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Abstract 

The goal of this project was to design a facility capable of producing 230,000 L per year of a 

carbon deposit treatment additive for gasoline internal combustion engines. Carbon deposits 

form primarily in combustion chambers and intake valves of gasoline engines. The presence of 

such deposits cause reduced combustion efficiency and lead to increased vehicle emissions. The 

process consists of first producing fatty acid methyl esters (FAME), also known as biodiesel, 

from soybean oil feedstock. The FAME is then purified and pumped to a second process section 

where a portion of it is reacted with diethanolamine to produce soy amide diethanolamine 

(SDEA); a surfactant. This is then mixed with pure biodiesel resulting in 20 % (w/w) SDEA in 

FAME, a concentration determined from literature as well as experimentally verified. . The 

saleable products of the process include the fuel additive blend, FAME, and Renewable 

Identification Numbers (RINs) issued by the government for the production of renewable fuels.  

Economic analyses indicate that the process would be economically viable, though this is heavily 

reliant on the ability to capture 10 percent of the US market for carbon deposit treatment 

products. Preliminary solvency and vehicle tests indicate that this product may be comparable to 

currently available petroleum-based carbon deposit treatments, however, more rigorous testing 

procedures should be employed to quantitatively characterize performance. 

  



 

Roles and Responsibilities 

 In the completion of my senior design project/honors thesis, responsibilities were 

delegated between me, Dustin Heath Brown, and the other members of our design group: Jessica 

Drewry, Christopher Griffith, and Taylor Shingler. 

 My contribution to, “Design of a Fuel Additive Production Facility,” included literature 

research, detailed process and design calculations of Unit 200, experimental development, and 

testing of our product. I also recorded the majority of the meeting logs between our group and 

industry mentor Mike Kazz, P.E., president of Zelen Environmental, a Tucson based 

environmental consulting firm. 

 Since there is little data regarding the active chemical of our product, I had to perform 

extensive literature and patent research. Much of the information regarding the synthesis of soy 

amide diethanolamine (SDEA) was the result of this research. Additionally, I used estimation 

methods based on chemical group contributions to determine properties of SDEA.  

 I also performed all of the calculations for Unit 200 of our production facility. These 

calculations included material and energy balance for the SDEA reactor, reactor heater duty, 

methanol condenser, and the mixing of our final product. I also proposed the idea of using the 

diluent for our final product as a heat transfer medium in the methanol condenser, thus 

drastically reducing the plants water requirements. This idea was also applied to other heat 

exchangers in the plant.  



 Throughout the course of the project, I collaborated with another Zelen Environmental 

engineer, Walter Diaz. Through our collaboration, we developed the experiments for testing the 

solvency of our product, as well as full scale vehicle testing. The vehicle testing protocol was 

refined over the course of the experiment after interviewing automotive technicians, shop 

managers, and reviewing ASTM standards. 

 I was responsible for writing the calculations of Unit 200 and Appendix C, the 

experimental section. Additionally, process hazard analyses were performed by all members of 

the group, which I then compiled. 

 Jessica Drewry was primarily responsible for writing the safety and environmental 

section, the process description, and the introduction. She also developed our initial process flow 

diagram, stream tables, and equipment tables. Additionally, she conducted market research to 

determine our product market. 

 Chris Griffith performed most of the calculations for Unit 100 and wrote the detailed 

process and equipment sizing calculations for that production section. In addition, he contributed 

to the writing of the introduction and the process and equipment descriptions. 

 Taylor Shingler was responsible for the detailed economic calculations, as well as the 

majority of the economic analyses. He also assisted in the laboratory synthesis of fatty acid 

methyl esters (FAME).  In addition, Taylor served as the primary liaison between Mike Kazz and 

our design group.   
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Michael Kazz, P.E. 

President 

Zelen Environmental 

1830 East Broadway #124-256 

Tucson, AZ 85719 

 

RE: Design of a Fuel Additive Production Facility 

 

Mr. Kazz,  

 

Please find attached our completed design proposal for your requested FAME and 

fuel additive production plant. As requested, the plant will produce 230,000 L of additive 

per year and 1,780,000 L of FAME per year in accordance with ASTM standards. The 

additive production rate accounts for 10 percent of the United States market. In addition, 

the plant will produce 103,000 L of purified glycerol per year. The process has been 

designed to minimize safety and environmental impacts without compromising efficiency 

or quality.  

 

Included are descriptions, specifications, and cost analyses of each piece of 

equipment along with an analysis of cash flow and economic hazards for the plant as a 

whole. Based on this analysis, the net present value of the plant is found to be 

$11,500,000 after 10 years, with the breakeven point occurring within the first year. The 

economic sensitivities of the feedstock, utilities, and products are analyzed. In addition, 

environmental and safety concerns are addressed. The environmental impact of the plant 

is reduced by the minimal use of water, efficient pieces of equipment, and the benign 

nature of chemicals involved. The greatest safety hazard is the flammability of methanol, 

which can be addressed by installation of pressure monitors.  

 



Based on our findings it is recommended that the addition of a fuel additive 

production section to the plant should be implemented. However, this recommendation is 

based largely on the assumption that a demand will exist for the amount of product 

produced.  Additionally, before implementing this plan more extensive testing should be 

performed on the effectiveness of the additive and the environmental effects of its 

combustion.    

 

 

 

 

Thank you for your consideration, 

 

BioPerformance 

 

 

 

 

 

 

         Dustin Brown     Jessica Drewry Chris Griffith Taylor Shingler 
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Introduction 

Goal 

The goal of the project is to test and reformulate a soy-derived fuel additive that 

removes carbon deposits from gasoline combustion engines. The additive is produced 

from the reaction of fatty acid methyl esters (FAME) with diethanolamine (DEA), 

producing soy amide DEA (SDEA) at 20 weight percent in FAME. The product is 

effective as a fuel treatment; however, the performance is not known in comparison to 

existing products on the market. Due to the small target market, the SDEA is produced as 

a small offshoot to a larger FAME production process. If the market expands 

significantly, the plant is capable of meeting an increased demand with minimal 

modifications. The marketed additive is a 20% w/w blend of SDEA in FAME (SDEAB). 

The plant is designed to produce 230,000 L of SDEAB per year, while meeting the 

American Society for Testing and Materials (ASTM) standards. In addition to the 

SDEAB, 1,780,000 L/year of ASTM certified FAME is produced as well as 103,000 L of 

purified glycerol per year.  

Market Information  

The purpose of a fuel additive is to remove carbon deposits that form in 

combustion engines from natural wear and tear during operation. The material that forms 

carbon deposits is created either by the decomposition of hydrocarbons into elemental 

carbon and hydrogen or by condensation of the hydrocarbons into polynuclear aromatic 

hydrocarbons, (Atlin and Eser, 2004). Carbon deposits form primarily on fuel injectors, 

intake valves, ports and in combustion chambers, (Atlin and Eser, 2004). Over time, these 
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deposits grow and adversely affect engine performance and fuel economy by inhibiting 

seals and decreasing combustion efficiency.  

