing Test 1 Test 2 

Ambient Air Temperature at the 

Hottest Part of the Day 

27 °C 31 °C 25 °C 20 °C 34 °C 37 °C 39 °C 

Maximum Average Grease 

Temperature 

69 °C 56 °C 49 °C 51 °C 73  °C 65 °C 66 °C 

Time of Maximum Average Grease 

Temperature 

3:30 PM 4:20 PM 3:00 PM 3:30 PM 4:30 PM 4:00 PM 3:30 PM 

Temperature Difference Between the 

Ambient Air and the Average 

Temperature of the Grease at the Time 

of the Grease's Maximum 

Temperature 

42 °C 28 °C 25 °C 32 °C 39  °C 29 °C 30 °C 

 

 The results found were not as hoped.  Based on the temperature difference that was able to be 

achieved between the ambient air and the maximum average grease temperature, non-mixing proved 

to be better at heating.  The horizontal breadbox with mixing was able to achieve temperature 

differences between 25 and 32 °C while non-mixing reached up to 42 °C.  The vertical breadbox saw 

similar results with differences for mixing of about 30 °C, and non-mixing 39 °C.  Additionally, it was 

hoped that the mixing would prove to be more efficient by achieving its maximum temperature at an 

earlier time in the day.  The results of efficiency are inconclusive as some of the mixing tests reached 

their maximum up to an hour prior to non-mixing, and others took an hour longer than non-mixing.   
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It is still believed on basic principals of heat transfer that prefect mixing will result in higher 

overall yellow grease temperatures.  The discrepancy between this belief and the obtained results can 

be explained by two significant sources of error: unaccounted heat loss, and average temperature 

assumptions.  As previously mentioned in the Baseline Test lab report (see Appendix A.ii), an assumption 

was made that the relationship between temperature and position in the tank is linear, which provides 

an overestimate of the actual grease temperature.  Comparing an assumed average temperature to a 

known perfectly mixed temperature introduces error.  It is known that the large difference in mixing 

versus non-mixing seen is partially due to the linear assumption made, though it is unknown how much 

this widens the gap.   

A much more serious source of error not considered prior to experimentation is heat loss due to 

recirculation.  The tanks were set up in a configuration such that only one pump was needed and oil 

could be transferred between any of the tanks through the central pump.  Unfortunately, this same 

pump was used to recirculate oil within the breadbox.  This means during recirculation, grease from the 

breadbox was sent through 15-20 ft. of piping before re-entering the tank, as the breadbox happened to 

be the furthest tank from the pump.  The piping due to its small size has a high surface area to volume 

ratio, which essentially increases the area of possible heat transfer.  The oil in the tank can be up to 65 

°C hotter than the ambient air, which means as soon as it exits the tank and hits the piping, it is quickly 

loosing heat to the atmosphere.  During the optimal test, pumping was happening for 30 minutes of 

every hour.  At a 3 gpm flowrate and about a 40 gal tank, the entire content of the tank was sent 

through the pump at least twice per hour.  This means that half of every hour the yellow grease was 

exposed at ambient conditions rather than heating in the breadbox.  The extra heating due to simulated 

perfect mixing was only able to compensate for some of the heat loss due to piping and therefore the 

grease could not attain as high of an overall temperature.  This unfortunate source of error could more 
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than account for the fact that the results of simulated perfect mixing were not shown to be better than 

non-mixing. 

Conclusions 

 Of the two main goals of this experiment, only one was conclusive based on the results.  An 

optimal recirculation setup was found such that it simulated perfect mixing.  A 50% duty cycle either 

every half hour or 20 minutes will give a good representation, and should result in the most heat 

transfer.  The goal of determining whether mixing or non-mixing is better was inconclusive.  Based on a 

considerable source of error due to the setup of the process, it is supposed that significant heat loss 

occurred during the mixing tests.  It is believed that mixing is still a more favorable approach and it is 

suggested that additional experiments be performed to reduce heat losses to the atmosphere.  This can 

be done simply by using a pump directly connected to the inlet and outlet of the breadbox tank.  

Additionally, coming up with a more accurate method of determining average temperature in the non-

mixed tanks is essential in order to most accurately compare methods of heating. 

B. Lab Notes 

Included in this section is the detailed description of the activities performed at the U of 

A Agricultural Farm during the setup and experimental testing of yellow grease using solar 

thermal energy. 

3-17-2009 

• Greenhouse is complete  

• MK tried pumping from the 500 gal cone tank to the 300 gal tank in the greenhouse for 25 minutes 

but the oil was too viscous.  

• Started pump mixing in T-101 at 9:48 am as a verification of T1 and T2 recording data.  Moved oil 

from 300 gal tank inside greenhouse (T-102 to T-101) as it looks like T1 is not submerged.  Filled until 

oil was about 8” from the top of T-101, and saw a temperature drop in T1, T1 is now submerged. 

• Emptied oil from the breadbox into T-101, then moved it back into the breadbox to check 

submersion of T7.  T8 went up as expected but I do not think T7 is wet. I will install vent to “fill” tank 

later when I move oil into T-102 (300). 

• Came back at 17:45 and began pumping from 500 gal cone tank into T-102 (300 GH). 

• WD stopped pump at 20:30, T-102 almost filled. 
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3-18-09 

• MK saved data at 13:00 

• MK added 50 to 60 gallons from 500 cone into T-102 at 19:30 

• MK to add more oil on 3/19 

 

3-20-09 

• Mike Mason collected data 

 

3-21-09 

• 11:30 am - MK moved 10-20 gallons of oil from overflowing T-102 to T-101 

 

3-23-09 

• 11 am – put new batteries in data logger and started new data set. 

• Moved T-103 to central location 

• Walter to take breadbox oil today or tomorrow to react it 

• 15:43 - we pumped from T-102 which had T4=51.7 and T5 = 36.  Filled cone in greenhouse with 40 

gallons, and pumped breadbox full at 17:03. 

• By 18:00 we finished pumping oil from T-101 into T-102 so it was up to T4…at this point only T4 is in 

the air and T-101 needs about 100 gallons to fill it. 

 

3-24-09 

• Stephanie collected data at 10:20 am. 

• Walter at 13:15 pumped 35 gallons from the breadbox to the reactor (went down to 45C in reactor) 

and was 70 in breadbox (85C @ T7 and about 48 @ T8).  Walter then pumped oil from T-101 (T2 was 

18C) into breadbox. 

• Walter at 14:50 - T7=67C (about 1h after oil transfer into bbox). T7=66.56 @ 15:04 and 66.25 @ 

15:30 (after 1h 40mins temp was already going down). Started to pump oil out of bbox at 15:31. 

More oil from T2 was pumped into bbox (bbox was full by 4:00pm) and the initial temp was about 

21C. 

 

3-26-09 

• Steph – started new baseline run. Planned for oil to sit in tanks over the weekend to get baseline 

data for three days.  

 

3-30-09 
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• SK - collected data Monday morning (3-30-09) at 9:30am.  

• Breadbox should have good data along with the 300 gal tank. The top of the 500 gal tank is not 

submerged. Should be able to extrapolate data from the 300 to fit the 500 gal. 

• 18:30 - MK moved water out of cone tanks and moved decent oil from 500 cone into 300 cone to try 

and purify more.  Poor oil will be pumped from 55 gal drum tomorrow and 100 gallons of oil 

delivered into 500 cone for extra material later this week. 

 

4-2-09 

• Walter and Stephanie pumped from the 300 gal cone to the 500 gal outside tank around 10:30 am 

to fill the tank and get data on the top thermocouple. 

• 1 pm – Steph collected data from 3-30-09 to 4-2-09, no tests were being performed so this is more 

baseline data (except for the 500 gal outside as the top thermocouple was just covered with oil this 

morning) 

• SK - Bat. Voltage at 9.96 – decided not to change batteries yet, want to see how low we can run 

them so we don’t waste batteries 

 

4-4-09  

• MK saved data as 4-4-09 file on desktop and shut down unit.  Batteries at 9.4 V. 

 

4-14-09 

• 8:15 am - SK changed batteries in data logger and restarted it. Batt volt at 11.99 V.  

• Recirculation test will be started today on the bbox heater.  

• Fresh oil moved from bottom of T-101 to bbbox, current bbox oil was pumped back to the top of T-

101.  

• Tank will be recirculated every hour for 15 min. Data for the top of T-101 will also be taken at this 

time. Recirculation test started at 9:30 am. 

• 6pm – SK collected data from the day’s tests 

• 20:55 - MK put Cover on bbox to test insulating the tank 

 

4-15-09  

• At 7:02am temperatures were: T7=34.63, T8=33.90  

• The selected duty cycle for today’s recirculation test is 15 mins at 35%. This is a total of 21 minutes 

of pumping per hour in 4 cycles. 1st cycle started at 7:14am 

• One gallon of oil was drained out of bbox to account for thermal expansion of oil. 

• 6 pm - Hanh collected data and used duct tape to put the cover on the breadbox. 

 

4-16-09 

• At 7:30 temps: T7=28.32, T8=31.77 
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• Circulation experiment started at 7:40. Initial temps T7=27.46, T8=27.76 

• Timer was set to cycle twice per hour with duration of 10.5 minutes/cycle (30mins at 35% duty 

cycle) 

• 6 pm - Hanh collected data and turn off the datalogger. 

 

4/18/09  

• MK moved bbox with Walter into vertical 45 degree configuration.  Moved oil in at 11:25 am. 

• Started data collection at 11:53 am thanks to a visit from SK. 

• Note hole in top of BBox tank (as vent) has screw in it. 

 

4-20-09  

• 8 am – SK collected baseline data for upright bbox. Noticed time on data logger had not been reset 

since battery change… I reset it now.  

• Started recirculation test on the upright bbox. Oil to be pumped every 30 min for 15 min increments 

(50%).  

• 6 pm – Steph collected data from today’s test, did not put cover on. 

 

4-21-09  

• 8:00 am – SK started final test. To recirculate every 20 min for 10 min (50%) on vertical bbox. 

• 6pm - Hanh collected data and notes. Turned off the data logger. Unplugged pump power. 

 

C. Detailed Calculations 

i. Calculations for determining desired yellow grease temperature 

Biodiesel is produced from the reaction of yellow grease and methanol with the addition of a 

sodium methylate catalyst.  This reaction occurs at 63 °C (Kazz Jan. 2009).  According to the department 

of planetary sciences at University of Arizona, the minimum average temperature in Tucson’s winter is 

12 °C.   Yellow grease and methanol are stored in tanks that are placed outside.  Therefore, the initial 

temperatures of yellow grease and methanol are assumed to be 12 °C.  Raw materials are required to be 

at 63 °C for the reaction to take place.  Yellow grease is heated to a temperature that will heat up the 

methanol to 63 °C when the two are mixed.  In order to find this temperature, enthalpy calculations are 

employed.  Equation C.1 shows how enthalpy changes with respect to temperature: 
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 C. 1 

where H is enthalpy, Cp is heat capacity, and T is temperature.  Yellow grease is processed at three 

gallons per minute.  Methanol is processed at a ratio of 1 : 4 with yellow grease respectively.    The 

density of yellow grease is 910 kg/m3 at 1 atm (“MSDS: Yellow Grease”).  The density of methanol is 791 

kg/m3 from NIST Webbook.  The volumetric flow rate is converted to mass flow rate as following. 

 

C

. 

2 

C

. 

3 

Firstly, the required energy for heating the yellow grease up to 63 °C is calculated. The required 

energy for yellow grease is found from equation C.1.  The heat capacity of yellow grease was found to be 

1.81 kJ/kg∙°C at 20 °C and 1 atm (See Appendix A.i).  

 
 

 The required energy for heating the methanol up to 63 °C is calculated by Equation C.4.  From 

NIST Webbook, the enthalpy of methanol at 12 °C and 63 °C is -138.08 and 4.1719 kJ/kg, respectively. 

C

. 
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4 

 Secondly, the sum of the required energy of yellow grease and methanol will be the total 

required energy to heat up both yellow grease and methanol to 63 °C from 12 °C. 

 
C. 5 

 This summed energy equals the energy that needs to be provided by yellow grease to heat both 

itself and methanol. 

  

  

  

 As result, the yellow grease needs to be heated to 79 °C in order to have enough energy to heat 

up the methanol too. Their equilibrium temperature is 63 °C, where biodiesel reaction occurs. 79°C was 

based on a heat capacity of 1.81 ; however, the team decided that a heat capacity of 1.98 

 from a different source may be more accurate  (McClements, p 99).  This will result in a 
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necessary yellow grease temperature of 77 °C.  A very useful excel spread sheet in Appendix D.i was 

used to determine the final yellow grease temperature needed for the reaction to occur.   

ii. Further Calculations 

It is important to have an accurate model of a system to see the effects of scaling a plant up or 

down.  In addition, it shows how much of an impact a change has on a system.  A good model can also 

be used to determine the optimal configuration of a system.  Since the mechanism of heat transfer has 

not been determined, several models need to be developed.   

The greenhouse simulator from the University of Arizona’s Agricultural Department provided 

enough data so that a model could be developed for how solar radiative flux varies with time.  

Furthermore, the same simulator was used to develop a model that depicts how greenhouse air 

temperature changes with time.  The solar flux model and the greenhouse air temperature model were 

implemented in some of the following models.  The solar flux model and the greenhouse air 

temperature model were based on the worst case scenario of winter conditions.  Appendix D.ii shows 

the recorded data from the simulator.  Figures C.1 and C.2 below provide a graphical representation of 

how the solar radiative flux and the greenhouse air temperature changes with time, where time zero is 8 

am (“Greenhouse Simulator”).  Also note that it is assumed that the flat black painted used on the tanks 

absorbs 100% of the incoming solar radiation. 
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Figure C.1:  Solar radiation as a function of time in Tucson during the winter.  The equation in the graph, a line of 

best fit generated by Excel, is the model used for solar radiation as a function of time. 

 

 
Figure C.2:  Greenhouse air temperature as a function of time in Tucson during the winter.  The equation in the 

graph, a line of best fit generated by excel, is the model used for solar radiation as a function of time. 

 

iii. Temperature in Non-Mixed Tanks based on Solar Radiation Only (Model 1) 

 Initial calculations were performed to provide an estimation of the temperature of the yellow 

grease inside a horizontal tank at different positions.  The follow calculations provide a temperature 

profile as a function of position at a given time.  It is desirable to find the temperature at the surface, the 

middle, and at the bottom of the non-mixed tank.  These calculations only take into account the 
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radiation from the sun and do not include the heat transfer between the outside air and the tank or any 

conduction within the tank walls.  Finding an equation for this case is very difficult.  There is a solution 

for this problem, but only for a tank in the shape of a slab.  Therefore, an assumption was made that the 

tanks act like a slab (See Figure C.3).  The solar radiation term, E, was found by running a Greenhouse 

Simulator for winter in Tucson, AZ (“Greenhouse Simulator”).   

 

 

  

The first step is to either find or derive an equation that will calculate the temperature for the 

slab as a function of position while taking into account solar radiation.  The following equation shown 

below as Equation C.6 was found (Carslaw, p 112). 

 

C.6 

where To is the initial temperature of the outside air, assumed to be 20 °C, E is the solar radiation term, 

ρ is the density of yellow grease, Cp is the heat capacity of yellow grease, l is the characteristic length of 

the tank, k is the thermal conductivity of the yellow grease, x is the position in the tank, α is the thermal 

diffusivity of the yellow grease, and t is time.  The thermal diffusivity is defined by the following 

equation,  

 

C.7 

where MW is the molecular weight of yellow grease.  Table C.1 summarizes the constants defined for 

the calculations. 

Table C.1: Summary of constants used in calculations 

Constant Units Value Reference 

Cp kJ/mol∙K 1.81 see Appendix A.i 

X = 0 

X = l 

Figure C.3: Schematic of assumption that tank acts like 

a slab 
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k kW/m∙K 0.00017 see Appendix A.i 

MW kg/mol 0.885 McClements, p 99 

ρρρρ mol/m3 1028.25 McClements, p 99 

α m2/s 9.35 x 10-8 Equation C.7 

To K 293.15 assumption 

dT K 40 assumption 

E kW/m2 0.2532 “Greenhouse Simulator” 

 

 The sizes of tanks in question are 40 and 500 gallon tanks.  These values are converted to cubic 

meters.  Equation C.6 is based on a slab; however, to get an idea of the characteristic length of the slab 

the characteristic length of a cylinder will be used.  A relationship between the volume and length for a 

cylinder is shown in Equation C.8 below, 

 C.8 

where V is the volume of the tank, R is the radius, and L is the length. 

It is also known, that the ratio of the length of the tanks to the diameter of the tanks used is 4:1 

(Kazz Jan. 2009).  Therefore another relationship can be developed. 

 

C.9 

Plugging Equation C.9 into Equation C.8 and solving for L gives 

 

C.10 

Equation C.10 above can be used to find the area of the tanks that is exposed to the solar radiation, as 

shown in Equation C.11 below. 