Currently a variety of carbon deposit-removing products exist; however, the vast 

majority are petroleum-based. This product would provide a renewable and sustainable 

alternative to the currently available products on the market since the additive is 

produced from renewable resources. The need for fuel additives will always exist due to 

fouling associated with the incomplete combustion of gasoline and ethanol. This product 

is marketed directly to automotive repair shops for use as a direct engine treatment. 

Production can be expanded if the product is marketed towards use in commercial 

gasoline brands, or as a consumer direct product. Additionally, the average wholesale 

price of the fuel additive is determined to be $12.70 per liter.  

Based on the current market conditions and economic simulations, it is recommended to 

proceed with the addition of the additive production section to the plant. 

Premises and Assumptions  

The basis of design is to formulate a fuel additive from soybean oil that can meet 

or exceed the effectiveness of current products, while providing an alternative to 

petroleum-based fuel additives currently on the market. Information on which this design 

is based comes from literature and laboratory research. The production facility is 

designed to be incorporated in an existing plant in Tucson, Arizona, thereby constraining 

the overall production of FAME and the hours of operation. The production of FAME is 

highly researched and information is readily available on the design process. However, 

limited information is available on the SDEA synthesis, requiring laboratory experiments 

to determine the reaction conditions. The final purity of the product is determined based 
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on laboratory confirmation of patent research, (Appendix C and Ball, Bostick, & 

Brennan, 1999). The largest assumption made in this analysis is that the product will be 

able to capture the volume of the market predicted. Without extensive market research, it 

is impossible to accurately predict the future demand for the additive. These design 

premises and assumptions lead to all final calculations of equipment specifications, 

pricing, as well as safety and environmental considerations.  
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Overall Process Description, Rationale, and Optimization 

Overall Process Description 

Section 100 begins with the batch transesterification of soy oil to produce a 

mixture of FAME and glycerol in R-101, see Figure 3. The optimal temperature and 

pressure for the reaction is 60 ºC and 101 kPa, respectively. Once the reaction is 

complete, the products are fed to a holding tank, TK-101, where they are pumped out at 

the rate required for the process. After the transesterification reaction, the methanol is 

separated from the reactor effluent using a constant pressure flash separator, V-101. The 

feed to the flash separator is heated by steam in exchanger E-101 using FAME as the 

cooling liquid.  Next, methanol is recycled back to the reactor, after being condensed in 

E-102, while the glycerol and FAME mixture is fed to a continuous settler, V-102. The 

glycerol phase is removed from the bottom of V-103, while the FAME and interface 

phases are sent to coalescing filters CF-101 and CF-102, respectively. Next, the impure 

FAME is sent to V-103, the adsorption tower, to remove any trace impurities.  

In the semi-batch reactor, R-201, FAME is reacted with DEA to produce SDEA. 

The reaction is performed at a temperature of 150 °C and a pressure of 101 kPa. During 

the reaction, the methanol evolved is continually drawn off as a vapor to increase 

conversion and regulate pressure. The methanol is then condensed in E-201 using FAME 

as the cooling liquid, and then recycled to the transesterification process.  The SDEA is 

mixed with FAME in V-201, resulting in the final product; SDEAB.  
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Rational for Process Choice 

Several important factors are considered while designing the plant including, but 

not limited to:  cost, efficiency, health and environmental concerns. The goal of the 

design is to minimize the overall cost, maximize efficiency, and keep environmental 

impacts to a minimum. The major way in which this goal is achieved is to reduce the use 

of water and energy inputs through innovative technology. Coalescing filters, CF-101 and 

102 are used as opposed to centrifuges, to separate the glycerol from the FAME to save 

time and energy, (Pall, 2010). Water inputs are minimized by using an adsorbent to 

remove impurities as well as neutralize FAME. The alternative, a water wash, uses 

acidified water to neutralize and remove water soluble impurities. During a water wash, 

water is used at a ratio of 0.5 to 1 which amounts to 1,230,000 L per year, (Berrios & 

Skelton, 2008). This also removes the need for energy inputs to a dryer that would 

remove water from the FAME. Water must be removed from FAME to meet ASTM 

standards and preserve purity. FAME is used to condense methanol in heat exchanges as 

opposed to cooling water, saving 83,100 L of water per year.  Detailed calculations on 

water saving can be seen in Appendix C. These three processes formed the basis of our 

plant design. 



[DESIGN OF A FUEL ADDITIVE PRODUCTION FACILITY] 2011 April 28 

 

BioPerformance |  Overall Equipment Description, Rationale, and 
Optimization 

12 

 

Overall Equipment Description, Rationale, and Optimization 

  The sizes of all pumps are calculated using the desired flow rates, properties of 

the fluids, and the required pressure difference. Additionally, the pump efficiencies are 

assumed to be 65 percent, (Seider et al., 2009). The more costly centrifugal pumps have 

been avoided in favor of air-operated double diaphragm pumps, due to the small pumping 

volume requirements and the better efficiency for pumping higher viscosity fluids, 

(Seider et al., 2009). The pumps are made of stainless steel and PTFE in order to inhibit 

deterioration from sodium methoxide, (Seider et al., 2009).  All detailed calculations for 

this section are in Appendix A.  

The transesterification reactor, R-101, has a volume of 2,750 L and catalyzes the 

reaction of triglyceride oils to FAMEs. The feed to the reactor consists of soybean oil, 

methanol, and sodium methoxide (catalyst). The catalyst is added at a 1:100 weight ratio 

of catalyst to soybean oil to inhibit the formation of soaps and to increase conversion 

(Meher et al., 2006). A conversion of 95 percent is achieved with a reaction time of 90 

min. This conversion is verified in both laboratory experiments, as well as published data, 

(Meher et al., 2006 and Appendix C). This conversion  enables the determination of the 

reactant quantities needed to maintain a minimum flow rate of 3 gallons per minute 

(gpm) through the FAME coalescing filter, V-105, (Pall Corporation , 2001). The reactor 

is made of stainless steel in order to inhibit corrosion caused by sodium methoxide, 

(Seider et al., 2009).  

The holding tank, TK-101, is calculated to be 3,100 L in order to accommodate 

the full volume of the transesterification reactants with an additional 20 percent volume 
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to accommodate for unexpected fluctuation in flow rate. The holding tank also contains 

an agitator to keep the glycerol and FAME phases well mixed until they can be separated. 

This is crucial to ensure that the composition and properties of the exiting flow rate 

remains constant. The construction is stainless steel based on the corrosive nature of the 

process stream, (Seider et al., 2009).   