 

C.11 

The characteristic length of a cylinder, l, is found by Equation C.12 below. 
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C.12 

As mentioned before, the characteristic length of a cylinder will be used for the characteristic 

length of a slab.  In other words, it is important that the thickness of a cylinder be similar to that of the 

slab so that it can be applied to the cylindrical tanks at the pilot plant.   

For each tank volume, the temperature is calculated from Equation C.6 (after moving To to the 

right side of the equation) for x = l, x = l/2, and x = 0.  This is done by an Excel spreadsheet (See Appendix 

D.iii).  Figures C.4 and C.5 show how the temperature profile through a 40 and 500 gallon will look.  Note 

that the tanks are exposed to constant solar radiation for 8 hours.   

Figu

re C.4:  Temperature profile in slab shaped 40 gallon tank containing yellow grease.  Only solar radiation is 

involved in heating.  There is no mixing or natural convection in the yellow grease. 

 



 

   

 
Page 104 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

Fig

ure C.5:  Temperature profile in slab shaped 500 gallon tank containing yellow grease.  Only solar radiation is 

involved in heating.  There is no mixing or natural convection in the yellow grease. 

 

  Notice how similar in temperature the center of each tank is compared to the back.  This is due 

to that fact that heat transfer via conduction only is a very slow process.  Also note that there is 

essentially no heat reaching the side of the tank that is farthest from the solar radiation.  This model 

does not take into account any heat loss to the surroundings.  Similar results can be expected to occur in 

a cylindrical tank as well if under the same conditions.   

In order to be able to compare non-mixing to mixing more effectively, Figure C.6 shows the 

average yellow grease temperature as a function of time in both the 40 gallon and the 500 gallon tanks.  

Notice that the yellow grease temperature is well below this projects target value of 77 °C.  
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Figure C.6:  Average Temperature in 40 and 500 gallon non-mixed slab shaped tanks as a function of time with 

only solar radiation. 

 

iv. Temperature in Perfectly Mixed Tanks based on Solar Radiation Only (Model 2) 

To make a reasonable comparison between non-mixing and perfect mixing, the assumption of 

the tank acting like a slab is again implemented.  To find the average temperature in a perfectly mixed 

tank, Equation C.13 below is used (Transport Phenomena, p 40) 

 

C.13 

where <T> is the average temperature, T is from Equation C.6, and V is volume of the body.  When 

taking the integral of Equation C.6, the whole second term cancels out, simplifying to 

 

C.14 

where again, E is the solar radiation term, t is time, ρ is the density, Cp is the heat capacity, l is the 

characteristic length, and To is the initial temperature.  Calculations were performed in an Excel 

spreadsheet in Appendix D.iv.   

Figure C.7 below shows how the average temperature of the yellow grease changes with time.  

Since there is perfect mixing, there is no temperature profile in the tank.  Note that the average 

temperature of the yellow grease is still below the target value of 77 °C.   
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Since Equation C.14 is the integrated form of Equation C.6, the average temperature produced 

by Equation C.14 is the theoretical maximum average temperature.  Therefore, the best average 

temperature than can be achieved by a non-mixed tank is that of a perfectly mixed tank.  Note that this 

assumes that there are no heat losses to the surroundings in either case.      

 
Figure C.7:  Average Temperature in 40 and 500 gallon perfect mixed slab shaped tanks as a function of time 

with solar radiation only 

 

v. Temperatures for Perfectly mixed Tanks Including Radiative and Convective Heat 

Transfer (Model 3) 

 The following model takes into account the solar radiation, convective heat transfer from the 

surrounding air, and perfect mixing within the tank.  Perfect mixing was taken into account since it is 

quite possible to use a pump to re-circulate the yellow grease in the tank.  The previous two models 

assumed that the heating of the yellow grease is primarily due to solar radiation.  This model assumes 

that heat transfer into the tank from the surrounding air is not negligible.  The model for greenhouse air 

temperature as a function of time was used in this model. 

The first step was to generate an energy balance at the surface of the tank and this resulted in the 

equation below, 

 

C.15 
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where  is the solar radiative flux, and  is the convective heat transfer coefficient of the surrounding 

air,  is the temperature of the yellow grease at any given radial position,  is the surrounding air 

temperature,  is the length of the cylindrical tank,  is the radius of the tank,  is the volume of the 

tank,  is the heat capacity of the yellow grease,  is the density of the yellow grease.  The next step 

is to separate and integrate Equation C.15 in the following manner.   

 

 

 

After rearranging and solving for , Equation C.16 can be obtained. 

 

C.16 

 
Equation C.16 not only provides the temperature of the yellow grease at the surface of the tank 

but also the temperature of the yellow grease at any position and time since the tank is perfectly mixed.  

Appendix D.vi shows how temperature varies in the breadbox during an eight hour day.  Also note that 

the average temperature is inversely proportional to tank size.  Figure C.8 indicates how the average 

yellow grease temperature changes with time for a perfectly mixed tank.   
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Figure C.8:  A graphical representation of how yellow grease temperature changes with time.  This result takes 

into account solar radiation, convective heat transfer with surrounding air, and perfect mixing. 

 

When comparing Figure C.8 with Figure C.7, they both show how the yellow grease temperature 

changes with time in a perfectly mixed tank.  However, the temperatures in Figure C.8 are much higher 

since heat being contributed to the yellow grease is coming from two sources rather than one.  

According to this model, if perfect mixing is introduced into the system and if the greenhouse air is hot 

enough it is possible to exceed the projects goal of achieving a yellow grease temperature of 77 °C.  

Note Figure C.8 provides a theoretical maximum average temperature. 

vi. Temperatures for Non-mixed Tanks Including Radiative and Convective Heat Transfer 

(Model 4)  

 The following takes into account heating of the yellow grease due to solar radiation and heat 

transfer from surrounding air.  This model differs from the previous model since it assumes that natural 

convection and/or forced convection is not present in the tank.   

 An energy balance was performed and Equation C.17 was generated by Dr. Saez in his class 

notes (Energy Transport p 42-44). 
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The dimensionless temperature is defined by the equation below, 

∞

∞
−
−

=Θ
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TT

0  

C.18 

where T∞ is the surround air temperature, To is the initial temperature of the yellow grease, and T is the 

yellow grease temperature as a function of time and position.  The following equation is defined as the 

dimensionless time, 
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C.19 

 

where α is defined as the thermal diffusivity, t is the time in seconds, and R is the radial position in the 

cylindrical tank.  ξ is the dimensionless position in the tank and it is defined below, 

R

r=ξ
 

C.20 

where r is the radial position in the tank and R is the full radius of the tank.  The Biot number is used to 

determine if the internal resistance is negligible when compared to convection of the fluid outside the 

body.  The Biot number is defined below, 

k

hR
Bi =

 

C.21 

where h is the convective heat transfer coefficient for the surrounding air, R is the radius of the cylinder, 

and k is the thermal conductivity of the yellow grease.  The Biot number is further defined by the 

following equation for a cylinder, 

 

C.22 

 

where J1(λn) is the 1st order Bessel function, J0(λn) is the 0th Bessel function, and λn is the nth eigenvalue. 

 As mentioned earlier, the thermal diffusivity is defined as follows,   

pC

k

ρ
=α

 

C.7 

where k is the thermal conductivity of the yellow grease, ρ is the density of the yellow grease, and Cp is 

the heat capacity of the yellow grease.   
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Refer to Appendix E for the full derivation of Equation C.17 and for the definition of symbols.  

Note that when Biot number is greater than 0.01 and the dimensionless time is greater than 0.1, a first 

order approximation can be used for Equation C.17.  It was found that the 500 gallon tanks required a 

5th order approximation.  It was also found that tanks smaller than 500 gallons only required a 1st order 

approximation.  Figures 18 and 19 in Dr. Saez’s notes (Appendix E) were used to determine eigenvalues 

and coefficients for 1st order approximations.  However, Equation C.22 and solver in excel were used to 

determine the five eigenvalues need for the 500 gallon tank.   

 Equation C.17 provides a temperature profile through the tank as a function of time and 

position.  Refer to Appendix D.v in order to see how temperature changes as a function of position.  

Figure C.9 shows how the yellow grease temperature changes as a function of time in each tank. 

 

 

Figure C.9:  A graphical representation of how yellow grease temperature changes with time.  This result takes 

into account solar radiation, convective heat transfer with surrounding air, and no mixing. 

 

Figure C.9 takes into account the effects of heat loss to the surrounding air when the 

surrounding air is cooler than some of the hotter sections on the tank.  As expected, this model shows 

temperatures that are higher than the models that did not take into account heat transfer with the hot 

greenhouse air.  This model shows that it is possible to get fairly close to the goal of 77 °C in the winter. 
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 Models 3 and 4 should more closely follow a real scenario than models 1 and 2 because they 

take into account heat transfer between the yellow grease tank and the hot air in the greenhouse or 

bread box.  The purpose of creating models 1 and 2 was to get an idea of how much the solar radiation 

contributes to the heating of the yellow grease.  When models 3 and 4 are compared to models 1 and 2, 

it becomes apparent that heat transfer with the hot greenhouse air contributes greatly to the final 

yellow grease temperature.     

vii. Economic Calculations 

In order to analyze the saving for several designs, each design is modeled as following.  Model 1 

uses a flat black painted 500 gallon storage tank that is housed in a greenhouse.  This solar heating 

process is started at eight o’clock in the morning and stopped at two o’clock in the afternoon.  Then, if 

needed, the yellow grease is heated further by an electric heater until the yellow grease is at 77°C.  

Model 1 is further broken down into two sub-models: model 1A and model 1B.  Model 1A utilizes the 

use of a pump to re-circulate the yellow grease in the tank in order to simulate perfect mixing.  Model 

1B has no induced circulation.  Model 2 is similar to model 1.  The only difference between these two 

models is that model 2 uses breadbox heater instead of green house to aid in the heating of the yellow 

grease.  Model 3 uses only electrical heater to heat the yellow grease up to 77 °C throughout the day.  

Each model it is assumed that 1000 gallons of yellow grease will be heated to 77 °C per day.  Table C.2  

summarizes the models. 

Table C.2: Summary Models for Heating Yellow Grease 

Model 1A 1B 2A 2B 3 

Volume of Yellow Grease [gal] 100

0 

100

0 

100

0 

100

0 

100

0 

Solar Heating Time [hr] 6 6 6 6 0 

Circulation Time [hr] 3 0 3 0 0 

Electricity Heating Time [hr] 6 6 6 6 12 

 

Equipment Cost 
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The scope of this project entails modeling and testing previously developed equipment that will 

aid in collecting solar energy in order to reduce the heating cost of the biodiesel plant.  Although the 

scope of the project doesn’t involve developing or procuring new pieces of equipment, it was 

determined that a fair comparison between Model 1 and Model 2 should include comparing equipment 

cost and not just comparing performance.  The yellow grease solar energy plant requires the following; 

tanks, pumps, a greenhouse, a bread box heater, an electrical heater and valves.  The tanks, data logger, 

thermocouples and pipes were procured a long time ago and were abundant; therefore, they were 

considered to be available for free (Kazz Jan. 2009).  

 

 

Pumps 

 For the pilot plant, a Fill-Rite Heavy Duty Diaphragm Transfer pump was used.  Mike Kazz had 

bought this pump for $650.  This is an 110V pump which is a 1.88 horse power.  This pump has a 

maximum flow rate of three gallon per minute. 

 For a higher flow rate, a centrifugal Reliance 215T was used.  Mike Kazz had bought this pump 

for $2800.  This pump has a power rating of 5 horsepower with a maximum flow rate of seventy-five 

gallon per minute. 

 Greenhouse – H-101 

 For the pilot plant, Mike Kazz’s and associates had built a greenhouse with dimensions of 

6&Wx8&Lx10&H as shown in Fig C.10.  The greenhouse frame was made of 2&& tube steel.  

Polycarbonate Greca Clear sheeting was used for the walls and the roof.  This leads to a total cost of 
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$300 to build this small greenhouse.  This small greenhouse can accommodate up to a thousand gallon 

tank. 

 

       (a) 

 

Figure 10: Dimensions of (a) Greenhouse (b) Breadbox 

The commercial greenhouse cost can be found from The Greenhouse commercial website.  The 

size of the greenhouse can be scale up based on the pilot plant since the greenhouse must have enough 

room to hold the tanks and working space.  From the pilot plant, the ratio of greenhouse to tank volume 

is estimated by equation C.23. 

 

C.23 

 This ratio can be used to determine the size of a greenhouse for a given tank size and visa versa.  

For example, a greenhouse with dimensions of 8&6&&Wx20&9&&Lx8&H from the Greenhouse 

commercial website would be able to hold up to a 2900 gallon tank.  This commercial greenhouse was 

built with double-walled polycarbonate panels for the roof which is better that a single panel.  This 

commercial green house cost $7,340. 

 Breadbox Heater – H-102 

 (b) 
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 From the pilot plant, one of the Solar Energy Engineering members worked with Mike Kazz’s 

group to build a breadbox heater as shown in Figure C.10.  This breadbox holds a 44 gallon tank.  The 

breadbox heater was made of plywood sheets.  A single pane tempered glass was used for the window.  

One roll of R13 batt was used to insulate inside the heater.  A layer of reflection insulation was placed 

on top of the R13 insulation.  Flat black paint was used to coat the outside of the heater.  This leads to a 

total cost of $240 and this is shown in the following Table C.3. 

Table C.3: Summary Cost for Breadbox Heater Materials 

Materials Cost References 

Plywood Walls $ 50 “Home Depot” 

Reflection Insulation $ 40 “Home Depot” 

R13 Insulation $ 20 “Home Depot” 

Single Pane Tempered Glass $ 120 Mike Kazz 

Paint $ 10 “Home Depot” 

Total Cost $ 240  

 

 In order to estimate the cost to build a larger bread box heater, a factor was determined from 

the relationship between volume and the cost of the pilot scale bread box heater.  The total cost of a 

bread box heater was assumed to be proportional to the volume of the tank by equation C.24, 

 C.24 

where k is some factor.  Then the cost of a larger breadbox heater can be assumed by using equation 

C.25. 

 

C.25 
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For example, the cost of a breadbox heater that can hold a 1000 gallon tank is found by using equation 

C.25, where the cost to build a breadbox heater that can hold a 44 gallon tank is $240 as shown above.  

 

 

 Ball Valves 

 Swagelok brand valves were used and are found from Arizona Valve and Fitting Co.  A 316 SS 3-

piece sanitary ball valve with 1&& tube butt weld costs $200.06.  The pilot plant used a total 11 ball 

valves, one for the inlet and outlet of each tank.  The total cost of these valves was $2,207. 

 Electrical Heaters 

 An electrical heater was needed to continue heating up the yellow grease to 77°C since neither 

the green house heater nor the bread box heater can heat the yellow grease up to the desired 

temperature in the winter.  Mike Kazz has already bought a 6 kW Chromolux immersion heater at a price 

of $1,200. 

 Total Cost 

 The total equipment cost for the pilot plant was summed up in the following manner. 

The cost was broken up for each model.  Each model has a base cost which includes the cost of pump 

and immersion heater.  Then the additional equipment cost for each model was extracted as following.  

For example, the first model 1 used a greenhouse that houses a 1000 gallon tank.  The 1000 gallon tank 

includes an inlet and outlet valve. 
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For model 2, there is a 1000 gallon tank that was housed in a breadbox heater.  Again, there is a valve at 

the inlet and a valve at the outlet. 

 

 For model 3, there is no additional equipment cost since it only used an immersion heater. 

 Annual Raw Material Usage and Costs 

Utility Costs - Power Usage 

The heating of yellow grease was assumed to be a twelve hour process and would be performed 

five days a week.  The heating of yellow grease by using a passive solar heating process will start at eight 

o’clock in the morning and will cease at two o’clock in the afternoon.  Even though the yellow grease in 

the greenhouse and breadbox reaches its maximum temperature around three o’clock as discussed in 

Appendix A, the team decided to pump the yellow grease towards the tank with the immersion heater 

at two o’clock.  This time was chosen so that there would be enough time for the heated yellow grease 

heated further and then reacted.  As mentioned before, further heating was performed by using an 

electric heater.  The required power demand was developed for each model so that a comparison can 

be made.  Each model requires a 6.00 kW immersion heater.  For circulation model, a 0.88 kW pump 

was used to circulate the yellow grease in the tank.  

For non-circulation, the average temperature is assumed to be the average of the top and 

bottom temperature of the tank.  According to the pilot plant data in Appendix A, the average 

temperature of YG in model 2B is 69°C.  The average temperature of YG model 1B is 46 °C.  

For circulation, the average temperature of YG in the pilot scale bread box is 50-60 °C according 

to the pilot's data in Appendix A.  The average temperature of yellow grease in the scale up breadbox is 
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assumed to be the same with the average temperature of pilot scale breadbox.  Hence, the average 

temperature of YG in model 2A is 50-60 °C.  For worst case scenario, the average temperature of YG in 

model 2A is chosen to be 50 °C at 2pm.  

The team does not have data for average temperature of YG in model 1A. To compensate for this, a 

temperature factor was generated from the data collected from the bread box when in non-circulation 

mode and circulation mode.  It was assumed that this factor would apply to a larger scale since the 

geometries are similar.  The average temperature of YG in model 1A was estimated as follows. 

 
C.26  

  

 

 

The amount of energy, in kilowatt-hours, required for using immersion heater was calculated by using 

equation C.27. 

 C.27 

In addition, the amount of energy requires to heat the yellow grease was also determined by using 

equation C.28 and C.29. 
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 C.28 

 C.29 

Then this energy was converted to kilowatt-hours by using equation C.30. 

 C.30 

For the circulation model, the total amount of energy in kilowatt-hour required for using a pump as a 

means of recirculation was calculated by using equation C.31. 

 C.31 

The pricing plan summary on the Tucson Electric Power website provided summer and winter 

kWh rates for large general services.  It was assumed that costing for the power usage needed for the 

process can be found using large general service data.  For winter operations, it would cost $0.1130 per 

kilowatt-hour.  For summer operations, it would cost $0.1222 per kilowatt-hour.  The operational energy 

cost was calculate by using equation C.32 

 C.32 

For estimating the daily operational cost, the energy cost was based on winter rates.  For yearly 

operational costs, half of the yearly energy cost was based on summer rates and the other half on 

winter rates. 

For example, the operational costs for model 1A 

The immersion heater’s energy consumption was calculated by using equation C.27. 
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Assuming one thousand gallons of yellow grease being processed per day,  this volumetric flow rate was 

converted to mass flow rate by equation using C.29, where yellow grease density is 56.19 lb/ft3(“MSDS: 

Yellow Grease”). 

 
 

At two in the afternoon, the exiting yellow grease from T-102 had a temperature of approximately 34 °C 

in model 1A.  Energy was needed to heat the yellow grease from 34 °C to 77 °C by immersion heater.  

The energy consumed to do this can be calculated by using equation C.28.  The experimental heat 

capacity of yellow grease is 1.81 kJ/kg∙°C which was determined as shown in Appendix A.i.  

 
 

Then converting this heating energy to kilowatt-hours can be done by using equation C.30. 

 
 

Circulation energy was calculated by using Equation C.31, where the pumping cycle had the pump run 

for fifteen minutes and then stay off for fifteen minutes.  This leads to the total of three hours pumping 

per day. 

 
 

 

The utility cost was calculated from equation C.32. 
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The total utility cost per year was calculated as follows.  Note that the process operates for five days per 

week and fifty-two weeks per year.  

The other models’ energy costs are also calculated in similar fashion and the results are given in Table 

C.4. 

Table C.4: Summary of Energy Cost for Each Model 

Model 1A 1B 2A 2B 3 

Immersion Heater Energy [kWh/day] 36.00 36.00 36.00 36.00 72.00 

Heating Energy [kWh/day] 73.67 53.11 46.26 13.71 111.37 

Pump Energy [kWh/day] 2.64 0.00 2.64 0.00 0.00 

Total Energy [kWh/day] 112.31 89.11 84.90 49.71 183.37 

Total Energy [kWh/year] 29,201 23,169 22,074 12,024 47,675 

Utility Cost per day $ 12.69 $ 10.07 $ 9.95 $ 5.62 $ 20.72 

Utility Cost per year $ 3,434 $ 2,725 $ 2,596 $ 1,520 $ 5,607 

 

 Profit Comparison 

 Model 3 was chosen to be the base case where electricity was the only energy source for 

heating up yellow grease.  Each model was compared to model 3 in order to determine the percentage 

savings.  The equation for calculating the percent savings is Equation C.33.  

 
C.33 

 The percentage savings was evaluated basing on a ratio of heating cost to the amount of 

biodiesel produced.  Cost model x is the ratio of the total cost of heating cost to the amount of biodiesel 

produced, where x is 1A, 1B, 2A, 2B or 3.  This ratio is calculated by using equation C.34. 

 
C.34 
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 The percent savings can be calculated per day in regards to the operational cost for each model, 

excluding the additional equipment cost.  Another method provided the annual savings; however, this 

method included additional equipment cost for each model.  The total annual cost was determined by 

using equation C.35. 

 C.35 

 For example, the percentage saving for model 1A 

  Firstly, the ratio of the total heating cost to the amount of biodiesel produced daily was 

calculated by using equation C.34.  The utility cost per day was found in earlier.  The additional cost for 

greenhouse was not included.  According Mike Kazz, the amount of biodiesel produced to the amount 

yellow grease consumed is 1.00 : 1.05 by volume. 

  

  

 Secondly, the daily utility savings can be determined by using equation C.33.   
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  Similarly, the yearly utility savings was calculated.  The annual cost needed to be calculated by 

using equation C.35 since the additional equipment cost was included.  The additional equipment cost 

for green house was $ 300 as shown earlier.  Annual utility cost was found earlier.  

  

Then the annual ratio of heating cost and to the amount of biodiesel produced was determined by 

equation C.34. 

  

  

Finally, annual utility savings was calculated by using equation C.33. 

 

 

The other models’ percentage savings were calculated in similar fashion and the results are given in 

Table C.5. 

Table C.5: Summary of Percentage Saving for Each Model 

Model 1A 1B 2A 2B 3 

Daily Ratio [cent/gal BD] 1.21 0.96 0.91 0.53 1.97 

% savings Daily 39% 51% 54% 73% 0% 
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Annual Cost $ 4,135 $ 3,426 $ 4,141 $ 3,065 $ 5,606 

Annual Ratio[cent/gal BD] 1.51 1.25 1.52 1.12 2.05 

% savings Annually 26% 39% 26% 45% 0% 

 

 

Present Worth 

 The four alternative models: 1A, 1B, 2A and 2B, have different equipment costs, operating cost 

and anticipated service lives, as indicated below in Table C.6.  Mike Kazz said the greenhouse and 

breadbox have a lifetime of 6 and 10 years respectively, however, for these calculations, as worst case 

scenario of 3 and 6 years respectively were chosen. 

Table C.6: Summary of Costs for Each Model 

Model 1A 1B 2A 2B 

Equipment Cost $ 701 $ 701 $ 1,545 $ 1,545 

Annual Operating Cost $ 3,251 $ 2,751 $ 2,412 $ 1,336 

Service Life 3 3 6 6 

  

The present worth of each model can be found by the following equation from Seider et al. (594): 

 
C.26 

P is the present model price, A is the periodic payment, i is the inflation rate, and n is the number of 

years between present and forecast. From U.S. Inflation Rate, the forecast average inflation rate is 

1.63%.  Six years is the shortest time period for which the four models can be compared on a common 

basis.  Thus, model 1 is replaced once.  For model  1A, the costs are shown on the following diagram, in 

which the equipment cost and operating costs are represented by downward vectors. 
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Figure C.11: Present Worth Diagram for Model 1A 

The annual operating cost can be treated as periodic payment. The present worth of model 1A is 

calculated by equation C.36 with i = 0.0163, n = 6. 

 

Similarly, the diagram for model  1B is as follows. 

 

Figure C.12: Present Worth Diagram for Model 1B 

Model 1B’s present worth is calculated by Equation C.36. 

 
 

The corresponding diagram for model 2A is: 
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Figure C.13: Present Worth Diagram for Model 2A 

Model 2A’s present worth is: 

 
 

Similarly, the diagram for model 2B is as following. 

 

Figure C.14: Present Worth Diagram for Model 2B 

Model 2B’s present worth is: 

 
 

 Annual Raw Material Usage and Product Selling 

 Currently, the biodiesel produced from the pilot plant is not sold to any company for profit yet. 

Mike Kazz is using these produced biodiesel for the farm’s tractors and for the facility vehicles.  There is 

no constant production in the pilot plant yet.  Therefore, in order to estimate the annual raw materials 

usage and costs, the team assumes that one thousand gallon of yellow grease is reacted every day.  

Yellow grease was purchased from several places such as several restaurants in Tucson.  Mike Kazz 
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purchases yellow grease at a price of eighteen cent per pound for the pilot plant process. The following 

calculation were performed to find the annual mass flow rate and the cost of yellow grease. The density 

of yellow grease is 56.19 lb/ft3. 

C.3

7 

 

C.3

8 

 Yellow grease is reacted with methanol at a ratio of 4:1, respectively.  Mike Kazz purchases 

methanol at a price of $1.75 per gallon.  The history of methanol price from last few years can also be 

found from the Methanex website.  The Annual volumetric flow rate and the annual cost for methanol 

were calculated by using the following equations. 

C.3

9 

  

 

C.40 

 From Mike Kazz, the amount of biodiesel is produced in ratio of 1.00 : 1.05 by volume, yellow 

grease to biodiesel respectively.   From Jacobsen website, biodiesel can be sold at a price of $3.05 per 

gallon.  The annual volumetric flow rate and the annual cost of biodiesel were found using the following 

equations. 

C.4

1 
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C.4

2 

 Glycerol is also produced from the reaction.  Mike Kazz said that one gallon of glycerol is 

produced for every six gallon of biodiesel.  From Jacobsen website, crude glycerol can be sold at a price 

of $ 0.05 per gallon.  The annual volumetric flow rate and annual cost of glycerol were calculated by 

using the following equations. 

 

C.4

3 

 

C.4

4 

 In addition, the sodium methylate catalyst is also needed for the reaction.  From Mike Kazz, the 

required amount of catalyst is about 0.5% of the volume of biodiesel made.  Its cost was also dependant 

on the amount of biodiesel made, $ 0.0777 per gallon of biodiesel.  The annual volumetric flow rate of 

catalyst and the annual cost of catalyst were estimated by following equation. 

C.4

5 

 

C.4

6 

 Total annual raw material cost for processing 1000 gallon of yellow grease per day is $486,552. 

Total annual product sell is $834,925. 
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D. Excel Spreadsheets 

i. Initial Enthalpy Calculations to find target yellow grease temp. 

Tucson Winter Facts INPUT 

Avg Minimum 

Temperature in 

Tucson (°C) 

12 
department of planetary sciences, 

UofA 
REFERENCED DATA 

   CALCULATION 

   
SOLVER 

INPUT/OUTPUT 

Yellow Grease Properties  

Intial TYG (°C) 12    

Goal Operating TYG 

(°C) 
63    

Target TYG (°C) 79.08 
Set C12 equal C11 by 

changing C5 
 

YG Mass Flowrate 

(kg/s) 
0.17 

Based on 4:1 ratio of YG 

to Methanol and that YG 

is being pumped at 3 

GPM(Mr. Kazz) 
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CpYG (kJ/kg*K) 1.81 20 °C & 1 atm  

DensityYG (kg/m3) 910 20 °C & 1 atm  

ΔHYG (12-60 

°C)(kJ/s) 
15.90    

ΔHYG Meth Heating 

(kJ/s) 
5.012    

ΔHYG Total Heating 

(kJ/s) 
20.91    

  79.08 
Set C12 equal C11 by 

changing C5 
 

Methanol Properties 

Intial Tmethanol (°C) 12   

Goal Operating 

Tmethanol (°C) 
63   

Methanol Mass 

Flowrate (kg/s) 
0.037428259   

CpMethanol (kJ/kg*K) 2.515229349 NIST Chemistry WebBook 

DensityMethanol 

(kg/m3) 
791 NIST Chemistry WebBook 

Theo-ΔHmethanol 

(kJ/s) 
4.801173428   

Hmethanol 

(kJ/kg)@12°C 
-138.08 NIST Chemistry WebBook 

Hmethanol 

(kJ/kg)@63°C 
-4.1719 NIST Chemistry WebBook 

Real-ΔHmethanol 

(kJ/s) 
5.011947046   

 

Formulas 

Yellow Grease 

Properties 
   

Intial TYG (°C) 12  

Goal Operating TYG (°C) 63  

Target TYG (°C) =B16/(B11*B12)+B8 
Set C12 equal C11 by changing 

C5 

YG Mass Flowrate (kg/s) =((3*0.00378541178)/60)*B13   

CpYG (kJ/kg*K) 1.81  
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DensityYG (kg/m3) 910  

ΔHYG (12-60 °C)(kJ/s) =B11*B12*(B9-B8)  

ΔHYG Meth Heating (kJ/s) =B11*B12*(B10-B9)  

ΔHYG Total Heating (kJ/s) =B14+B28  

  =B16/(B11*B12)+B8 
Set C12 equal C11 by changing 

C5 

    

Methanol Properties    

Intial Tmethanol (°C) 12  

Goal Operating Tmethanol (°C) 63  

Methanol Mass Flowrate 

(kg/s) 
=(((1/4)*3)/60)*0.00378541178*B24  

CpMethanol (kJ/kg*K) 2.51522934884408  

DensityMethanol (kg/m3) 791  

Theo-ΔHmethanol (kJ/s) =B22*B23*(B21-B20)  

Hmethanol (kJ/kg)@12°C -138.08  

Hmethanol (kJ/kg)@63°C -4.1719  

Real-ΔHmethanol (kJ/s) =B22*(B27-B26)  

 

Mw Methanol 

(kg/mol)  
0.0320419 

Avg Cp (kJ/kg K) 

@ 298.15 K 
2.515229349 

  

 

Cp (J/mol K) 

data for 

methanol @ 

298.15 K 

 79.5 

 81.11 

 80.24 

 80.35 

 81 

 80.25 

 81.56 

 80.22 
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 81.47 

 78.9 

 81.92 

AVG 80.59272727 

 

ii. Solar Radiation as a Function of Temp. (in Winter) and Greenhouse Temp. 

time 

(hrs) 

E 

(w/m
2
)    

0 1.5 5:15 AM   

0.25 3.1 5:30 AM   

0.5 4.6 5:45 AM   

0.75 6.2 6:00 AM   

1 32.9 6:15 AM   

1.25 59.6 6:30 AM   

1.5 86.3 6:45 AM   

1.75 113 7:00 AM   

2 156.1 7:15 AM   

2.25 199.3 7:30 AM   

2.5 242.4 7:45 AM time (hrs) GH Temp (° C)  

2.75 285.5 8:00 AM 0 28.5 

3 328.2 8:15 AM 0.25 30.2 

3.25 370.8 8:30 AM 0.5 31.9 

3.5 413.4 8:45 AM 0.75 33.6 

3.75 456 9:00 AM 1 35.3 

4 488.4 9:15 AM 1.25 37 

4.25 520.7 9:30 AM 1.5 38 

4.5 553.1 9:45 AM 1.75 40 

4.75 585.4 10:00 AM 2 41 

5 612.1 10:15 AM 2.25 42.6 

5.25 638.8 10:30 AM 2.5 43.6 

5.5 665.6 10:45 AM 2.75 44.6 

5.75 692.3 11:00 AM 3 45.5 

6 707.1 11:15 AM 3.25 46.3 

6.25 722 11:30 AM 3.5 47 

6.5 736.9 11:45 AM 3.75 47.6 

6.75 751.8 12:00 PM 4 48.2 

7 755.4 12:15 PM 4.25 48.7 

7.25 759 12:30 PM 4.5 49.1 

7.5 762 12:45 PM 4.75 49.6 

7.75 766 1:00 PM 5 50 

8 758 1:15 PM 5.25 50.1 

8.25 749 1:30 PM 5.5 50.3 

8.5 741 1:45 PM 5.75 50.4 

8.75 733 2:00 PM 6 50.5 

9 714 2:15 PM 6.25 50.4 
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9.25 696 2:30 PM 6.5 50.2 

9.5 677 2:45 PM 6.75 50.1 

9.75 659 3:00 PM 7 49.9 

10 629 3:15 PM 7.25 49.6 

10.25 599 3:30 PM 7.5 49.3 

10.5 570 3:45 PM 7.75 49 

10.75 540 4:00 PM 8 48.6 

11 503 4:15 PM 8.25 48.1 

11.25 466 4:30 PM 8.5 47.6 

11.5 429 4:45 PM 8.75 47.1 

11.75 392 5:00 PM 9 46.5 

12 351 5:15 PM   

12.25 311 5:30 PM   

12.5 270 5:45 PM   

12.75 230 6:00 PM   

13 189 6:15 PM   

13.25 149 6:30 PM   

13.5 108 6:45 PM   

13.75 68 7:00 PM   

14 51 7:15 PM   

14.25 38 7:30 PM   

14.5 37 7:45 PM   

14.75 36 8:00 PM   

15 35 8:15 PM   

15.25 34.5 8:30 PM   

15.5 33 8:45 PM   

 

iii. Average temperature for non-mixed tank with solar radiation only 

Cp (kJ/mol·K) 1.8108333 To (K) 285.15 V (gal) 40 
V 

(m3) 
0.151418   

k (kW/m·K) 0.0001742 dT (K) 40 L (m) 1.45569     

ρρρρ (kg/m3) 910 
E 

(kW/m2) 
0.2532       

ρρρρ (mol/m3) 1028.2486 η  t (s) 2.3E+07  A (m2) 0.83214  

MW (kg/mol) 0.885   t (hr) 6292.24  t (s) 47369.1  

α (m2/s) 9.355E-08   t (day) 262.177  t (hr) 13.1581   

x (m) 40 

gal 

x (m) 