Heat exchanger E-101 heats the feed to the flash separator to 120 °C. The flow 

rates and temperatures of the product streams are constrained by the design; therefore, the 

exchanger is designed around the flow rate of the steam. The area of heat exchangers is 

calculated based on the log mean temperature difference of the two streams, the overall 

heat transfer coefficient of the system, and the amount of heat transferred. This method 

led to an approximate area of 9.5 m
3
.  Based on the area and the type of process a 

stainless steel, double pipe heat exchanger is selected, (Seider et al., 2009).  

The distillate stream condenser, E-102, cools the distillate stream of the flash 

vessel to 60 °C in order to condense methanol, the most volatile component. FAME 

product is pumped from holding tanks to cool the methanol, eliminating the need for 

cooling-water in the process. From a safety viewpoint, FAME has a high enough flash 

point and auto-ignition temperature, which allows it to be a viable alternative to cooling 

water. The required heat transfer area necessary for E-102 is calculated in a similar 

fashion to E-101. This approach leads to an approximate area of 0.67 m
3
. Based on the 

required heat transfer area and the type of process a stainless steel, double pipe heat 

exchanger is selected, (Seider et al., 2009).  

While water is not directly added or formed in the process, it is possible that 

moisture from the air may contaminate the system. A particular area of concern is the 
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methanol recycle line from E-102. Water directly competes with methanol in the 

transesterification reaction and will lower the conversion rate. If this is found to be a 

problem, molecular sieve packs can be installed to adsorb any water present.  

The flash drum, V-101, separates the methanol from the FAME, glycerol, and 

unreacted oil in the process stream. The separation temperature is calculated based on 

vapor pressure as a function of temperature of the chemicals involved and the desired 

fraction of the feed to be vaporized. The volume of the flash vessel is calculated to be 133 

L based on the flow rate into the tank and a hold up time of five minutes for a half full 

drum, (Turton et al., 2008). The construction is stainless steel based on the corrosive 

nature of the process stream, (Seider et al., 2009). A flash separator is used instead of a 

distillation column because of physical properties of the species being separated. 

Methanol is much more volatile relative to glycerol and FAME, allowing for a flash 

separator to achieve comparable results to a distillation column at much lower energy 

inputs. 

The continuous settler, V-102, is specified based on feed flow rates and hold up 

time. The hold-up time of the settler is calculated from the viscosities and densities of 

FAME and glycerol. The vessel is calculated to be 590 L and is constructed of stainless 

steel based on the corrosive nature of the product stream, (Seider et al., 2009). A 

continuous settler is chosen over a gravity decanter to reduce the time needed for 

separation of the FAME and glycerol which allows for the continuous production of 

FAME.  

Coalescing filters CF-101 and CF-102 are for glycerol and FAME separation, 

respectively.  The specifications for these pieces of equipment are obtained from Pall 
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Filters, (Pall Corporation , 2001). The feed flow rate should be approximately 3 gpm and 

the pressure drop required is 15 psi. Coalescing filters are chosen for their ability to 

achieve a high degree of separation in a short amount of time without significant energy 

inputs compared to methods such as centrifugation.   

 

The adsorbent column V-103 is used to remove impurities from FAME. Eco2pur, 

a wood based product, is used as the adsorbent and can remove soaps, un-reacted oil, 

trace methanol, and catalyst. The flow rate of 11.2 L/min entering the reactor requires a 

tower capable of holding 40 kg of adsorbent. The dimensions and materials are designed 

around a FAME process and specified by Eco2pur. This method is chosen as opposed to a 

water wash because it does not require expenditures for both the purchase and disposal of 

water. Also Eco2pur can be disposed of, without cost, for use as a fuel material due to its 

high fuel value of 5,600 kWh per kg, (Schroeder Biofuels, 2009).   

In the semi-batch reactor, R-201, FAME is reacted with DEA producing SDEA 

and methanol.  A conversion of 95 percent is achieved in experiments, which is 

consistent with data published (Ball, Bostick, & Brennan, 1999). The volume of the 

reactor is calculated to be 2,750 L based on the amount needed to produce 42,800 L of 

SDEA per year. The SDEA is then diluted with FAME using a mixing valve to produce 

230,000 L of SDEAB per year. The implementation of this design saves equipment and 

energy costs because a smaller quantity of FAME must be heated to the desired reaction 

temperature. Additionally, this allows for more rapid cooling of the final product since it 

is diluted in a large volume of FAME.   
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The methanol condenser, E-201, cools the stream of methanol exiting the reactor 

to 60 °C in order to condense methanol, the most volatile component. The cooling fluid 

used is FAME because it reduces the need for water, has a high flash and auto-ignition 

point, and is stored in large quantities at the facility. The heat transfer area of E-201 is 

calculated in a similar fashion to E-101 as seen in Appendix. This method let to an 

approximate are of m
3
.  Based on the area and the type of process a stainless steel, double 

tube heat exchanger is selected, (Seider et al., 2009).  

 

Block Flow Diagrams 

 

Figure 1: Block Flow Diagram for Unit 100 
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Figure 2: Block Flow Diagram for Unit 200 
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Process Flow Diagram 
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Figure 4: Process Flow Diagram for Unit 200 



[DESIGN OF A FUEL ADDITIVE PRODUCTION FACILITY] 2011 April 28 

 

BioPerformance |  Overall Equipment Description, Rationale, and 
Optimization 

20 

 

Stream Tables 

Table 1: Streams 1 - 4 for Unit 100 

 

Table 2: Streams 5 - 10 for Unit 100 

 

Table 3: Streams 11 - 15 for Unit 100 

 

 

Stream Number Section 100 1 2 3 4

Temperature (K) 298 298 298 333

Pressure (kPa) 101 101 101 101

Vapor Fraction 0 0 0 0

Mass Flow (kg/batch) 213 20.2 646 2170

Mole Flow (mol/batch) 6630 374 2210 9220

soy oil 0 0 2210 111

sodium methoxide 0 374 0 374

methanol 6630 0 0 332

FAME 0 0 0 6300

glycerol 0 0 0 2100

diethanol amine 0 0 0 0

soy diethanolamide 0 0 0 0

Component Mole Flow (mol/batch)

Stream Number Section 100 5 6 7 8 9 10

Temperature (K) 393 393 393 333 393 393

Pressure (kPa) 110 101 110 101 110 204

Vapor Fraction 0 1 0 0 0 0

Mass Flow (kg/min) 13.2 0.129 12.3 0.129 10.8 1.53

Mole Flow (mol/min) 54.9 2.26 52.6 2.26 40.7 11.9

Component Mole Flow (mol/min)

soy oil 0.628 0 0.627 0 0.533 0.094

sodium methoxide 4.38 0 4.38 0 4.38 0

methanol 2.18 1.94 0.241 1.94 0.241 0

FAME 35.8 0.188 35.6 0.188 33.8 1.78

glycerol 11.9 0.129 11.8 0.129 1.77 10.0

diethanol amine 0 0 0 0 0 0

soy diethanolamide 0 0 0 0 0 0

Stream Number Section 100 11 12 13 14 15

Temperature (K) 393 393 393 393 393

Pressure (kPa) 110 204 110 101 101

Vapor Fraction 0 0 0 0 0

Mass Flow (kg/min) 10.1 0.490 9.88 1.09 0.926

Mole Flow (mol/min) 38.4 0.562 33.8 2.41 10.1

Component Mole Flow (mol/min)

soy oil 0 0.533 0 0.627 0

sodium methoxide 4.38 0 0 0 0

methanol 0.241 0 0 0 0

FAME 33.8 0 33.8 1.78 0

glycerol 0 0.030 0 0 10.1

diethanol amine 0 0 0 0 0

soy diethanolamide 0 0 0 0 0
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Table 4: Streams 1 - 6 for Unit 200 

 

Table 5: Streams 7 - 9 for Unit 200 

 

Equipment Tables 

Table 6: Equipment Tables: Heat Exchangers 

 

Stream Number Section 200 1 2 3 4 5 6

Temperature (°C) 298 303 298 298 423 423

Pressure (kPa) 101 101 110 110 101 101

Vapor Fraction 0 0 0 0 1 0

Mass Flow (kg/batch) 8298 517 1438 6866 150 1798

Mole Flow (mol/batch) 28400 4920 4920 23500 4680 5151

soy oil 0 0 0 0 0 0

sodium methoxide 0 0 0 0 0 0

methanol 0 0 0 0 4680 0

FAME 28400 0 4920 23500 0 245

glycerol 0 0 0 0 0 0

magnesium silcate 0 0 0 0 0 0

diethanol amine 0 4920 0 0 0 245

soy diethanolamide 0 0 0 0 0 4660

Component Mole Flow (mol/batch)

Stream Number Section 200 7 8 9

Temperature (°C) 333 308 328

Pressure (kPa) 101 101 101

Vapor Fraction 0 0 0

Mass Flow (kg/batch) 150 6866 9565

Mole Flow (mol/batch) 4680 0 28600

soy oil 0 0 0

sodium methoxide 0 0 0

methanol 4680 0 0

FAME 0 23500 23700

glycerol 0 0 0

magnesium silcate 0 0 0

diethanol amine 0 0 245

soy diethanolamide 0 0 4660

Component Mole Flow (mol/batch)

Heat Exchangers 

E-101 E-102 E-301

Type shell and tube shell and tube shell and tube

Area (m
2
) 9.5 0.67 0.685

Duty (MJ/h) 98 -4.5 -62.3

Shell

Temp (K) 417 393 423

Pressure (kPa) 300 101 101

Phase vapor vapor vapor

MOC ss ss ss

Tube

Temp (K) 393 298 298

Pressure (kPa) 101 101 101

Phase liq liq liq

MOC ss ss ss
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Table 7: Equipment Tables: Vessels, Filters, Tanks, and Reactors 

 

Table 8: Equipment Tables: Pumps 

 

 Vessels/ Filters/ Tanks/ Reactors

R-101 TK-101 V-101 V-102

Temp (K) 333 333 393 393

Pressure (kPa) 101 101 101 101

Orientation vertical vertical vertical horz

MOC ss ss ss ss

Size

Diameter (m) 1.033 1.096 0.381 0.532

Length (m) 3.100 3.287 1.142 2.658

Internals agitator agitator

Volume (m^3) 2.6 3.1 0.13 0.59

 Vessels/ Filters/ Tanks/ Reactors

CF-101 CF-102 V-103 R-201 V-201

Temp (K) 393 393 393 423 298

Pressure (kPa) 204 204 101 101 101

Orientation horz horz vertical vertical vertical

MOC ss ss ss ss

Size

Diameter (m) 0.140 0.140 1.033 2.524

Length (m) 0.480 0.480 3.100 7.573

Internals packed bed agitator

Volume (m^3) 2.6 37.9from spec sheet

Pumps

P-101 P-102 P-103 P-104 P-105 P-106

Type recip. recip. recip. recip. recip. recip.

Efficiency 0.65 0.65 0.65 0.65 0.65 0.65

Flow (kg/h) 426 40.4 1290 792 738 648

Power (kW)

T (K) 298 298 298 333 393 393

Pin (kPa) 101 101 101 101 101 101

Pout (kPa) 110 110 110 110 110 204

Pumps

P-107 P-108 P-109 P-201 P-202

Type recip. recip. recip. recip. recip.

Efficiency 0.65 0.65 0.65 0.65 0.65

Flow (kg/h) 91.8 29.4 606 16500 1030

Power (kW)

T (K) 393 393 393 298 298

Pin (kPa) 101 101 101 101 101

Pout (kPa) 110 204 110 110 110
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Safety and Environmental Factors 

Safety 

Safety is of the utmost importance when designing a plant. Safety issues involved 

with both the chemicals and processes in the plant have been analyzed in order to prevent 

hazards and ensure the safety of both the workers and surrounding community. All of the 

chemicals used and generated in production are analyzed to determine any serious health 

risks. Additionally all the pieces of equipment and utilities are analyzed to identify 

hazards.  

Process Hazards Analysis (PHA) is used as a tool to identify the possible hazards 

relating to the most dangerous processes. PHA is a method of determining hazards related 

to a process by asking a series of questions related to the deviations of a process from 

normal operating conditions. Several parameters relating to the piece of equipment are 

analyzed; such as fluid level, pressure, and temperature; using guide words: none, low 

and high.  The causes and consequences of these deviations are analyzed as well as the 

actions required to mediate deviations. This is an effective tool in determining safety 

hazards because it is much more thorough and focused than other forms of analysis.  

The PHA analysis revealed process safety issues in the areas of fire hazards, 

accidental releases, and equipment malfunction. This analysis highlights the need for 

monitoring equipment such a flow meters, pressure sensors, and temperature monitors 

which can detect irregularities in a process that can lead to safety hazards. Most hazards 

involve the possible release of methanol; this can be prevented by installing pressure 

monitors throughout the plant so that decreases in pressure can be detected before large 

amounts of methanol are released. Additional flow meters and temperature sensors 
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should be installed to detect irregularities in the process, such as a malfunctioning pump 

or incomplete condensation of a process fluid, respectively.  A summary of the major 

hazards found from this analysis can be seen in Table 9 while, the entire analysis can be 

seen in D2L Dropbox/BioPerformance/PHAs.    