500 gal 

   0 0 

0.098006 0.211147 

0.196 0.422295 

   t (week) 37.4538     

    l l l l (m) 0.18196     
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  V = 40 gal 

  x = 0.196 x = 0.098006 x = 0   

t (hr) t (s) β T (K) T (°C) β T (K) T (°C) β T (K) T (°C) Tavg (°C) 

0 0 1.606 287.42 14.27 -0.20 285.10 11.95 -0.82 285.19 12.04 12.584 

0.25 900 1.377 304.31 31.16 -0.19 285.15 12.00 -0.81 285.15 12.00 14.198 

0.5 1800 1.273 316.16 43.01 -0.18 285.15 12.00 -0.80 285.15 12.00 17.042 

0.75 2700 1.196 327.65 54.50 -0.17 285.15 12.00 -0.78 285.15 12.00 19.801 

1 3600 1.134 339.14 65.99 -0.16 285.16 12.01 -0.77 285.15 12.00 22.558 

1.25 4500 1.080 350.66 77.51 -0.14 285.19 12.04 -0.76 285.15 12.00 25.321 

1.5 5400 1.032 362.16 89.01 -0.13 285.27 12.12 -0.75 285.15 12.00 28.082 

1.75 6300 0.990 373.58 100.43 -0.12 285.43 12.28 -0.73 285.15 12.00 30.824 

2 7200 0.951 384.87 111.72 -0.11 285.68 12.53 -0.72 285.15 12.00 33.532 

2.25 8100 0.915 395.94 122.79 -0.10 286.06 12.91 -0.71 285.15 12.00 36.189 

2.5 9000 0.882 406.73 133.58 -0.09 286.57 13.42 -0.70 285.15 12.00 38.779 

2.75 9900 0.852 417.17 144.02 -0.08 287.21 14.06 -0.68 285.15 12.00 41.287 

3 10800 0.823 427.22 154.07 -0.07 287.98 14.83 -0.67 285.15 12.00 43.698 

3.25 11700 0.796 436.79 163.64 -0.07 288.89 15.74 -0.66 285.16 12.01 46.000 

3.5 12600 0.770 445.85 172.70 -0.06 289.91 16.76 -0.65 285.17 12.02 48.178 

3.75 13500 0.746 454.34 181.19 -0.06 291.05 17.90 -0.63 285.18 12.03 50.222 

4 14400 0.723 462.20 189.05 -0.05 292.28 19.13 -0.62 285.20 12.05 52.120 

4.25 15300 0.701 469.38 196.23 -0.05 293.59 20.44 -0.61 285.23 12.08 53.861 

4.5 16200 0.680 475.85 202.70 -0.04 294.95 21.80 -0.60 285.27 12.12 55.435 

4.75 17100 0.659 481.55 208.40 -0.04 296.36 23.21 -0.59 285.32 12.17 56.831 

5 18000 0.640 486.43 213.28 -0.03 297.80 24.65 -0.57 285.39 12.24 58.041 

5.25 18900 0.622 490.47 217.32 -0.03 299.23 26.08 -0.56 285.47 12.32 59.054 

5.5 19800 0.604 493.60 220.45 -0.03 300.65 27.50 -0.55 285.56 12.41 59.861 

5.75 20700 0.587 495.81 222.66 -0.02 302.02 28.87 -0.54 285.68 12.53 60.452 

6 21600 0.571 497.03 223.88 -0.02 303.33 30.18 -0.53 285.80 12.65 60.819 

6.25 22500 0.555 497.25 224.10 -0.02 304.55 31.40 -0.51 285.95 12.80 60.950 

6.5 23400 0.539 496.41 223.26 -0.02 305.66 32.51 -0.50 286.10 12.95 60.836 

6.75 24300 0.525 494.49 221.34 -0.02 306.65 33.50 -0.49 286.27 13.12 60.468 

7 25200 0.510 491.45 218.30 -0.02 307.47 34.32 -0.48 286.44 13.29 59.835 

7.25 26100 0.497 487.26 214.11 -0.01 308.12 34.97 -0.47 286.61 13.46 58.926 

7.5 27000 0.483 481.88 208.73 -0.01 308.58 35.43 -0.46 286.79 13.64 57.731 

7.75 27900 0.471 475.27 202.12 -0.01 308.80 35.65 -0.45 286.95 13.80 56.239 

8 28800 0.458 467.42 194.27 -0.01 308.79 35.64 -0.44 287.10 13.95 54.439 

 

V (gal) 500 
V 

(m3) 
1.8927  

L (m) 3.378357    
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t (s) 1.22E+08  A (m2) 4.4819908 

t (hr) 33890.55  t (s) 109933.92 

t (day) 1412.106  t (hr) 30.5372 

     

t 

(week) 
201.7294    

l l l l (m) 0.422295    

                                                                                                        V = 500 gal 

  x = 0.422295 x = 0.211147 x = 0   

t (hr) t (s) β T (K) T (°C) β T (K) T (°C) β T (K) T (°C) 
T avg 

(°C) 

0 0 1.61 290.41 17.26 -0.20 285.04 11.89 -0.82 285.25 12.10 12.56 

0.25 900 1.53 304.34 31.19 -0.20 285.14 11.99 -0.82 285.16 12.01 12.80 

0.5 1800 1.48 316.16 43.01 -0.20 285.15 12.00 -0.82 285.15 12.00 14.02 

0.75 2700 1.44 327.65 54.50 -0.20 285.15 12.00 -0.82 285.15 12.00 15.21 

1 3600 1.41 339.14 65.99 -0.20 285.15 12.00 -0.81 285.15 12.00 16.41 

1.25 4500 1.39 350.66 77.51 -0.19 285.15 12.00 -0.81 285.15 12.00 17.60 

1.5 5400 1.36 362.16 89.01 -0.19 285.15 12.00 -0.81 285.15 12.00 18.80 

1.75 6300 1.34 373.58 100.43 -0.19 285.15 12.00 -0.81 285.15 12.00 19.98 

2 7200 1.32 384.87 111.72 -0.19 285.15 12.00 -0.80 285.15 12.00 21.16 

2.25 8100 1.30 395.94 122.79 -0.18 285.15 12.00 -0.80 285.15 12.00 22.30 

2.5 9000 1.29 406.73 133.58 -0.18 285.15 12.00 -0.80 285.15 12.00 23.43 

2.75 9900 1.27 417.17 144.02 -0.18 285.15 12.00 -0.80 285.15 12.00 24.51 

3 10800 1.25 427.22 154.07 -0.18 285.15 12.00 -0.79 285.15 12.00 25.55 

3.25 11700 1.24 436.79 163.64 -0.18 285.15 12.00 -0.79 285.15 12.00 26.55 

3.5 12600 1.22 445.85 172.70 -0.17 285.15 12.00 -0.79 285.15 12.00 27.49 

3.75 13500 1.21 454.34 181.19 -0.17 285.15 12.00 -0.79 285.15 12.00 28.37 

4 14400 1.20 462.20 189.05 -0.17 285.15 12.00 -0.79 285.15 12.00 29.19 

4.25 15300 1.19 469.38 196.23 -0.17 285.15 12.00 -0.78 285.15 12.00 29.93 

4.5 16200 1.17 475.85 202.70 -0.16 285.16 12.01 -0.78 285.15 12.00 30.60 

4.75 17100 1.16 481.55 208.40 -0.16 285.16 12.01 -0.78 285.15 12.00 31.20 

5 18000 1.15 486.43 213.28 -0.16 285.17 12.02 -0.78 285.15 12.00 31.70 

5.25 18900 1.14 490.47 217.32 -0.16 285.17 12.02 -0.77 285.15 12.00 32.12 

5.5 19800 1.13 493.60 220.45 -0.15 285.18 12.03 -0.77 285.15 12.00 32.45 

5.75 20700 1.12 495.81 222.66 -0.15 285.20 12.05 -0.77 285.15 12.00 32.68 

6 21600 1.11 497.03 223.88 -0.15 285.21 12.06 -0.77 285.15 12.00 32.80 

6.25 22500 1.10 497.25 224.10 -0.15 285.23 12.08 -0.76 285.15 12.00 32.83 

6.5 23400 1.09 496.41 223.26 -0.15 285.25 12.10 -0.76 285.15 12.00 32.74 

6.75 24300 1.08 494.49 221.34 -0.14 285.28 12.13 -0.76 285.15 12.00 32.54 

7 25200 1.07 491.45 218.30 -0.14 285.30 12.15 -0.76 285.15 12.00 32.22 

7.25 26100 1.06 487.26 214.11 -0.14 285.33 12.18 -0.75 285.15 12.00 31.79 

7.5 27000 1.05 481.88 208.73 -0.14 285.36 12.21 -0.75 285.15 12.00 31.23 
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7.75 27900 1.04 475.27 202.12 -0.13 285.39 12.24 -0.75 285.15 12.00 30.54 

8 28800 1.04 467.42 194.27 -0.13 285.42 12.27 -0.75 285.15 12.00 29.73 

 

α 

(m
2
/s) 9.35E-08           

l l l l (m) 0.181961           

x (m) 0.181961           

            

 t (s) n 1 2 3 4 5 6 7 8 9 

 0 β 1 0.25 0.1111 0.0625 0.04 0.0278 0.0204 0.0156 0.0123 

 900 β 0.9752 0.2261 0.0886 0.0418 0.0214 0.0113 0.006 0.0031 0.0016 

 1800 β 0.951 0.2045 0.0707 0.028 0.0114 0.0046 0.0017 0.0006 0.0002 

 2700 β 0.9275 0.185 0.0564 0.0187 0.0061 0.0018 0.0005 0.0001 3E-05 

 3600 β 0.9045 0.1673 0.045 0.0125 0.0033 0.0007 0.0001 3E-05 4E-06 

 4500 β 0.8821 0.1513 0.0359 0.0084 0.0017 0.0003 4E-05 5E-06 5E-07 

 5400 β 0.8602 0.1369 0.0287 0.0056 0.0009 0.0001 1E-05 1E-06 6E-08 

 6300 β 0.8389 0.1238 0.0229 0.0038 0.0005 5E-05 4E-06 2E-07 8E-09 

 7200 β 0.8181 0.112 0.0182 0.0025 0.0003 2E-05 1E-06 4E-08 1E-09 

 8100 β 0.7978 0.1013 0.0146 0.0017 0.0001 8E-06 3E-07 8E-09 1E-10 

 9000 β 0.778 0.0916 0.0116 0.0011 8E-05 3E-06 9E-08 2E-09 2E-11 

 9900 β 0.7588 0.0829 0.0093 0.0008 4E-05 1E-06 3E-08 3E-10 2E-12 

 10800 β 0.74 0.075 0.0074 0.0005 2E-05 5E-07 8E-09 7E-11 3E-13 

 11700 β 0.7216 0.0678 0.0059 0.0003 1E-05 2E-07 2E-09 1E-11 4E-14 

 12600 β 0.7037 0.0613 0.0047 0.0002 6E-06 9E-08 7E-10 3E-12 5E-15 

 13500 β 0.6863 0.0555 0.0038 0.0002 3E-06 4E-08 2E-10 5E-13 7E-16 

 14400 β 0.6693 0.0502 0.003 0.0001 2E-06 1E-08 6E-11 1E-13 9E-17 

 15300 β 0.6527 0.0454 0.0024 7E-05 9E-07 6E-09 2E-11 2E-14 1E-17 

 16200 β 0.6365 0.041 0.0019 5E-05 5E-07 2E-09 5E-12 4E-15 2E-18 

 17100 β 0.6207 0.0371 0.0015 3E-05 3E-07 1E-09 1E-12 9E-16 2E-19 

 18000 β 0.6054 0.0336 0.0012 2E-05 1E-07 4E-10 4E-13 2E-16 3E-20 

 18900 β 0.5904 0.0304 0.001 1E-05 8E-08 2E-10 1E-13 4E-17 4E-21 

 19800 β 0.5757 0.0275 0.0008 9E-06 4E-08 6E-11 4E-14 7E-18 5E-22 

 20700 β 0.5615 0.0248 0.0006 6E-06 2E-08 3E-11 1E-14 1E-18 6E-23 

 21600 β 0.5475 0.0225 0.0005 4E-06 1E-08 1E-11 3E-15 3E-19 8E-24 

 22500 β 0.534 0.0203 0.0004 3E-06 6E-09 4E-12 9E-16 6E-20 1E-24 

 23400 β 0.5207 0.0184 0.0003 2E-06 3E-09 2E-12 3E-16 1E-20 1E-25 

 24300 β 0.5078 0.0166 0.0002 1E-06 2E-09 7E-13 8E-17 2E-21 2E-26 

 25200 β 0.4952 0.015 0.0002 8E-07 9E-10 3E-13 2E-17 5E-22 2E-27 

 26100 β 0.483 0.0136 0.0002 5E-07 5E-10 1E-13 7E-18 9E-23 3E-28 

 27000 β 0.471 0.0123 0.0001 4E-07 3E-10 5E-14 2E-18 2E-23 4E-29 

 27900 β 0.4593 0.0111 0.0001 2E-07 1E-10 2E-14 6E-19 4E-24 5E-30 

 28800 β 0.4479 0.0101 8E-05 2E-07 8E-11 8E-15 2E-19 7E-25 7E-31 

 

Formulas 

Cp 

1.810833  
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(kJ/mol·K) 

k (kW/m·K) =0.1741833/1000    

ρρρρ (kg/m3) 910    

ρρρρ (mol/m3) =B4/B6    

MW 

(kg/mol) 
=885/1000    

α (m2/s) =(B3/(B4*B2))*B6    

To (K) =20+273.15    

dT (K) 40    

E (kW/m2) =253.2/1000    

V (gal) 40    

V (m3) =B11/264.17    

L (m) =((64*B12)/PI())^(1/3) 
A 

(m2) 
=(PI()*B13^2)/8  

t (s) =(B13^2)/$B$7 t (s) =($B$4*$B$2*B12*$B$9)/($B$10*D13) 

t (hr) =B14/3600 t (hr) =D14/3600  

t (day) =B15/24    

t (week) =B16/7    

l l l l (m) =B12/D13    

     

V = 40 gal =B11    

x = 0.196 =B18    

t (hr) =B23/3600    

t (s) 0    

β ='B for 40 gal'!AD6 
=((-1)^$D$24/$D$24^2)*EXP((-

$B$6*$D$24^2*PI()^2*B22) 

                        /$B$17^2)*COS(($D$24*PI()*$B$20)/$B$17) 

  n 1  

T (K) =(((-21.068*B22^2+202.17*B22+273.05)/1000)*$B23/($B$5*$B$2*$B$18))+ 

 ((((-21.068*B22^2+202.17*B22+273.05)/1000)*$B$18/$B$3)* 

 ((3*$B$18^2-$B$18^2)/(6*$B$18^2)-(2/PI()^2)*B24))+$B$8 

T (°C) =B27-273.15    

T (°C) for x=l/2  

T (°C) for x=0  

Tavg (°C) =0.99*((3*B32+7*B33)/10) 

 

iv. Average temperature for perfectly tank with solar radiation only 

Cp (kJ/mol·K) 1.810833  V (gal) 40  500 

k (kW/m·K) 0.000174  V (m
3
) 0.151416  1.892706 

ρρρρ (kg/m
3
) 910  L (m) 1.455686  3.378348 
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ρρρρ (mol/m
3
) 1028.249      

MW (kg/mol) 0.885  t (s) 26285389  1.22E+08 

α (m
2
/s) 9.35E-08  t (hr) 7301.497  33890.55 

   t (day) 304.229  1412.106 

To (K) 285  t (week) 43.46129  201.7294 

dT (K) 40      

E (kW/m
2
) 0.2532  A (m

2
) 0.965616  4.481991 

   t (s) 51026.81  109933.9 

   t (hr) 14.17411  30.5372 

       

   l l l l (m) 0.181961 0.422 

   40 gal 500 gal 

 t (hr) t (s) T(K) T (°C) T(K) T (°C) 