 
Table 9: Summary of the major process hazards 

Equipment 

Number 

Equipment 

Name 

Major Hazards Preventative Measures 

P-101 to P-
109 

Pumps Overheating Size pumps adequately for flows 

P-201/ 202 Failure install flow monitors through plant 

R-101 Reactor Rupture Install pressure and flow monitors 

TK-101 Storage 

Tank 

Overflow Install pressure and flow monitors 

V-101 Flash Vessel Methanol Release  Install methanol vapor monitors, 
remove sources of ignition, keep 

electrical equipment at a distance 

V-102 Continuous 

Settler  

Rupture Install pressure and flow monitors 

CF-101/102 Coalescing 

Filter 

Rupture Install pressure and flow monitors 

V-103 Adsorption 

Column 

Rupture Install pressure and flow monitors 

R-201 Reactor Rupture Install pressure and flow monitors 

Methanol Release  Install methanol vapor monitors, 
remove sources of ignition, keep 

electrical equipment at a distance 

E-101 Flash 

Preheater 

Methanol Release  Install methanol vapor monitors, 

remove sources of ignition, keep 

electrical equipment at a distance 

E-102/202 Methanol 
Condenser 

Methanol Release  Install methanol vapor monitors, 
remove sources of ignition, keep 

electrical equipment at a distance 

lps Steam 

Utility 

Steam Leak Install pressure monitors 

  Electric 
Utility 

Equipment failure due 
to power outage 

surge protection, backup power 
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Material Safety Data Sheets (MSDS) are reviewed for all chemicals involved in 

the process to determine major safety hazards in categories such as toxicity, physical 

data, heath information, fire-fighting measures, and accidental release measures. 

Additionally, the storage of chemicals and the combined effects of the chemicals used are 

analyzed. This thorough review of chemicals allows all hazards to be identified so that 

safety guidelines can be implemented.  

The chemicals in the plant can be handled safely if personal protective equipment 

is worn and safety procedures followed. Based on the analysis, it is found that personal 

protective equipment such a safety glasses, gloves, and lab coat should be worn at all 

times. Additionally, monitors should be placed in the plant for methanol vapors because 

it is the most volatile chemical and poses a fire hazard. A summary of the major hazards 

related to each chemical can be seen in Table 10 and Table 11. 

An additional way to ensure safety at the plant is to provide extra training in the 

areas of chemical and equipment safety, especially in the areas of most cited safety 

violations from OSHA such as fall protection, hazardous waste communication, and 

electrical safety. Additionally, it is important to train employees for changes in a process, 

such as with the addition of fuel additive production to an existing FAME plant. 

Accidents are especially common when the routine of a plant changes and workers are 

not familiar with new safety hazards.  
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Table 10: Chemicals and associated hazards 

 

Chemical Name

B.P
a
. 

(°C)

M.P.
b 

(°C)

Specific 

Gravity Human Toxicity
cd

Storage and Handling Protective Equipment

soy oil 
1

260
liquid at 

25 °C 0.992

HMIS III: 0       

nontoxic store in cool, dry place goggles, lab coat, gloves

sodium 

methodixide 
2 

not 

availible 149 1.3

HMIS III: 1                

no TWA data 

availible 

Store in cool, dry place 

away from sources of 

ingnition and other 

chemicals goggles, lab coat, gloves

methanol 
3

64.5 -98 0.7918

HMIS III: 1           

TWA: 200 ppm

Store in cool, dry place 

away from sources of 

ingnition goggles, lab coat, gloves

FAME 
4

340

liquid at 

25 °C 0.885

HMIS III: 1                  

TWA: 20 ppm store in cool, dry place goggles, lab coat, gloves

glycerol 
5

290 18 1.62

HMIS III: 0           

TWA: 10 ppm store in cool, dry place goggles, lab coat, gloves

DEA 
6

269 28 1.09

HMIS III: 3           

TWA: 3ppm store in cool, dry place goggles, lab coat, gloves

SDEA 
7

not 

availible 
liquid at 

25 °C 0.991

HMIS III: 2                

no TWA data 

availible store in cool, dry place goggles, lab coat, gloves

Eco2pur 
8

N/A N/A N/A HMIS III:   store in cool, dry place

goggles, lab coat, gloves, 

use respirator under dusty 

conditions

aboiling point, b melting point, c Hazardous Material Idenitification System (HMIS), d 8 hour Time Weighted Average 

Exposure Limit (TWA), e National Fire Protection Association (NFPA), 1 STE Oil Co., Inc., 1999, 2  BASF Chemical, 

Co., 2008, 3 Microbial ID, 2009, 4 Tesoro Refining & Marketing Co., 2010, 5 J. T. Baker, 2008, 6 Hunstsman 

Ineternational LLC, 2010, 7 Lubrizol Advanced Materials, Inc., 2007, 8 Schroder Biofuels, 2009.
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Table 11: Chemicals and associated hazards (cont.) 

 

Environmental  

A well-to-wheels life cycle analysis is reviewed to determine the environmental 

impacts of FAME production from growth of soy beans through the production of 

FAME, (Huo et al., 2009). The main energy inputs come from fertilizer production, 

farming of soy beans, production of soy oil, production of reactants, production of 

FAME, and transportation. It is estimated that 18 % of the energy in FAME is used to 

produce the product, which is about 2 % lower than conventional diesel.  Additionally, 

the reduction in greenhouse gas emissions is estimated at 60 percent compared to 

conventional diesel.  

Chemical 

Name Health Effects First Aide Fire Fighting
e

soy oil

Inhilation: slight irritation  Ingestion: toxic               

Skin/ Eye Contact: slight irritation

Inhilation:move to fresh air                         

Ingestion: not required 

Skin/ Eye Contact: flush with water

NFPA Rating: 1       do not 

extingiush with water

sodium 

methodixide 

Inhilation: damaging irritation                 

Ingestion: corrosive             Skin/ Eye Contact: 

corrosive

Inhilation:move to fresh air                         

Ingestion: do not induce vomiting                            

Skin/ Eye Contact: flush with water

NFPA Rating: 4   solid is 

flamable and aoutoignintion 

possible in air

methanol

Inhilation: slight irritation  Ingestion: toxic              

Skin/ Eye Contact: irritation

Inhilation:move to fresh air                         

Ingestion: induce vomiting           Skin/ 

Eye Contact: flush with water

NFPA Rating: 3  Flash 

Point: 12 °C  Moderate 

explosion hazard above flash 

point

FAME

Inhilation: slight irritation  Ingestion: toxic               

Skin/ Eye Contact: slight irritation

Inhilation:move to fresh air                         

Ingestion: do not induce vomiting                            

Skin/ Eye Contact: flush with water

NFPA Rating: 2   Flash 

Point:  130°C  

glycerol

Inhilation: slight irritation  Ingestion: toxic               

Skin/ Eye Contact: slight irritation

Inhilation: move to fresh air                         

Ingestion: induce vomiting           Skin/ 

Eye Contact: flush with water

NFPA Rating: 1 Flash 

Point: 99 °C

DEA

Inhilation: unlikely  Ingestion: irritation             

Skin/ Eye Contact: irritation

Inhilation:move to fresh air                         

Ingestion: do not induce vomiting                            

Skin/ Eye Contact: flush with water

NFPA Rating: 1 Flash 

Point: 130 °C

SDEA

Inhilation: unlikely  Ingestion: irritation             

Skin/ Eye Contact: irritation

Inhilation:move to fresh air                         

Ingestion: do not induce vomiting                            

Skin/ Eye Contact: flush with water

NFPA Rating: 1 Flash 

Point: 170 °C

Eco2pur

Inhilation: slight irritation  Ingestion: irritation               

Skin/ Eye Contact: slight irritation

Inhilation:move to fresh air                         

Ingestion: rinse mouth with water                               

Skin/ Eye Contact: flush with water NFPA Rating: 1
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The impact of each chemical is quantified in four categories: global warming 