 0 0 285.00 11.85 285.00 11.85 

 0.25 900 285.86 12.71 285.37 12.22 

 0.5 1800 286.96 13.81 285.84 12.69 

 0.75 2700 288.29 15.14 286.42 13.27 

 1 3600 289.83 16.68 287.08 13.93 

 1.25 4500 291.55 18.40 287.82 14.67 

 1.5 5400 293.43 20.28 288.63 15.48 

 1.75 6300 295.46 22.31 289.51 16.36 

 2 7200 297.60 24.45 290.43 17.28 

 2.25 8100 299.85 26.70 291.40 18.25 

 2.5 9000 302.18 29.03 292.40 19.25 

 2.75 9900 304.57 31.42 293.43 20.28 

 3 10800 306.99 33.84 294.48 21.33 

 3.25 11700 309.43 36.28 295.53 22.38 

 3.5 12600 311.87 38.72 296.58 23.43 

 3.75 13500 314.28 41.13 297.62 24.47 

 4 14400 316.65 43.50 298.64 25.49 

 4.25 15300 318.95 45.80 299.63 26.48 

 4.5 16200 321.16 48.01 300.58 27.43 

 4.75 17100 323.26 50.11 301.48 28.33 

 5 18000 325.23 52.08 302.33 29.18 

 5.25 18900 327.05 53.90 303.12 29.97 

 5.5 19800 328.69 55.54 303.83 30.68 

 5.75 20700 330.15 57.00 304.45 31.30 

 6 21600 331.39 58.24 304.99 31.84 

 6.25 22500 332.39 59.24 305.42 32.27 

 6.5 23400 333.14 59.99 305.74 32.59 

 6.75 24300 333.61 60.46 305.95 32.80 

 7 25200 333.79 60.64 306.02 32.87 

 7.25 26100 333.64 60.49 305.96 32.81 

 7.5 27000 333.15 60.00 305.75 32.60 

 7.75 27900 332.31 59.16 305.38 32.23 

 8 28800 331.08 57.93 304.85 31.70 

   40 gal 500 gal 
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Formulas 

Cp 

(kJ/mol·K) 
1.81083333333333  

   

k (kW/m·K) 0.000174183333333333     

ρρρρ (kg/m
3
) 910     

ρρρρ (mol/m
3
) 1028.24858757062     

MW 

(kg/mol) 
0.885  

   

α (m
2
/s) 9.35470282133879E-08     

      

To (K) 293.15     

dT (K) 40     

E (kW/m
2
) 0.2532     

      

V (gal) 50  
A 

(m
2
) 

0.965615641360136 
 

V (m
3
) 0.189272059658553  t (s) 51026.8052967142  

L (m) 1.56809439741014  t (hr) 14.1741125824206  

t (s) 26285389.1368957     

t (hr) 7301.49698247103     

t (day) 304.229040936293     

t (week) 43.4612915623276     

l l l l (m) 0.196011799676267     

      

t (hr) =B23/3600     

t (s) 900     

<T>(K) =((-21.068*B22^2+202.17*B22+273.05)/1000)*B23/($B$5*$B$2*$B$20)+$B$9 

T (°C) =B24-273.15    

 

v. Average temperature for a non-mixed tank with solar radiation and convection 

Preliminary Day (40 gal) 

Convective Resistance to Heat Transfer     

kair 0.024 W/mK Conductive Resistance to Heat Transfer 

Dtank 0.36392153 m kfiberglass 0.04 W/mK   

RaD 145886088.8 -- δ 0.5 in   

g 9.8 m/s2 δ 0.0127 m   

βair 0.003094538 1/K Rconductive 0.3175 m2K/W   

Ts 293.15 K     

Tinfinity 323.15 K Vtank 40 gal  
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αair 0.00002216 m2/s Vtank 0.151416 m3  

νair 1.35638E-05 m2/s 

Pr 0.714 -- 

NuD 63.59424997 -- 

Tinfinity is lowest average temp for tucson: 

42 F from weather.com, chose 40 since 

we could get a kinetmatic viscosity at 40 

F 

h 4.193931589 W/m2K 

Rconvective 0.23843975 m2K/W 

kair, αair, νair, kfiberglass, & Pr from 

Engineering Toolbox 

 

Formulas: Preliminary Day (40 gal) 

Convective Resistance to Heat Transfer 

kair 0.024 W/mK 

Dtank =(B23/PI())^(1/3) m 

RaD =(B5*B6*(B8-B7)*B3^3)/(B9*B10) -- 

g 9.8 m/s2 

βair =1/B8 1/K 

Ts =20+273.15 K 

Tinfinity =50+273.15 K 

αair =2.216*10^-5 m2/s 

νair =(1.46*10^-4)*0.09290304 m2/s 

Pr 0.714 -- 

NuD =(0.6+(0.387*B4^(1/6))/(1+(0.559/B11)^(9/16))^(8/27))^2 -- 

h =B12*B2/B3 W/m2K 

Rconvective =1/B13 m2K/W 

   

Conductive Resistance to Heat Transfer 

kfiberglass 0.04 W/mK 

δ 0.5 in 

δ =B18*0.0254 m 

Rconductive =B19/B17 m2K/W 

   

Vtank 40 gal 

Vtank =B22*0.00378541178 m3 

 

AG_MT_40 1hr (Above Ground Metal Tank 40 gal 1hr) Calc 

kYG 0.17 W/mK  Tavg (°C) 32.7197    
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Bi 4.48900588    Tavg (K) 305.87    

τ 0.010258629         

a1 1.487644033   Bi(λ1) 4.48901 λ1 1.951583 a1 1.4876 

h 4.193931589 W/m2K Bi(λ2) 4.48901 λ2 4.659263 a2 -0.7646 

αYG 9.43501E-08 m2/s Bi(λ3) 4.48901 λ3 7.569305 a3 0.4522 

ρYG 910 kg/m3 Bi(λ4) 4.48901 λ4 10.58215 a4 -0.2962 

CpYG 1980 J/kgK   J0(λ1) 0.251882   

E 454.152 W/m2   J1(λ1) 0.579376   

     J0(λ2) -0.28052   

     J1(λ2) -0.27027   

     J0(λ3) 0.256379   

     J1(λ3) 0.152047   

     J0(λ4) -0.22941   

     J1(λ4) -0.09732   

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000000003 1 1 1 0.97603 296.46 23.314 73.96 

0.05 0.2747 0.929386956 0.63033 0.17803 -0.2272 1.00997 291.77 18.621 65.51 

0.1 0.5495 0.732446681 
-

0.07804 

-

0.38184 
0.09654 0.99063 294.44 21.295 70.33 

0.15 0.8243 0.450386445 
-

0.40274 
0.21082 -0.0188 0.94552 300.68 27.534 81.56 

0.182 1 0.251881957 
-

0.28052 
0.25638 -0.2294 0.61796 345.98 72.832 163.1 

 

Formulas: AG_MT_40 1hr (Same procedure for all) 

kYG (W/mK) 0.17    

Bi =('Prelim day 40'!B14*('Prelim day 40'!B4/2))/B1  

τ =(B6*1*60*60)/('Prelim day 40'!B4/2)^2   

a1 =(2/B14)*(B19/((B18)^2+(B19)^2))   

h (W/m2K) ='Prelim day 40'!B14    

αYG (m2/s) =B1/(B7*B8)    

ρYG (kg/m3) 910    

CpYG (J/kg K) 1980    

E (W/m2) =-21.068*1^2+202.17*1+273.05   

Tavg (°C) =AVERAGE(I26:I30)    

Tavg (K) =B10+273.15    

Bi(λ1) =B14*(B19/B18)    
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Bi(λ2) =B15*(H13/H12)    

λ1 1.95158314741513    

λ2 4.6592629488271    

a1 =(2/B14)*(B19/((B18)^2+(B19)^2))   

a2 =(2/B15)*(H13/((H12)^2+(H13)^2))   

J0(λ1) =BESSELJ(B14,0)    

J1(λ1) =BESSELJ(B14,1)    

r (m) 0    

r (m) ='Prelim day 40'!C1/2    

ξ =B20/B21    

J0(λ1ξ) =BESSELJ($B$14*B22,0)    

J0(λ2ξ) =BESSELJ($B$15*B22,0)    

J0(λ3ξ) =BESSELJ($G$8*B22,0)    

J0(λ4ξ) =BESSELJ($G$9*B22,0)    

Θ =($B$17*B23*EXP(-(($B$15)^2)*$B$4))+($B$18*B24*EXP(-(($B$16)^2) 

 *$B$4))+($I$9*B25*EXP(-(($G$9)^2)*$B$4))+($I$10*B26* 

 EXP(-(($G$10)^2)*$B$4))   

T (K) =B26*('Prelim day 40'!$B$8-('Prelim day 40'!$B$9+$B$9/$B$5)) 

 +('Prelim day 40'!$B$9+$B$9/$B$5)   

T (°C) =B30-273.15    

T (°F) =(9/5)*B32+32    

 

AG_MT_40 2hr Calc 

kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.951 J0(λ1) 0.2519 

Bi 4.48900588   Bi(λ2) 4.4890 λ2 4.659 J1(λ1) 0.5794 

τ 0.020517258   Bi(λ3) 4.4890 λ3 7.569 J0(λ2) -0.281 

a1 1.487644033   Bi(λ4) 4.4890 λ4 10.582 J1(λ2) -0.27 

h 4.193931589 W/m2K a1 1.4876   J0(λ3) 0.2564 

αYG 9.43501E-08 m2/s a2 -0.7645   J1(λ3) 0.152 

ρYG 910 kg/m3 a3 0.4521   J0(λ4) -0.229 

CpYG 1980 J/kgK a4 -0.2961   J1(λ4) -0.097 

E 593.118 W/m2       

Tavg (°C) 41.920682        

Tavg (K) 315.07068        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 
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0 0 1.000000003 1 1 1 0.9958 293.85 20.70 69.27 

0.05 0.2747 0.929386956 0.63033 0.178034 -0.2272 1.0015 292.88 19.73 67.51 

0.1 0.5495 0.732446681 
-

0.07804 
-0.38184 0.09654 0.9897 294.90 21.75 71.15 

0.15 0.8243 0.450386445 
-

0.40274 
0.210822 -0.0188 0.8468 319.39 46.24 115.25 

0.182 1 0.251881957 
-

0.28052 
0.256379 -0.2294 0.5265 374.31 101.16 214.1 

 

AG_MT_40 3hr Calc 

kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.9515 J0(λ1) 0.2518 

Bi 4.4890   Bi(λ2) 4.4890 λ2 4.6592 J1(λ1) 0.5793 

τ 0.03077   Bi(λ3) 4.4890 λ3 7.5693 J0(λ2) -0.2803 

a1 1.48764   Bi(λ4) 4.4890 λ4 10.582 J1(λ2) -0.2702 

h 4.19393 W/m2K a1 1.4876   J0(λ3) 0.2563 

αYG 9.4E-08 m2/s a2 -0.7645   J1(λ3) 0.1520 

ρYG 910 kg/m3 a3 0.4521   J0(λ4) -0.2294 

CpYG 1980 J/kgK a4 -0.2961   J1(λ4) -0.0973 

E 689.948 W/m2       

Tavg 

(°C) 
51.0242        

Tavg (K) 324.174        

         

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.00000003 1 1 1 0.9992 293.3007 20.15 68.27 

0.05 0.2747 0.9293869 0.63033 0.1780 -0.2272 0.9985 293.4327 20.28 68.50 

0.1 0.5495 0.7324466 -0.07804 -0.381 0.0965 0.9691 299.1467 25.99 78.79 

0.15 0.8243 0.4503864 -0.40274 0.2108 -0.0188 0.7703 337.8298 64.67 148.42 

0.1819 1 0.2518819 -0.28052 0.2563 -0.2294 0.4653 397.1614 124.01 255.22 

 

AG_MT_40 4hr Calc 

 kYG 0.17 W/mK Bi(λ1) 4.48901 λ1 1.951583 J0(λ1) 0.251882 

 Bi 4.4890   Bi(λ2) 4.48901 λ2 4.659263 J1(λ1) 0.579376 

 τ 0.0410   Bi(λ3) 4.48901 λ3 7.569305 J0(λ2) 
-

0.280522 

 a1 1.4876   Bi(λ4) 4.48901 λ4 10.582148 J1(λ2) 
-

0.270271 

 h 4.1939 W/m2K a1 1.4876   J0(λ3) 0.256379 
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 αYG 9.44E-08 m2/s a2 -0.7646   J1(λ3) 0.152047 

 ρYG 910.0000 kg/m3 a3 0.4522   J0(λ4) 
-

0.229407 

 CpYG 1980.0000 J/kgK a4 -0.2962   J1(λ4) 
-

0.097316 

 E 744.6420 W/m2       

 
Tavg 

(°C) 
59.002        

 
Tavg 

(K) 
332.152        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1 1 1 1 0.9988 293.41 20.26 68.46 

0.05 0.2748 0.9294 0.6303 0.1780 -0.2272 0.9932 294.57 21.42 70.56 

0.1 0.5496 0.7324 -0.0780 -0.3818 0.0965 0.9397 305.66 32.51 90.52 

0.15 0.8244 0.4504 -0.4027 0.2108 -0.0188 0.7086 353.64 80.49 176.88 

0.182 1 0.2519 -0.2805 0.2564 -0.2294 0.4202 413.48 140.33 284.60 

 

AG_MT_40 5hr Calc 

 kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.9516 J0(λ1) 0.2519 

 Bi 4.4890   Bi(λ2) 4.4890 λ2 4.6593 J1(λ1) 0.5794 

 τ 0.0513   Bi(λ3) 4.4890 λ3 7.5693 J0(λ2) -0.2805 

 a1 1.4876   Bi(λ4) 4.4890 λ4 10.5821 J1(λ2) -0.2703 

 h 4.1939 W/m2K a1 1.4876   J0(λ3) 0.2564 

 αYG 
9.44E-

08 
m2/s a2 -0.7646   J1(λ3) 0.1520 

 ρYG 910 kg/m3 a3 0.4522   J0(λ4) -0.2294 

 CpYG 1980 J/kgK a4 -0.2962   J1(λ4) -0.0973 

 E 757.2 W/m2       

 
Tavg 

(°C) 
65.14        

 
Tavg 

(K) 
338.29        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.0000 1.0000 1.0000 1.0000 0.9955 294.09 20.94 69.69 

0.05 0.2748 0.9294 0.6303 0.1780 -0.2272 0.9834 296.63 23.48 74.27 

0.1 0.5496 0.7324 -0.0780 -0.3818 0.0965 0.9066 312.81 39.66 103.39 

0.15 0.8244 0.4504 -0.4027 0.2108 -0.0188 0.6573 365.30 92.15 197.88 
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0.182 1 0.2519 -0.2805 0.2564 -0.2294 0.3850 422.64 149.49 301.07 

 

AG_MT_40 6hr Calc 

 kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.9516 J0(λ1) 0.2519 

 Bi 4.4890   Bi(λ2) 4.4890 λ2 4.6593 J1(λ1) 0.5794 

 τ 0.0616   Bi(λ3) 4.4890 λ3 7.5693 J0(λ2) -0.2805 

 a1 1.4876   Bi(λ4) 4.4890 λ4 10.5821 J1(λ2) -0.2703 

 h 4.1939 W/m2K a1 1.4876   J0(λ3) 0.2564 

 αYG 9.4E-08 m2/s a2 -0.7646   J1(λ3) 0.1520 

 ρYG 910 kg/m3 a3 0.4522   J0(λ4) -0.2294 

 CpYG 1980 J/kgK a4 -0.2962   J1(λ4) -0.0973 

 E 727.622 W/m2       

 
Tavg 

(°C) 
68.810        

 
Tavg 

(K) 
341.960        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.989 295.430 22.280 72.104 

0.05 0.275 0.929 0.630 0.178 -0.227 0.969 299.371 26.221 79.198 

0.1 0.550 0.732 -0.078 -0.382 0.097 0.872 319.098 45.948 114.706 

0.15 0.824 0.450 -0.403 0.211 -0.019 0.614 371.752 98.602 209.483 

0.182 1 0.252 -0.281 0.256 -0.229 0.356 424.148 150.998 303.797 

 

AG_MT_40 7hr Calc 

 kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.9516 J0(λ1) 0.2519 

 Bi 4.4890   Bi(λ2) 4.4890 λ2 4.6593 J1(λ1) 0.5794 

 τ 0.0718   Bi(λ3) 4.4890 λ3 7.5693 J0(λ2) -0.2805 

 a1 1.4876   Bi(λ4) 4.4890 λ4 10.5821 J1(λ2) -0.2703 

 h 4.1939 W/m2K a1 1.4876   J0(λ3) 0.2564 

 αYG 9.4E-08 m2/s a2 -0.7646   J1(λ3) 0.1520 

 ρYG 910 kg/m3 a3 0.4522   J0(λ4) -0.2294 

 CpYG 1980 J/kgK a4 -0.2962   J1(λ4) -0.0973 

 E 655.91 W/m2       

 
Tavg 

(°C) 
69.34        
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Tavg 

(K) 
342.49        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.978 297.23 24.08 75.34 

0.05 0.2748 0.9294 0.6303 0.1780 -0.2272 0.9517 302.15 29.00 84.20 

0.1 0.5496 0.7324 -0.0780 -0.3818 0.0965 0.8386 323.23 50.08 122.15 

0.15 0.8244 0.4504 -0.4027 0.2108 -0.0188 0.5760 372.18 99.03 210.25 

0.182 1 0.2519 -0.2805 0.2564 -0.2294 0.3321 417.65 144.50 292.09 

 

AG_MT_40 8hr Calc 

kYG 0.17 W/mK Bi(λ1) 4.4890 λ1 1.9516 a1 1.4876 J0(λ1) 0.2519 

Bi 4.4890   Bi(λ2) 4.4890 λ2 4.6593 a2 -0.7646 J1(λ1) 0.5794 

τ 0.0821   Bi(λ3) 4.4890 λ3 7.5693 a3 0.4522 J0(λ2) -0.2805 

a1 1.4876   Bi(λ4) 4.4890 λ4 10.5821 a4 -0.2962 J1(λ2) -0.2703 

h 4.1939 W/m2K       J0(λ3) 0.2564 

αYG 
9.4E-

08 
m2/s       J1(λ3) 0.1520 

ρYG 910 kg/m3       J0(λ4) -0.2294 

CpYG 1980 J/kgK       J1(λ4) -0.0973 

E 542.06 W/m2         

Tavg (°C) 66.04          

Tavg (K) 339.19          

           

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F)   

0 0 1.000 1.000 1.000 1.000 0.964 298.94 25.79 78.42   

0.05 0.275 0.929 0.630 0.178 -0.227 0.931 304.13 30.98 87.76   

0.1 0.550 0.732 -0.078 -0.382 0.097 0.806 324.11 50.96 123.72   

0.15 0.824 0.450 -0.403 0.211 -0.019 0.543 365.95 92.80 199.04   

0.182 1 0.252 -0.281 0.256 -0.229 0.311 402.83 129.68 265.42   

 

Preliminary Day (500 gal) 

Convective Resistance to Heat 

Transfer 
   

kair 0.024 W/mK Vtank 500 gal 

Dtank 0.844587054 m Vtank 1.892706 m3 
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RaD 1076673280 --    

g 9.8 m/s2    

βair 0.003224246 1/K    

Ts 293.15 K    

Tinfinity 310.15 K    

αair 0.00002216 m2/s    

νair 1.35638E-05 m2/s    

Pr 0.714 --    

NuD 118.5928506 --    
h 3.369964528 W/m2K    

Rconvective 0.296739028 m2K/W    

   

 

 

 

 

  

Conductive Resistance to Heat Transfer   

kfiberglass 0.04 W/mK     

δ 0.5 in     

δ 0.0127 m     

Rconductive 0.3175 m2K/W     

 

AG_MT_500 1hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.002   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 454.152 W/m2       

 
Tavg 

(°C) 
35.79        

 
Tavg 

(K) 
308.94        
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r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.857 314.92 41.77 107.19 

0.1 0.237 0.937 0.684 0.303 -0.082 1.041 286.95 13.80 56.83 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.968 297.97 24.82 76.67 

0.3 0.710 0.501 -0.383 0.024 0.233 1.039 287.23 14.08 57.34 

0.422 1 0.144 -0.191 0.201 -0.196 0.575 357.64 84.49 184.08 

 

AG_MT_500 2hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.004   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 593.118 W/m2       

 
Tavg 

(°C) 
40.42        

 
Tavg 

(K) 
313.57        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.894 313.58 40.43 104.77 

0.1 0.237 0.937 0.684 0.303 -0.082 1.031 287.15 14.00 57.21 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.975 298.04 24.89 76.80 

0.3 0.710 0.501 -0.383 0.024 0.233 1.032 286.90 13.75 56.74 

0.422 1 0.144 -0.191 0.201 -0.196 0.539 382.21 109.06 228.30 

 

AG_MT_500 3hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.006   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 
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 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 689.948 W/m2       

 
Tavg 

(°C) 
44.12        

 
Tavg 

(K) 
317.27        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.922 310.37 37.22 98.99 

0.1 0.237 0.937 0.684 0.303 -0.082 1.023 287.96 14.81 58.66 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.980 297.52 24.37 75.87 

0.3 0.710 0.501 -0.383 0.024 0.233 1.023 287.99 14.84 58.71 

0.422 1 0.144 -0.191 0.201 -0.196 0.507 402.53 129.38 264.89 

 

 

AG_MT_500 4hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.008   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 744.642 W/m2       

 
Tavg 

(°C) 
46.80        

 
Tavg 

(K) 
319.95        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.943 306.63 33.48 92.27 

0.1 0.237 0.937 0.684 0.303 -0.082 1.017 288.99 15.84 60.51 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.985 296.73 23.58 74.44 

0.3 0.710 0.501 -0.383 0.024 0.233 1.012 290.22 17.07 62.73 

0.422 1 0.144 -0.191 0.201 -0.196 0.479 417.19 144.04 291.28 
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AG_MT_500 5hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.010   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 
9.4E-

08 
m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 757.2 W/m2       

 
Tavg 

(°C) 
48.30        

 
Tavg 

(K) 
321.45        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.959 303.09 29.94 85.89 

0.1 0.237 0.937 0.684 0.303 -0.082 1.013 290.02 16.87 62.37 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.989 295.87 22.72 72.90 

0.3 0.710 0.501 -0.383 0.024 0.233 1.000 293.16 20.01 68.01 

0.422 1 0.144 -0.191 0.201 -0.196 0.454 425.11 151.96 305.52 

 

AG_MT_500 6hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.011   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 727.622 W/m2       

 
Tavg 

(°C) 
48.41        
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Tavg 

(K) 
321.56        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.970 300.07 26.92 80.45 

0.1 0.237 0.937 0.684 0.303 -0.082 1.009 290.94 17.79 64.02 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.992 295.11 21.96 71.53 

0.3 0.710 0.501 -0.383 0.024 0.233 0.987 296.25 23.10 73.58 

0.422 1 0.144 -0.191 0.201 -0.196 0.432 425.42 152.27 306.09 

 

AG_MT_500 7hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.013   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 

 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 655.908 W/m2       

 
Tavg 

(°C) 
46.90        

 
Tavg 

(K) 
320.05        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.979 297.67 24.52 76.13 

0.1 0.237 0.937 0.684 0.303 -0.082 1.007 291.69 18.54 65.37 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.994 294.52 21.37 70.47 

0.3 0.710 0.501 -0.383 0.024 0.233 0.973 298.92 25.77 78.38 

0.422 1 0.144 -0.191 0.201 -0.196 0.413 417.48 144.33 291.79 

 

AG_MT_500 8hr Calc 

 kYG 0.17 W/mK Bi(λ1) 8.3713 λ1 2.1397 J0(λ1) 0.144 

 Bi 8.371   Bi(λ2) 8.3713 λ2 4.9585 J1(λ1) 0.564 

 τ 0.015   Bi(λ3) 8.3713 λ3 7.8690 J0(λ2) -0.191 

 a1 1.556   Bi(λ4) 8.3713 λ4 10.8489 J1(λ2) -0.323 
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 h 3.370 W/m2K a1 1.5560   J0(λ3) 0.201 

 αYG 9.4E-08 m2/s a2 -0.9255   J1(λ3) 0.214 

 ρYG 910 kg/m3 a3 0.6308   J0(λ4) -0.196 

 CpYG 1980 J/kgK a4 -0.4548   J1(λ4) -0.151 

 E 542.058 W/m2       

 
Tavg 

(°C) 
43.56        

 
Tavg 

(K) 
316.71        

          

r (m) ξ J0(λ1ξ) J0(λ2ξ) J0(λ3ξ) J0(λ4ξ) Θ T (K) T (°C) T (°F) 

0 0 1.000 1.000 1.000 1.000 0.985 295.86 22.71 72.88 

0.1 0.237 0.937 0.684 0.303 -0.082 1.005 292.26 19.11 66.40 

0.2 0.474 0.759 0.030 -0.401 -0.131 0.995 294.11 20.96 69.73 

0.3 0.710 0.501 -0.383 0.024 0.233 0.958 300.55 27.40 81.31 

0.422 1 0.144 -0.191 0.201 -0.196 0.395 400.76 127.61 261.69 

 

vi. Average temperature for a perfectly mixed tank with solar radiation and 

convection 

40 gallon tank 

T∞∞∞∞    (K) 315  α (K) 370.8936004 

To (K) 285  β (m6/s) 

-

0.000110537 

qi (W/m2) 253.2    

h 

(W/m2⋅⋅⋅⋅K) 4.530036    

ρ (kg/m3) 910    

Cp 

(J/kg⋅⋅⋅⋅K) 1980    

V (m3) 0.151416    

R (m) 0.363922    

L (m) 2.911372    

 

t (hr) t (s) α (K) T (K) T (°C) 

0 0 289.6796 285 12 

0.25 900 299.7787 286.3994632 13.39946 

0.5 1800 309.3539 289.3939934 16.39399 
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0.75 2700 318.4053 293.6196434 20.61964 

1 3600 326.9328 298.7662429 25.76624 

1.25 4500 334.9365 304.5701133 31.57011 

1.5 5400 342.4163 310.8077132 37.80771 

1.75 6300 349.3723 317.2901033 44.2901 

2 7200 355.8044 323.8581265 50.85813 

2.25 8100 361.7127 330.3782171 57.37822 

2.5 9000 367.0971 336.7387593 63.73876 

2.75 9900 371.9576 342.8469276 69.84693 

3 10800 376.2943 348.6259468 75.62595 

3.25 11700 380.1072 354.0127202 81.01272 

3.5 12600 383.3962 358.9557789 85.95578 

3.75 13500 386.1613 363.4135103 90.41351 

4 14400 388.4026 367.3526309 94.35263 

4.25 15300 390.12 370.7468716 97.74687 

4.5 16200 391.3136 373.5758477 100.5758 

4.75 17100 391.9833 375.8240895 102.8241 

5 18000 392.1292 377.4802119 104.4802 

5.25 18900 391.7512 378.5362059 105.5362 

5.5 19800 390.8494 378.9868337 105.9868 

5.75 20700 389.4237 378.8291149 105.8291 

6 21600 387.4742 378.0618909 105.0619 

6.25 22500 385.0008 376.685457 103.6855 

6.5 23400 382.0035 374.701252 101.7013 

6.75 24300 378.4824 372.1115979 99.1116 

7 25200 374.4375 368.9194836 95.91948 

7.25 26100 369.8686 365.1283832 92.12838 

7.5 27000 364.776 360.7421079 87.74211 

7.75 27900 359.1595 355.764683 82.76468 

8 28800 353.0191 350.2002487 77.20025 

 

500 gallon tank 

T∞∞∞∞    (K) 303  α (K) 361.7813874 

To (K) 285  β (m6/s) -4.5289E-05 

qi (W/m2) 253.2    

h 

(W/m2⋅⋅⋅⋅K) 4.307486    

ρ (kg/m3) 910    

Cp 

(J/kg⋅⋅⋅⋅K) 1980    
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V (m3) 1.892706    

R (m) 0.844587    

L (m) 6.756696    

 

t (hr) t (s) α (K) T (K) T (°C) 

0 0 292.1709 285 12 

0.25 900 302.7191 285.7077132 12.70771 

0.5 1800 312.7195 287.1700467 14.17005 

0.75 2700 322.172 289.2784836 16.27848 

1 3600 331.0766 291.9319031 18.9319 

1.25 4500 339.4333 295.0361308 22.03613 

1.5 5400 347.2421 298.5035143 25.50351 

1.75 6300 354.503 302.2525227 29.25252 

2 7200 361.2161 306.2073686 33.20737 

2.25 8100 367.3813 310.2976528 37.29765 

2.5 9000 372.9986 314.4580279 41.45803 

2.75 9900 378.068 318.6278821 45.62788 

3 10800 382.5895 322.7510409 49.75104 

3.25 11700 386.5631 326.7754864 53.77549 

3.5 12600 389.9889 330.6530919 57.65309 

3.75 13500 392.8668 334.3393736 61.33937 

4 14400 395.1968 337.7932549 64.79325 

4.25 15300 396.9789 340.9768462 67.97685 

4.5 16200 398.2132 343.8552363 70.85524 

4.75 17100 398.8995 346.3962972 73.3963 

5 18000 399.038 348.5704997 75.5705 

5.25 18900 398.6286 350.3507406 77.35074 

5.5 19800 397.6713 351.7121796 78.71218 

5.75 20700 396.1661 352.6320866 79.63209 

6 21600 394.1131 353.0896977 80.0897 

6.25 22500 391.5121 353.0660802 80.06608 

6.5 23400 388.3633 352.5440061 79.54401 

6.75 24300 384.6666 351.5078324 78.50783 

7 25200 380.422 349.94339 76.94339 

7.25 26100 375.6296 347.8378785 74.83788 

7.5 27000 370.2892 345.1797676 72.17977 

7.75 27900 364.401 341.9587056 68.95871 

8 28800 357.9649 338.1654322 65.16543 

 

Formulas 

T∞∞∞∞    (K) =30+273    
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To (K) =12+273    

qi (W/m2) =0.2532*1000    

h 

(W/m2⋅⋅⋅⋅K) 4.30748594374886    

ρ (kg/m3) 910    

Cp (J/kg⋅⋅⋅⋅K) 1980    

V (m3) =500*0.00378541178    

R (m) =(B8/PI())^(1/3)    

L (m) =8*B9    

α (K) =(B2+(B4/B5))    

β (m6/s) =-(B5*2*PI()*B9*B10)/(B6*B7*B8)   

     

t (hr) 0    

t (s) 0    

α (K) =(((-0.5878*B14^2+7.1763*B14+28.824)+273)+(-21.068*B14^2+202.17*B14+273.05) 

   /$B$6)*0.8    

T (K) =B16-EXP($E$4*B15)*ABS(B16-$B$4)   

T (°C) =B18-273    

 

vii. Economic Calc. 

YG Density [lb/ft3] 56.19  

Cp [KJ/Kg∙°C] 1.81  

day per week 5  

week per year  52  

 Summer Winter 

  $     0.1222   $          0.1130  

Model 1A w/cir 1B 2Aw/cir 2B 3 

Volume of Tank [gal per 

day] 1000 1000 1000 1000 1000 

Max Temperature [°C] 34 46 50-60 69 77 

Heater 

Operate hour per day 6 6 6 6 12 

Power [kW] 6 6 6 6 6 

Heater energy [kWh/day] 36 36 36 36 72 

Mass flow rate [kg/day] 3407.72 3407.72 3407.72 3407.72 3407.72 

Heating energy [kJ/day] 265222.59 191206.99 166535.12 49343.74 400917.87 

Heating energy 

[kWh/day] 73.67 53.11 46.26 13.71 111.37 

Pump 

Operate hour per day 3 0 3 0 0 

Power [kW] 0.88 0 0.88 0 0 
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Pump energy [kWh/day] 2.64 0 2.64 0 0 

Total per day 

Total energy per day 112.31 89.11 84.90 49.71 183.37 

Operate Cost per day  $        12.69   $            10.07   $             9.59   $          5.62   $        20.72  

Cost to produce Biodiesel 

[cent/gal BD] 1.21 0.96 0.91 0.53 1.97 

% save operate cost per 

day 39% 51% 54% 73% 0% 

Total per year include equipment cost 

GH cost  $     300.00   $          300.00   $                  -     $               -     $               -   

BB cost  $               -     $                   -     $     1,144.00   $  1,144.00   $               -   

valves  $     401.00   $          401.00   $        401.00   $     401.00   $               -   

Operate power [kWh/yr] 29201 23169 22074 12924 47675 

Operate Cost per year  $        3,434   $            2,725   $           2,596   $        1,520   $        5,607  

Total Cost per year  $        4,135   $            3,426   $           4,141   $        3,065   $        5,607  

Cost to produce Biodiesel 

[cent/gal BD] 1.51 1.25 1.52 1.12 2.05 

% save per year 26% 39% 26% 45% 0% 

 

YG Density [lb/ft3] 56.19 

Cp [KJ/Kg∙°C] 1.81 

day per week 5 

week per year  52 

Winter Summer 

0.113 0.1222 

  

Model 1A w/cir 

Volume of Tank [gal per day] 1000 

Max Temperature [°C] 34 

Heater 

Operate hour per day 6 

Power [kW] 6 

Heater energy [kWh/day] =B12*B13 

Mass flow rate [kg/day] =B9*0.1337*$B$1*0.4536 

Heating energy [kJ/day] =B15*$B$2*(77-34) 

Heating energy [kWh/day] =B16/B12/3600*B12 

Pump 

Operate hour per day 3 

Power [kW] 0.88 

Pump energy [kWh/day] =B19*B20 

Total per day 
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Total energy per day =B17+B21+B14 

Operate Cost per day =B23*$A$6 

Cost to produce Biodiesel 

[cent/gal BD] =B24/(B9*1.05)*100 

% save operate cost per day =ABS(B25-$F$25)/$F$25 

Total per year include equipment cost 

GH cost 300 

BB cost 0 

valves 401 

Operate Cost per year =(B23*$B$3*$B$4) 

Operate Cost per year =B31/2*$B$6+B31/2*$A$6 

Total Cost per year =B28+B30+B32 

Cost to produce Biodiesel 

[cent/gal BD] =B33/(B9*1.05*$B$3*$B$4)*100 

% save per year =ABS(B34-$F$34)/$F$34 

 

 

 

E. Saez Notes 

The analysis developed in this section can be applied to heat transfer from bodies with other simple 

geometries. Analytical solutions can be found by using separation of variables for transient heat 

conduction from an infinitely long cylinder and from a sphere. These are presented without details in 

what follows: 

 

(1) Infinitely long cylinder (radius R) with radial conduction. 