potential (GWP), ozone depletion potential (ODP), human toxicity, and biodegradation 

potential.  The GWPs and ODPs for the chemicals used are considered to be negligible 

due to the low volatility of all components with the exception of methanol. A summary of 

the findings can be seen in Table 12. Based on the analysis it is found that none of the 

chemicals have an adverse effect on the atmosphere and can be readily biodegraded in the 

environment. Additionally, the human toxicity of all chemicals is relatively low. 

Table 12: Summary of major environmental concerns associated with chemicals 

Chemical 

Name 

Human 

Toxicity 
a
 

Remediation Potential      

(OECD
b
 guidelines) 

soy oil nontoxic 
1 

Readily biodegradable 
1 

sodium 

methoxide  

no TWA data 

available 
2
 Readily biodegradable 

2
 

methanol 

TWA: 200 ppm 
3 

Readily biodegradable 
3
 

FAME TWA: 20 ppm 
4 

Readily biodegradable 
4 

glycerol TWA: 10 ppm 
5 

Readily biodegradable 
5 

DEA TWA: 3ppm 
6 

Readily biodegradable 
6 

SDEAB 

no TWA data 

available 
7 

no information avail. 
7 

 

a  8 hour time weighted average exposure limit 
b Organization for Economic Co-operation and Development 
1 STE Oil Co., Inc., 1999 
2  BASF Chemical Co., 2008 
3 Microbial ID, 2009 

4 Tesoro Refining & Marketing Co., 2010 
5 J. T. Baker, 2008 
6 Hunstsman Ineternational LLC, 2010 
7 Lubrizol Advanced Materials, Inc., 2007 

 

The impact of utilities is based on the availability, pollution produced by its 

generation and the quantity used. The use of water during the process is kept to a 

minimum in order to (1) keep operating costs down and (2) minimize the use of relatively 

scarce resource found in the Sonoran desert. Steam and electricity are the utilities used in 
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this operation. Low pressure steam (lps) is used to heat the process streams. Electricity is 

used for the operation of plant equipment and lighting. A summary can be seen in table.  

Additionally, the impact of an accidental release of raw materials or final product 

must be considered. Methanol, sodium methoxide, and diethanolamine are required to be 

reported under the Comprehensive Environmental Response Compensation and Liability 

Act (CERCLA) when released at amounts at or above the reportable quantities (RQ). A 

table of RQ values and amounts stored on site can be seen Table 13. One important factor 

in the impact of an accidental release is the ease with which the contaminated area can be 

remediated. If chemicals are found to be easily biodegraded, in the event of a spill the 

environmental and economic impact is lessened. However, if a chemical is not easily 

degraded extra precautions should be taken so that the spill does not leave the plant and 

enter into the environment. A summary of the biodegradation potential of each chemical 

is shown in Table 12.  

Table 13: Reportable quantities of chemicals stored on site 
 

Chemical CERCLA
a
 RQ

b 1
 (kg) Amount Stored at Facility (kg) 

Methanol 2,200 18,000 

Sodium 

Methoxide 440 1,700 

Diethanolamin

e 44 20,000 
 

a Comprehensive Environmental Response, Compensation, and Liability Act 
b Reportable Quantity 
c Maximum amount stored over a 3 week period 
1 (United States Environmental Protection Agency, 2010) 

 

Several modifications are implemented to reduce the environmental burden of the 

plant. First, water consumption is reduced by using a dry wash method to remove 

impurities from FAME. Secondly, FAME is used to cool process streams instead of 
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cooling water and coalescing filters are used in place of centrifuges to obtain high 

separation of glycerol from FAME with low energy inputs. Lastly, the plant is operated 

for longer shifts to reduce the number of times the plant has to be started up and shut 

down per year; thereby, lowering energy use.  

Further testing should be performed to assess the environmental impact of 

SDEAB from gate to grave. At present, it is not known what impact combusted SDEAB 

has on the atmosphere. Additionally, the impact of the emission from vehicles during the 

cleaning process should be studied. The use of adsorbents may be considered to mitigate 

the effects of emissions if the environmental impact is found to be significant.   
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Economic Analysis  

In order to decide whether or not the operation of the plant is feasible as currently 

designed a detailed economic analysis is performed. The main goal of the analysis is to 

determine if the addition of the fuel additive to the existing FAME process is 

economically feasible. 

Market Determination 

In order to determine the amount of product to be produced a small survey of 

local automotive shops is conducted regarding the number of fuel treatment services 

provided per year. It is then assumed that the demand for this type on treatment is 

constant across the United States and the number of automotive repair shops is linearly 

related to population. Based on these assumptions, the number of fuel treatments 

performed in Tucson, AZ per year is extrapolated to the entire United States. It is further 

assumed that our product could capture 10 percent of the total market initially. This led to 

the final calculation of 230,000 L to be produced per year, (Market Research Phone Log, 

2011). 

Equipment Costs 

Equipment costs for both new and used process equipment are calculated. New 

equipment costs are calculated as outlined in Product and Process Design Principles, 

(Seider et al., 2009).  Costs for used equipment are quoted from Aaron Equipment, Co. 

The bare module cost for each piece of equipment is of the form, 

 
    (

 

  
)       (1) 
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where FBM is the bare module factor, CP is the purchase price, I is CE plant cost index of 

2011, Ib is the base CE cost index of 2006. (Seider et al., 2009) For all equipment Ib and I 

are 500 and 560, respectively. Detailed calculations for each piece of equipment can be 

found in Appendix B.  

The CBM values account for the equipment needed during normal operation. To 

ensure continuous operation, the cost for spare pumps is accounted for. These costs are 

combined to form the total bare-module cost (CTBM). 

The total bare-module costs are used to calculate the total depreciable capital 

(CTDC), total permanent investment (CTPI), and the total capital investment (CTCI). In 

calculating the CTCI additional factors are used to account for site preparation, service 

facilities, cost of the land, and other factors affecting the total cost of starting the plant.  

Utilities 

Utility costs have been determined based on local service provider pricing. In 

designing the plant steps are taken to reduce the amount of utilities needed, thereby, 

reducing the amount of capital invested. As previously stated, water usage is reduced by 

using FAME as an alternative for cooling water in two condensers and the impurities are 

removed from FAME without the use of water.  Additionally, some pieces of equipment 

are selected as lower energy alternatives to common processes.  