Here we consider that T=T(t,r). The dimensionless variables used are 

 ∞

∞
−
−

=Θ
TT

TT

0  (202) 

 
2R

tα=τ
 (203) 

 R

r=ξ
 (204) 

 k

hR
Bi =

 (205) 

The dimensionless conduction equation simplifies to 
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ξ∂
Θ∂ξ

ξ∂
∂

ξ
=

τ∂
Θ∂ 1

 (206) 

and the initial and boundary conditions are 

 Θ=1, τ=0 (207) 

 

 

0=
ξ∂
Θ∂

, ξ=0 (208) 

 

 

Θ−=
ξ∂
Θ∂

Bi
, ξ=1 (209) 

 

In this case, the solution is expressed in terms of Bessel functions. The eigenvalue condition is 

 

 

Bi
)(J

)(J

n0

n1
n =

λ
λ

λ
 (210) 

 

The first root of this equation is presented in Figure 18. The solution is 

 

 

τλ−ξλ
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∞
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0
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 (211) 

 

Once again, the first term of the series is a good approximation for Bi≥0.01 and τ≥0.1. The first 

coefficient of the series is 

 

 
)(J)(J

)(J2
a

1
2
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0

11

1
1 λ+λ

λ
λ

=
 (212) 

 

and is shown as a function of Biot number in Figure 19. 
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Figure 18. First eigenvalue as a function of the Biot number for flat plate (same as in Figure 17), 

infinitely-long cylinder (first root of equation 210), and sphere (first root of equation 218). 
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Figure 19. First coefficient of the Fourier series for the cylinder, equation 

F. Overall Mass Balance 

Mass Balance  
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All calculations are based off of the assumption that the flow rate is three gallon per minute in 

each stream since the limitation of pump maximum flow rate.  Yellow grease is transported to the plant 

directly from the sources without purification and stored in T-105 tank.  From Mike, there is less than 

0.05% of water and 0.01% of heavy waste in the yellow grease.  Worth case scenario, the team decides 

that there is 0.05% of water and 0.01% of heavy waste in the yellow grease in order to determine the 

flow rate of components in stream 1 and stream 2.   

 
F. 1 

 F. 2 

 F. 2 

Therefore, yellow grease is held in T-104 and T-105 for a period of 24 hours to settle the water 

and heavy waste to the bottom of the tank because of density different and gravity.  Water and heavy 

waste in the yellow grease is removed by open the valve V 12 and V13 to release two gallons per min for 

one time.  The team assumed that there is 80% by volume of water and heavy waste removed from each 

tank. The flow rate of components in stream 14 and 15 is calculated as follows. 

 
F. 4 
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 F. 5 

 F. 6 

Stream 14 and 15 combines into stream 16. 

 F. 7 

 F. 8 

 F. 9 

As a result, 20% by volume of water and heavy waste remains from the original amount of water 

and heavy waste.  The water and waste left over from the settling tanks will be carried through streams 

3-13 since there is no further purification. 
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F. 10 

 F. 11 

 F. 12 

Energy Balance 

Temperature ranges that were listed in the stream table were generated from data collected at 

the pilot plant. 

G. Meeting Logs/Agendas 

1/10/09  Meeting Log 

Time:   12:15 PM 

Meeting with:  Mike Kazz Attendees:  Roy, Alicia, Stephanie, Hanh, Kyle, Mandy, Chris, Adam 

 

Summary of Information:  

 

-ideal to have design finished by spring break so have month to revise 

-R&D: rip-off & duplicate 

-1st step: organization, roles 

-meeting times: them: T 10-11  HARSH conference room 

  us: T 11-12 

-field trips? 

 

Upcoming deadlines: 

-need 40 references by Thursday 

-gantt chart done by 1/29 

-BFD,  PFD, equip. table done by 2/5 
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-comments/revisions from Mike by spring break 

 

-Mike’s cell phone #: (520) 241-0098 

 

-Solar thing: Campbell farm 

-use oil (from French fry grease, etc) ⇒ yellow grease (fluid mechanics, natural convective heat transfer) 

-react to make biodiesel 

 →react at 60 °C 

 → 25% annual energy cut for whole plan using solar energy 

-test work: 

 →which solar collector? (greenhouse, breadbox, flat solar panels, half pipe dealio) 

 →efficiency? 

 →how to use? 

→thermal storage? 

 

-ground loop→take advantage of cold→install HX to run 80 °C water underground to chill to ~50 °C? 

-production in recycling circuit→waste (Mg stuff) →what to do with it? 

→cellulose material→can we package into brick onsite? 

-2.5 million gallon plant 

 

1/27/09 Meeting Log 

Time:   12:00 PM 

Meeting with:  Mike Kazz     Attendees:  Roy, Stephanie, Alicia, Hanh 

 

Summary of Information:  

 

Contact: Stephanie Kain 

Recently biofuels have come into scrutiny for 2 reasons: (1) Food vs. Fuel use food waste (yellow grease:  

      currently sold for 12¢/lb) 

(2) Energy: more energy than corn-based fuels 

 

Problem Statement: Reduce energy inputs in biodiesel production using solar thermal energy; why it’s   

          better to use yellow grease for biodiesel 

→ adding components (1a. solar thermal energy, 1b. more solar thermal energy, 2. wind, 3. voltaic) 

→average: 15-20 °C input → want average to be closer to goal 

summer: 35-40°C  winter: 10-15 °C 

goal: 60 °C 

 

 

  box: ~ 16’ x 16’? 

        UV Polyelthylene (last 3 years) 

         $3-$5/ft 

      single or double? 

want to design for 

winter criteria solar 

day (7am-5pm) 

melt?  

need ventilation? 

expansion? 

structural issues? 
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        storage tank: 300-500 gal 

     *assume client has lots of tanks to use 

      insulation? 

*perform actual test work 

R&D: find what other people have done & get numbers 

 

 
     example of a UV polyethylene greenhouse structure 

 

design parameters:  

• scale of structure 

• size of tank 

• store in different tank at night? underground storage? (will it hurt in summer?) 

• tank insulation? 

• cost effective to build process for all “3” seasons or just one general process? 

• shape of building? (box vs. breadbox) 

• heat loss in storage tank at night? 

• amount of plastic used & how much oil used to produce plastic (have to replace every 3 years)? 

 

**take sample of yellow grease & find Cp physically 

 

*client currently using emersion heaters to heat tanks up 

client processes 3,000 gal biodiesel/day (8 hr shift) → eventually want to process 3x the amount (9,000 

gal/day) 

 

2 “teams”: (1) find design already made 

      (2) storage tanks (how much, insulation, cost, etc) 

 

1/29/09 Meeting Log 

 

 Time:   1:00 PM 

Meeting with:  group Attendees:  Roy, Alicia, Stephanie, Hanh 
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Summary of Information:  

 

 IDEA SHOWER: 

 

Heating during the day 

1. Passive heating methods 

o Cube shape green house 

� Cost of materials 

� 16'X16' UV resistance material 

� Glass 

� Poly eth 

� Acrylic 

� How often would we have to replace 

� Can it be recycled 

� Double pane versus single 

� Wood or steel for frame 

� Concrete slab 

� Look at premade green house 

o Bread box green house 

� Get information about cost to build 

� Exact angle used 

o Tubing running through a flat panel 

� Only for water 

� Ask how much it cost since they already have it 

o Need heat transfer equations for 

� Cylinder 

� Treat fluid as a none moving solid 

� Fluid is completely mixed 

� Types of coating 

� Selective solar paint 

� Ways and Cost of stirring the tank 

� Pump 

� stirrer 

2. Weather 

o Average temperature for the whole year 

� Spring, summer, fall, winter 

o Power rating of the sun (energy per area) 

� Spring, summer, fall, winter 

o Average time of day light 

� Find reference that show how much of the daylight is useful for passive solar 

heating 
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3. Storage 

o Calculation for heat transfer at night with no sun and no insulation 

o Types and cost of insulation for Tank only in Box green house 

� Perform calculations again 

� Ask about man hours to insulate tanks 

o Underground storage tank 

� Metal 

� Fiberglass 

� Cost to pump (buying pump, running pump) 

� Perform heat transfer equations to find heat loss 

o Above ground storage tank 

� Material 

� Cost to insulate, types of insulation 

� Perform heat transfer equations 

4. Find heat capacity of YG sample 

5. Do BFD 

6. Have introduction written 

7. Gantt chart 

  

 **Reserve room and parking for Feb 5th at 1pm-2pm** 

 

Meeting Agenda for 2/4/09 at 4:00 pm 

• Discussion of what has been accomplished 

o Gantt chart 

o Idea shower and breaking up of responsibilities 

� Ensure Mr. Kazz agrees with our immediate objectives 

o Meeting with Dr. Saez to talk about theoretical calculations 

o Roy and Han’s experiences with the simulator 

o Progress on finding heat capacity of yellow grease 

• Information we need from Mr. Kazz 

o Pumps  

� For circulating grease in tanks 

• Why not stirrers? 

• Can we consider both? 

� For pumping grease from nighttime storage 

• Issue with them being solar powered 

� Where are we getting these pumps? 

• Do we need exact specifications? 

• What needs to be done by next week? 

o Division of responsibilities and assignments 
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2/4/09 Meeting Log 

Time:   4:00 PM 

Meeting with:  Mike Kazz     Attendees:  Roy, Stephanie, Alicia, Hanh                  

 

Summary of Information:  

 

• Discussion of what has been accomplished 

o Gantt chart 

� changes (push everything up!!!) 

o splitting up duties: 

� Roy & Alicia work on Spreadsheets ASAP 

• make sure everyone checks each other’s work 

� Nix flat panel idea 

� Stephanie take greenhouse data 

• Start tomorrow 8am (ish) 

• Charlie Defer* 

� Storage – how big and stuff (Hanh) (sources: petroleum equipment institute & 

American petroleum institute, veeder roof) 

• Information we need from Mr. Kazz 

o Pumps  

� For circulating grease in tanks 

• Why not stirrers mixer? 

o worth putting in design 

o  

� For pumping grease from nighttime storage 

• Issue with them being solar powered 

� Where are we getting these pumps? 

• have air driven diaphragm pumps 

• What needs to be done by next week? 

o Have calculations done by next week 

o finish enclosing solar panel 

o mount glass in frame & attach to bread box heater (with hinges & sealing) 

o lay out data logger with thermocouple 

� Mike Mason 

o measure Cp of yellow grease by next meeting 

o calculate ∆T of yellow grease (find Cp at methanex.com) 

 

 

 stick with ambient shade temperature 

oil (4 L)   --> mCp∆T  what ∆T do you         

want  to bring up to 60   

°C --> Excel sheet 

methanol (1 L) ~15 °C  --> mCp∆T 

reactor 

60-61 °C 
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 methanol boils at 64.5 °C 

 no heat losses (Kazz) (reaction exo.) 

 

2 other  components in making biodiesel: sodium methylate (catalyst – ½% of total) 

                                                                           Sulfuric Acid (H2SO4) 

process flowrate: 5 gpm 

after collecting data & such from bread box version 1: 

 perforated piping through tank to draw oil from 

 use mixer 

 use high pressure pump 

 add little bit of methanol to mixture (starts rxn without catalyst) to increase viscosity (have to  

         keep flash point down) 

focus on yellow grease parameters (Cp, viscosity, etc…) 

 

2/6/09 Meeting Log 

Meeting with:  Dr. Saez     Attendees:  Roy, Stephanie, Alicia, Hanh 

Time:   12:15 PM 

 

Summary of Information:  

 

1st get a rough estimates: 

(1) measure   [where L is the characteristic length (smallest length for cylinder) & ] to 

see if it is feasible to heat up a bit in greenhouse 

(2) neglect convection with surroundings:  [where A is the area of direct solar 

radiation] to see if feasible to heat to a certain T in breadbox 

→assuming total mixing 

 

Later get a more in depth calculation: 

(1) assume cylinder acts like a slab (with same V) 

 

 

assume insulated 

calculations in class notes 

 

also calculate when Tsurface = constant (also in 305 notes) to compare with above calculation 

 

Solar Group Meeting Agenda 2-10-09 at 12:15 pm 

• Do we need to change our regular meeting times to after 12pm? 

o Do you ever need parking? 

q = constant 

x T (x,t) 
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• Theoretical Calculations 

o Results obtained 

� Cp we expect after experiment  

� Calculation about temperature of grease such that methanol is heated to 60 °C 

o Issues that need resolving 

� Trouble with excel sheet 

� Second meeting with Saez scheduled to hopefully fix the problem 

• Nighttime storage progress 

• Go over schematic of thermocouple setup 

 

2/10/09 Meeting Log 

Meeting with:  Mike Kazz     Attendees:  Roy, Stephanie, Alicia, Hanh 

Time:   12:15 PM 

 

Summary of Information:  

 

Mike Mason: HOME #  (520) 884-5124 – data logger “champ” 

 

Parking: yes when we have a set time: Meeting Time 12:15pm ish  parking for: 12:00pm-2:00pm ish 

Dr. Cuello – measure light device 

 

Mike has 12V pump for recirculating oil in tank 

 

Expt. 1/: Go from Tankoutside to Breadbox Heater or Tankoutside --> Breadbox Heater --> Tankgreenhouse or  

               Tankoutside --> Tankgreenhouse --> Breadbox Heater etc… 

 

Expt. 2/: circulating and no circulating 

 

Expt. 3/: steel tanks (horizontal) vs. plastic tanks (vertical) (plastic tanks have cone bottom to make it 

easier to decant water) 

 

p/s: decanter before or after outside tank to extract water 

 

something to do if it gets too hot? 

 

heat loss underground?  T at certain depth underground at night? 

 size of storage tank = ?         (50,000 gal?) 

insulating tank outside 

equation of Tsoil as function of depth (ksoil already found) 

 

NEXT WEEK:   

 

meeting at 12:15pm 

measured Cp values 

Roy’s calc: total mass 16.14 kg/min (4:1) 

           2.9 kg/min MeOH 
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          13.3 kg/min YG 

 

2/12/09 Meeting Log 

Meeting with:  Dr. Saez    Attendees:  Roy, Alicia 

Time:   12:15 PM 

 

Summary of Information:  

 

equations to use for calculations: 

use equation (3) from book to find T as a function of x ⇒ only takes into account the solar radiation 

 

notation: 

Fo = q = E     κ =  

c = Cp     v = T-To 

K = k (thermal conductivity)   

 

∴equation becomes: 

 
find at x = l, x = l/2, & x = 0 

 

Solar Group Meeting Agenda 2-17-09 at 12:15 pm 

 

• Updated solar tank calculations – Alicia and Hanh 

• Heat capacity experiment – Stephanie 

o Results 

o Should we redo the experiment? 

o If not, what value should we use in our calculations? 

• Status of thermocouple setup at farm – Alicia and Hanh 

o Schematic - Stephanie 

• Storage tank calculations – Roy and Stephanie 

o For above ground tank 

o Resistance to heat transfer by both air and tank material 

o Results of metal vs. fiberglass storage tank 

• Flowrates for pilot plant - TBD 

 

2/17/09 Meeting Log 

Meeting with:  Mike Kazz Attendees:  Roy, Alicia, Stephanie, Hanh 

Time:   12:15 PM 

 

Summary of Information:  
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• Updated solar tank calculations – Alicia and Hanh  

o email spreadsheet to Mike K. 

• Heat capacity experiment – Stephanie  

o Results  

o Should we redo the experiment? 

� yes 

o If not, what value should we use in our calculations?  

� Measure Olive Oil as another standard (Cp = 2.01) 

� calibrated digital thermometer (not very accurate --> use regular thermometer)  

� try redoing experiment using different measurement thing  

� use thermocouple wires (?)  

� wait longer for Tsample to = Tcu  

� try using a data logger 

• Status of thermocouple setup at farm – Alicia and Hanh  

o Alicia & Hanh cut thermocouple wires yesterday 

o Mike Mason waiting for laptop & power supply  

o he'll contact Steph when he wants us to come back 

� Laptop (Mike Kazz provided) username: solar ; password: biodiesel ; set clock 

every time you turn it on  

o Schematic - Stephanie  

� update with his changes 

• Storage tank calculations – Roy and Stephanie  

o look up companies that specifically do tank installatio  

o For above ground tank  

o Resistance to heat transfer by both air and tank material  

o Results of metal vs. fiberglass storage tank  

• Flowrates for pilot plant - TBD  

 

other: look up TDI cup 

 

Solar Group Meeting Agenda 2-26-09 at 2:15 pm 

• Discussion with Dr. Ogden about the scope of our project 

o Unit Ops Calculations - heat transfer 

o Experimental testing of yellow grease 

� Have done one experiment already, results not consistent 

� Plan to redo experiment with more precise instrumentation 

� Will require calculations and a lab report of conclusions 

� Possibly perform a thermal conductivity experiment as well 

o Testing at farm  

� Hours have already been spent there setting up 

� Plan on collecting data starting the end of this week or early next week 



 

   

 
Page 171 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

� All data collection will require analysis and comparison to theoretical 

calculations – lab reports 

� Optimization of setup 

• Additional testing and analysis 

� Recommendations will be made based on experimental analysis and detailed 

costing analysis of different options 

• Mike review paragraphs for senior design day pamphlet 

• Status of setup at farm – when can we start taking data? 

o Alicia, Hanh, Roy will all be at farm on Friday at 2:30pm, stay to finish setting up? 

o Email Mike Mason to see if he is available to help 

• Redoing heat capacity experiment 

o Use thermocouples and data acquisition system 

• Underground storage tank calculations - Roy 

 

Solar Group Meeting Agenda 3-10-09 at 12:15 pm 

• Sign Confidentiality Agreement 

• Issues Mike brought up that need addressing 

o Reading data at farm – Hanh and I will be there in the afternoon, when is good for you? 

o Insulation for breadbox 

� Options? 