Steam utility costs are not negotiated with a provider but have been estimated at 

$0.00661 per kg (Seider, et al., 2009). Steam is required to heat the feed to the flash 

separator. For the given requirements, the steam demand is 107,000 kg per year, resulting 

in a negligible annual cost when low pressure steam is supplied.   
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The current cost for electricity in the area is approximately $0.060 per kWh, 

(Tucson Electric Power, 2008). With an average annual electricity consumption of 

1,660,000 kWh, annual electricity costs are $100,000 per year. Additionally, the 

operation of pumps using compressed air will account for additional costs that are 

negligible in comparison to the total electricity cost.  

Labor  

The majority of yearly operation costs come from labor related expenses. All 

labor related expenses have been broken down in the cost sheet outline below. Necessary 

operators per shift (NOL) and total number of operators (NOP) are calculated using 

equations found in (Turton, et al., 2009), where PP and PNP are the number of process 

steps involving particulates and non-particulates, respectively. The recommended number 

of operators per shift based on the process steps is 3 operators per shift. The number of 

required shifts (Nshifts) has been determined to be 2 shifts. The major annual labor cost 

comes from operator wages, $437,000 per year. 

Government Support 

The Renewable Fuel Standard II, originally passed in 2005, supports the 

production of renewable fuels and mandates 7.5 billion gallons of renewable fuels be 

blended in to transportation fuels by 2012, (Environmental Protection Agency, 2011).  As 

part of this legislation, Renewable Identifications Numbers (RINs) are issued with the 

production of a renewable fuel in order to track the amount produced and ensure 

compliance with the law.  The value of RINs is based on the amount of energy per 

volume of fuel and the percentage of the fuel that is renewable. Currently, pure biodiesel 

(B100) has a RIN value of approximately $1.30 per gallon. The additional revenue from 
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RINs, allows a profit to be made on the production of biodiesel, bringing more producers 

to the market.  However, with this added monetary value, additional testing of the fuel 

must be done to ensure purity in accordance with ASTM standards.  Continued 

government support of renewable fuels is a major factor in profitability of a plant since it 

dramatically affects the final value of the FAME.   

Sensitivity Analysis 

In order to determine the sensitivity of our plant to market fluctuations, the prices 

and availability of feedstock, price of utilities, and government support are analyzed. 

Instabilities in any of these areas could have a negative impact on the longevity of the 

plant. It is therefore important to identify and mediate these economic hazards.  

Feedstock 

All the chemicals used in production are widely available on the market and are 

used in a variety of different processes. The reactant with the most instable availability is 

soybean oil, since it procured from soybean crops which are subject to variations in 

weather beyond human control. However, this product can be substituted with other 

vegetable oils with minimal impact on the process. The price of soy oil has increased by 

approximately 25 percent over the last year as seen in Figure 6, (The Jacobsen, 2011). 

The price of methanol has remained fairly constant over the last 40 years with 

fluctuations only lasting for brief periods as seen in Figure 5, (Olah, 2009). Data for price 

fluctuations for sodium methoxide were not readily found; however, BASF is planning to 

open a new plant for the production of sodium methoxide in late 2011, (BASF, 2011). 

This facility should greatly increase the availability of sodium methoxide.  
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Figure 5: Methanol prices from 1975 to 2010 

Products 

The price fluctuation of products is also considered. FAME wholesale prices have 

increased by approximately 30 percent over the last six months, as seen in Figure 7, (The 

Jacobsen, 2011). A further increase in demand for biodiesel will be present with the 

introduction of the EPA-mandated RFS-2. Additionally, the value of RINs has increased 

by 125 percent over the last six months, as seen in Figure 8, (The Jacobsen, 2011). The 

wholesale price of purified glycerol has decreased by approximately eight percent, as 

seen in Figure 9, (The Jacobsen, 2011). Overall, the increases in product selling prices 

outweigh the increases in feedstock costs.  
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Figure 6: Soybean oil prices over the last six months (cents per gallon). 

 

 

 

Figure 7: FAME prices over the last six months (cents per gallon). 
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Figure 8: RIN prices over the last six months (cents per gallon) 
 

 

Figure 9: Glycerol prices over the last four months (cents per gallon). 

 

Fluctuations in utility prices could have a dramatic effect on plant profitability. 

According to the U.S. Energy Information Administration, short term prices of electricity 

are expected to remain constant, (U.S. Energy Information Administration, 2011). One 

way to avoid fluctuating prices is to rely on renewable sources of energy such as solar or 

wind.  
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The demand for fuel additives is present as long as gasoline combustion engines 

are used. Therefore a potential market will exist for our product far into the future. 

Potentially the demand will increase as consumers shift towards ―green products‖ and 

away from petroleum based products. A worldwide survey by the National Geographic 

Society found that environmentally friendly practices in the United States have increased 

over the past three years (National Geographic Society, 2010). If this trend continues, 

consumers will continue to look for ways to lower their impact on the environment, one 

of which may be to lower their dependence on petroleum based products.  

Economic Calculations  

The costs of manufacturing the plant are quantified using a Total Capital 

Investment Analysis (TCIA) and Net Present Value (NPV) calculation. The TCIA is 

calculated using the methods outlined in Product and Process Design Principles, (Seider 

et al., 2009). The results of the TCIA can be seen in Table 14, while the detailed 

calculations are in Appendix B. Calculations based on an interest rate of 12 percent, a tax 

rate of 40 percent and a 10 year plant life give a NPV of $11,500,000, as shown in Table 

20 and Figure 10. 
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Figure 10: Cumulative Net Present Value for plant producing B100 and SDEAB. 
Table 14: Total Capital Investment Analysis for production of B100 and SDEAB. 

 

Total bare-module cost for on-site equipment C BM 437$         

Double Diaphram Pumps (P-101, P-102, P-103, P-104,… 54$          

…P-105, P-106, P-107, P-108, P-109, P-110, P-201, P-202)

Transesterification Reactor (R-101) 81$          

Agitated Holding Tank (TK-101) 81$          

Coalescing Filters (CF-101, CF-102) 23$          

Methanol Flash Heater (E-101) 17$          

Methanol Condenser (E-102) 11$          

Methanol Flash Vessel (V-101) 25$          

Continuous Glycerol Settler (V-102) 46$          

Impurities Adsorbent Column (V-103) 8$            

Amide Reactor (R-201) 81$          

Methanol Condenser (E-201) 11$          

Cost for spares C spare 54$          

Cost for storage and surge tanks C storage 490$         

Cost for initial catalyst charge C catalyst 15$          

Cost of computers, software, and associated items C comp 15$          

Total bare-module investment C TBM 1,011$      

Cost of site preparation C site 22$          

Cost of service facilities C service 4$            

Allocated costs for utility plants and related facilities C alloc 10$          

Direct Permanent Investment C DPI 1,047$      

Cost of contingencies and contractor's fees C cont 189$         

Total Depreciable Capital C TDC 1,236$      

Cost of land C land 25$          

Cost of plant startup C start 124$         

Total Permanent Investment C TPI 1,384$      

Site factor - U.S. Southwest F ISF 0.95

Corrected Total Permanent Investment C TPI,c 1,315$      

Working Capital C WC 231$         

Total Capital Investment C TCI 1,546$     

Bio-based Fuel Additive - Total Capital Investment Analysis ($ in Thousands)
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Table 15: Total Capital Investment Summary for different production levels. 