� Don’t think we need it immediately, want to perform initial testing first 

o Series of tests to run at farm 

� Full tank test 

• Fill up all tanks 

• Testing starts at the beginning of the day after the full tanks have been 

left overnight 

• 3-5 days 

• To get an idea of how hot we can get each of the tanks in each location 

and to see how much they cool down at night 

� Series test 

• Start with 500 gal full, 300 gal and bbox empty at the beginning of the 

day 

• Pump from the 500 to the 300 to the bbox 

• 2-3 day test 

• To determine max temperature in the bbox 

• Do we vary how long we leave the oil in the 300 gal? 

• How does the 300 gal tank fit into this? 

• Where does the oil go from the bbox? 

� Max heating test 

• Pump oil from 500 gal to bbox at the beginning of the day 

• Allow bbox to reach max temp 

• Pump bbox oil to 300 gal tank as a holding tank 

• Repeat 

• 1-2 day test 

• Also perform such that 300 gal tank is full at the end of the day, 1-2 day 

test 
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� Breadbox heater 

• 2-3 day test to see if stirring changes max heating 

• 2-3 night test to see if insulation reduces heat losses at night 

� Stephanie will create calendar of testing once test order and times are decided 

• PHA – any suggestions on safety hazards we may have missed? 

• Spring break next week – plans for meeting/not meeting etc. 

 

3/10/09 Meeting Log 

Meeting with:  Mike Kazz   Attendees:  Roy, Stephanie, Alicia, Hanh 

Time:   12:15 PM 

 

Summary of Information:  

 

-replacing flimsy plastic with more sturdy plastic ($240) 

-need to make rods (~3) to put thermocouples in bottom back of tanks ⇒ wire ties? 

-wire thermocouples through door of breadbox 

-foam to go over breadbox door with Velcro → don’t need immediately 

*-tests: Stephanie ⇒ gantt chart to set out tests & days 

-get real data for flux from sun from CEAC 

 

 

 

 “storage?” 

possible configurations?: 500→300→breadbox→reactor 

     500→breadbox→reactor 

     500→breadbox→300→reactor 

other ?’s: preheat with 300?  50 °C→50-65 °C? or  65 °C→65 °C? 

 bank heat with 300? 

 

breadbox costs >> greenhouse costs? 

 

*-gallons in tank of breadbox ⇒ find d & l 

-initial tests to determine configuration then other tests to optimize (mixing vs. nonmixing) 

*-piping: 1” rubber hose (neoprene) 

-insulate 500 gallon for storage? 

 

Solar Group Meeting Agenda 3-31-09 at 12:15 pm 

• Results of Farm Test 

o Baseline test (performed this past weekend for a total of 3 days) 

� 500 gal 

• Top – exposed to air, not oil 

breadbox 300 gal 

500 gal 



 

   

 
Page 173 

 

Optimizing Biodiesel Production from Yellow Grease Using Passive Solar Energy 

• Bottom – Max at about 8-9 pm at 22 °C, Min at about 9:30am at 16-17 

°C 

• Ambient – Max at about 3 pm at 21-28 °C, Min at about 6:30-7 am at 6-

10 °C 

• Conclusions: Tank was able to maintain grease about 10 °C higher than 

the ambient conditions at night. There was very little heating taking 

place during the day. Therefore tank exposed to ambient conditions 

alone is good for storage, but not for heating. 

� 300 gal 

• Top – Max at about 4 pm at 55 °C, Min at about 7:30am at 25 °C 

• Bottom – Max at about 5:30-6 pm at 37 °C, Min at about 8:30am at 25 

°C 

• Ambient GH – Max at about 3:30 pm at 47 °C, Min at about 6:30am at 

10 °C 

• Conclusions: GH was able to achieve as much as a 20 °C difference from 

the ambient air during the middle of the day and even at night was 

about 3-4 °C warmer than ambient. 300 gal good for storage as the oil in 

the tank during the coldest part of the day was about 15-20 °C warmer 

than ambient air. GH seemed to do a much better job of heating the oil. 

� BBox 

• Top - Max at about 2:30 pm at 87 °C, Min at about 7 am at 23 °C 

• Bottom - Max at about 5 pm at 56 °C, Min at about 9 am at 26 °C 

• Ambient BBox - Max at about 3 pm at 60 °C, Min at about 7am at 15 °C 

• Conclusions: BB was able to achieve as much as a 30-40 °C difference 

from the ambient air during the middle of the day and even at night was 

about 10 °C warmer than ambient. BB good for storage as the oil in the 

tank during the coldest part of the day was about 10-20 °C warmer than 

ambient air. Did best at heating the oil. 

� Overall Conclusions: BB is the only one that is able to fully heat the oil during 

the winter. Tank in the GH seemed best for storage. Based on what I’ve seen so 

far, it looks like preheating in the 300 gal and then sending through BB will be 

best. Attempting to store in the 300 after heating in the BB will most likely lose 

heat. 

• Next test – Mixing 

o Is it possible to do continuous mixing for a day in the breadbox? It would be nice to get 

an idea of how much mixing we need and what the maximum will do. 

o Non-continuous mixing: 

� Found roughly from Walter’s test that 15 min of mixing in the bbox will bring 

top and bottom temps 10-15 °C closer. 

� If timer is available - Every hour for 15 min should bring top and bottom back to 

the same temp 

� If timer is not available – Every 2 hours for ½ hour or every 3 hours for 45 min – 

1 hr (based on the temp gradient in the breadbox throughout the day) 

• Updates from the rest of the group 

o I’d like to see based on calculations, predictions of the best possible setup in paragraph 

form for the paper. We somehow need to tie all the calculations together.   
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Solar Group Meeting Agenda 4-21-09 at 12:15 pm 

• Project is due NEXT Friday by 4 pm 

o What are we naming our group and this project??  

• Updates from farm testing 

o Will be complete at the end of today (Hanh to collect data, turn off timer, 

and shut down data logger, please save a final version of the NOTES file so 

that we have it for the paper) 

o Since last week  

� We’ve completed the re-circulation tests on the breadbox 

horizontally (3 trials – can’t really call any of them optimal). Also got 

some data for insulating the bbox. 

� Over the weekend I did a baseline test for the breadbox standing 

vertically. 

� Yesterday and today I performed recirculation tests for the vertical 

breadbox – continued to play with the settings to try and optimize. 

o Other updates 

� Done with environmental statement 

• Updates from group – where are you on your writing? 

• What haven’t we assigned that we still need to split up? 

• When do we want the writing done? 

• Any questions for Mike? 

 

4/21/09 Meeting Log 

Meeting with:  Mike Kazz   Attendees:  Roy, Stephanie, Alicia, Hanh 

Time:   12:15 PM 

 

Summary of Information:  

 

-started pump test today 

-good data collected yesterday ⇒ ran pump every ½ hour for 15 minutes 

-done with testing tonight 

-breadbox placed vertically to get more natural convection? 

 

writing update: 

-Stephanie finished environmental statement, working on lab reports 

-Roy finished introduction & sent to Ogden for review → working on process calculstions 

-Hanh & Alicia working on non-mixing calculations 

-Alicia finished safety statement & sent to Ogden for review 

 

-yields: 4 gal yellow grease, 1 gal methanol ⇒ 4 gal biodiesel & <4 gal glycerine 

-only byproduct is filter cake (can be used for fire bricks) & glycerine (can be a marketable product) 

 

report due May 1st → present on dead day (demonstration?) & senior design day 

**spend time discussing why problem is so difficult and complex (Cp experiment, YG 

properties unknown) 
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future work: use mixer? (less energy? more efficient?) 

big picture→graphs better than tables 

where does YG usually go? 

 

YG → thejacobson.com → 18¢/lb 

Tucson glass → must be tempered 

 

$/kW → how much would it cost for what efficiency 

greenhouse to “real plant” greenhouse 

breadbox to ?? 

 

1 gal YG = 7.4 lb 
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H. PHAs 

 

No.: 1 Description: 500 gallon yellow grease tank 

 

Item What if...? Root 
Causes/Related 

Questions 

Responses Safeguards Action Items 

1.1 There’s a grease 
leak 

Structural failure 

Expansion of 
yellow grease 

Loss of heat 
through leak 

Halt in process 

Personnel contact 
(burns) 

Environmental 
hazards 

Daily routine 
inspections 

Vented Tanks 

1. Consider PPE 
(see MSDS) 

2. Consider 
treatment for 
skin contact 
(see MSDS) 

3. Consider 
installing 
overflow 
reservoir 

4. Install a tank 
level indicator 

5. Contact 
supervisor for 
repairs 

1.2 There’s an 
external fire 

Direct exposure to 
flame 

Halt in process 

Combustion Fire 

Personnel 
exposure 

Isolation from rest of 
process 

Clear area of other 
flammable/combustible 
objects 

Vented tanks 

Fire suppression 
system (sand, cat liter) 

Type B fire 
extinguishers  

6. Consider 
Placing a 
Type B fire 
extinguisher 
nearby site 

7. Consider 
obtaining fire 
suppression 
system (cat 
liter, sand) 

1.3 Skin contact to 
tank or yellow 
grease 

Leaks 

Employee error 

Personnel 
exposure - 
potential burning 

Wear PPE 

Washing station 

8. Consider 
having a 
washing 
station in 
place 

 

 

Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Steel Tank Design Intent: to passively absorb solar energy within a greenhouse to 
heat up and store yellow grease 

Number: T-102 & T-104 
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
heating and transport 
tubing/lines (Pilot 
Plant) 

Method: What-
if 

Type: 1 inch Neoprene rubber 
hose 

Design Intent: to transport/mix yellow grease 

Number: tubing/lines 

 

No.: 2 Description:  

 

Item What if...? Root 
Causes/Related 

Questions 

Responses Safeguards Action Items 

2.1 There’s a leak Structural failure 

 

Loss of heat 

Halt in process 

Personnel contact 
(burns) 

Environmental 
hazards 

Daily routine inspections 

 

9. Contact 
supervisor for 
repairs 

2.2 There’s a fire Direct exposure to 
flame 

Halt in process 

Combustion Fire 

Personnel exposure 

Isolation from rest of process 

Clear area of other 
flammable/combustible 
objects 

Fire suppression system 
(sand, cat liter) 

Type B fire extinguishers 

 

2.3 Skin contact to 
tank or yellow 
grease 

Leaks 

Employee error 

Personnel exposure 
- potential burning 

Containment (barrier) in 
breadbox 

Contact supervisor for repair 

Wear PPE 

Washing station 

10. Have washing 
station in place 

2.4 Over pressurizing Downstream valve 
closed 

Rupture 

Release of hot 
yellow grease 

Perform proper valve lineup 
before turning on pump 

11. Consider a DCS 
shutdown 
scheme 

12. Write up 
procedure for 
valve lineup 

2.5 Slips, trips, or 
falls 

Lack of attention 

Yellow grease leak 

 

Personnel injury Wrap lines with reflective 
tape 

Have lines out of walkways 

Have plastic covers over lines 
when in walkway 

Caution signs/tape 

13. Consider getting 
covers and/or 
reflective tape 

 

2.6 Damage to lines Wear due to sun 

Wear due to stepping 
on it 

Structural failure 

Leaks 

Routine inspections  
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit: System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Steel Tank Design Intent: to passively absorb solar energy outside to heat up & 
store yellow grease 

Number: T-101 & T-105 

 

No.: 3 Description: 500 gallon yellow grease tank 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

3.1 There’s a grease 
leak 

Structural failure 

Expansion of yellow 
grease 

Loss of heat 

Halt in process 

Personnel contact 
(burns) 

Environmental hazards 

Daily routine inspections 

Vented Tanks 

14. Install 
overflow 
reservoir 

15. Install a tank 
level indicator 

16. Contact 
supervisor for 
repairs 

3.2 There’s an 
external fire 

Direct exposure to flame Halt in process 

Combustion Fire 

Personnel exposure 

Isolation from rest of 
process 

Clear area of other 
flammable/combustible 
objects 

Vented tanks 

Fire suppression system 
(sand, cat liter) 

Type B fire extinguishers  

 

3.3 Skin contact to 
tank or yellow 
grease 

Leaks 

Employee error 

Personnel exposure - 
potential burning 

Wear PPE 

Washing station 

17. Have 
washing 
station in 
place 
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Steel Tank Design Intent: to passively absorb solar energy within a breadbox 
structure to heat up & store yellow grease 

Number: T-103 

 

No.: 4 Description: 40 gallon yellow grease tank 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

4.1 There’s a grease 
leak 

Structural failure Loss of heat 

Halt in process 

Personnel contact 
(burns) 

Environmental hazards 

Daily routine inspections 

Vented Tanks 

18. Install 
overflow 
reservoir 

19. Install a tank 
level indicator 

20. Contact 
supervisor for 
repairs 

4.2 There’s an 
external fire 

Direct exposure to flame Halt in process 

Combustion Fire 

Personnel exposure 

Isolation from rest of 
process 

Clear area of other 
flammable/combustible 
objects 

Vented tanks 

Fire suppression system 
(sand, cat liter) 

Type B fire extinguishers  

 

4.3 Skin contact to 
tank or yellow 
grease 

Leaks 

Employee error 

Personnel exposure - 
potential burning 

Containment (barrier) in 
breadbox 

Wear PPE 

Washing station 

21. Have 
washing 
station in 
place 
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Greenhouse Design Intent: to passively absorb solar energy to heat up & store 
yellow grease 

Number: H-101 

 

No.: 5 Description: Cubical greenhouse structure 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

5.1 Damage to 
plastic 

Employee Error 

Bad Weather 

Loss of heat 

Halt in process 

Sturdy plastic 

Daily inspections 

 

5.2 Back door is 
open 

Employee Error Loss of heat 

Halt in process 

Good construction 

Proper handling and 
usage 

Daily inspections 

 

22. Consider 
installing a 
proper latch 
for door 
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Breadbox Design Intent: to passively absorb solar energy to heat up & store 
yellow grease 

Number: H-102 

 

No.: 6 Description: Breadbox structure 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

6.1 Damage to glass Employee Error 

Bad Weather 

Loss of heat 

Halt in process 

Sturdy glass 

Daily inspections 
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Company: Solar 
Energy Engineering 

 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit:  System: Yellow Grease 
Heating and Storage 
(Pilot Plant) 

Method: What-
if 

Type: Centrifugal Design Intent: to pump yellow grease from tank to tank and to reactor 
– pumps yellow grease in and out of tanks for mixing 

Number: P - 101 

 

No.: 7 Description: Centrifugal pump 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

7.1 Overheats Being run for too long 

Being run at too high of 
a flowrate 

Halt in process Only run pump for 
specified/necessary 
amount of time 

 

7.2      
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Company: Solar 
Energy Engineering 

Plant: University of 
Arizona- Spring 2009 
Chemical Engineering 
Department 

Site: UA Agriculture 
Center 

Unit: Yellow Grease 
heating process (Pilot 
Plant) 

System: Yellow Grease 
heating and transport 
tubing/lines 

Method: What-
if 

Type:  Design Intent: Provide electric power, control system, plant 
air/steam/refrigeration. vacuum, fuel oil, natural gas, HVAC service, fire 
and cooling water, etc. to the facility 

Team Members: all 

 

No.:  Description: Utilities and plant services 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

 What if electric 
power were lost 
momentarily or 
longer? 

N/A    

 What if the 
control system 
(DCS, PLC, etc.) 
were lost? 

N/A    

 What if plant air 
were lost? 

N/A    

 What if plant 
steam were lost 
(boilers set at 
125 psig)? 

N/A    

 What if the 
chiller 
(refrigeration 
system) were 
lost? 

N/A    

 What if the 
vacuum system 
were lost? 

N/A    

 What if natural 
gas were lost? 

N/A    

 What if the 
HVAC system 
were lost? 

N/A    

 What if cooling 
water were lost? 

N/A    

 What if service 
water is lost? 

N/A    

 What if fire 
suppression 
(water, carbon 
dioxide, Halon, 
etc.) were lost? 

N/A    

 What if there 
were inadequate 
drainage? 

N/A    
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No.:  Description: Utilities and plant services 

 

Item What if...? Root Causes/Related 
Questions 

Responses Safeguards Action Items 

 What if the 
thermal oxidizer 
were lost? 

N/A    

 What if 
nighttime 
lighting were 
lost? 

N/A    

 Plant people and 
contractors are 
not adequately 
trained? 

No training Operation error 

Loss of heat 

Proper training and 
awareness 

 

 

 

 

 