 

Table 16: Feedstock costs and annual revenue. 

 

Table 17: Necessary labor required to operate plant 

 

B100 Only Additive

 Additive/Used 

Equipment 

Total bare-module cost for on-site equipment C BM 345$           437$           227$               

select individual equipment prices

Transesterification Reactor (R-101) 81$             81$             14$                 

Agitated Holding Tank (TK-101) 81$             81$             14$                 

Methanol Flash Heater (E-101) 17$             17$             8$                   

Amide Reactor (R-201) -$            81$             14$                 

Cost for storage tanks C storage 490$           490$           144$               

Total Depreciable Capital C TDC 1,121$         1,236$         565$               

Total Capital Investment C TCI 1,403$         1,546$         707$               

Total Capital Investment Summary ($ Thousands)

For production of B100, with…

Feedstocks (Costs) Vendor Total Cost / Revenue

Methanol 268500 L Methanex 0.46 ($/L) 124,100$                   

Sodium methylate 20200 kg DudaDiesel 2.20 ($/kg) 44,400$                     

Soybean Oil (West) 204400 L Jacobsen Average 0.15 ($/L) 30,700$                     

Diethanolamine 12400 kg

Ren County Heng Xing 

Dyestuff Chemicals 1.60 ($/kg) 19,800$                     

Eco2Pure Packing 2700 kg Schroeder Biofuels 5.57 ($/kg) 15,000$                     

Total Feedstock Costs 234,000$                 

Products and Biproducts (Selling Price)

Crude Glycerol (80%) 0 L Jacobsen Average 0.03 ($/L)

Refined Glycerol (99.7%) 128700 L Jacobsen Average 0.11 ($/L) 14,200$                     

Purified Biodiesel (B100) 2288000 L Jacobsen Average 1.29 ($/L) 2,951,500$                

Additive-SDEAB (20% w/w) 230000 L Market Analysis 12.69 ($/L) 2,918,700$                

RIN - B100 Value 2512000 L Jacobsen Average 0.34 ($/L) 854,100$                   

Total Annual Revenue 6,738,500$              

Amount required Cost

Feedstock Costs and Annual Revenue

Labor Related

Number of particulate-related process steps P 0

Number of non-particulate-related process steps Nnp 6

Number of operators per shift NOL 3.0

Number of shifts (generally accepted value which covers vacation, sick days, etc) NShifts 2.0

Number of operators needed Nop 6

Calculated Labor Values
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Table 18: Input values used for cost sheet analysis 

 

Table 19: Cost Sheet Analysis for production of B100 and SDEAB using new equipment. 

 

Total Depreciable Capital - From Cost Analysis CTDC 1,236,000$         

Allocated Costs - From Cost Analysis Calloc 10,000$              

Annual Sales Sales 6,738,500$         

Cost Sheet - Table of Values

Cost Factor Cost

Feedstocks (raw materials)

Soybean oil 0.15$           / L 204400 L 30,700$              

Methanol 0.46$           / L 268500 L 123,500$            

Sodium methylate 2.20$           / kg 20200 kg 44,400$              

Diethanolamine 1.60$           / kg 12400 kg 19,800$              

Eco2Pure 5.57$           / kg 2700 kg 15,000$              

Utilities

Steam, 50 psig 0.00300$      / lb 3800000 lb 11,400$              

Electricity 0.060$          / kW-hr 428413 kW-hr 25,700$              

Operations (labor-related) (O)

Direct wages and benefits (DW&B) 35$              / operator-hr 12,480 operator-hr 436,800$            

Direct salaries and benefits 15% of DW&B 65,500$              

Operation supplies and services 6% of DW&B 26,200$              

Technical assistance to manufacturing 60,000$        / (op/shift)-year 3 (op/shift)-year 180,000$            

Control laboratory 65,000$        / (op/shift)-year 3 (op/shift)-year 195,000$            

Maintenance (M)

Wages and benefits

* Fluid handling process 3.5% of CTDC 43,300$              

or Solids-fluid handling process 4.5% of CTDC -$                  

or Soilds-handling process 5.0% of CTDC -$                  

Salaries and benefits 25% of MW&B 10,800$              

Materials and services 100% of MW&B 43,300$              

Maintenance overhead 5% of MW&B 2,200$               

556,400$                

Operating overhead

General plant overhead 7.1% of M&O-SW&B 39,500$              

Mechanical department services 2.4% of M&O-SW&B 13,400$              

Employee relations department 5.9% of M&O-SW&B 32,800$              

Business services 7.4% of M&O-SW&B 41,200$              

Property taxes and insurance 2% of CTDC 24,700$              

Depreciation 

Direct plant 8% of (CTDC-1.18*Calloc) 97,900$              

Allocated Plant 6% of 1.18*Calloc 700$                  

Rental Fees (Office and lab space) -$                  

Licensing Fees -$                  

COST OF MANUFACTURE (COM) 1,500,000$       

General Expenses

* Selling expense 3% of Sales 202,200$            

or Transfer expense 1% of Sales -$                  

Direct research 4.8% of Sales 323,400$            

Allocated research 0.5% of Sales 33,700$              

Administrative expense 2.0% of Sales 134,800$            

Management incentive compensation 1.25% of Sales 84,200$              

TOTAL GENERAL EXPENSES (GE) 780,000$          

TOTAL PRODUCTION COST (C) 2,280,000$       

Cost Sheet Outline

Typical Factor in AE Units Quantity

Maint. & Ops., Salaries, Wages & Benefits (M&O-

(no guideline)

(no guideline)

SUM of Above

SUM of GE

COM + GE
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Table 20: Net Present Value Analysis 

 

 

Figure 11: Yearly discounted cash flow comparing the different production levels of the plant 

End of 

Tax Year

End of 

Depr. Year

Total 

Depreciable 

Capital

Working 

Capital Depreciation

Costs

 (Excl. Dep.)

Sales 

Income Net Earnings

Undiscounted 

Cash Flow

Discounted 

Cash Flow

Cumulative 

Present Value

0 (2) -$                   -$                   -$                -$                   -$            -$                   

1 (1) (618)$                 -$                   -$            -$                (618)$                (618)$          (618)$                 

2 0 (618)$                 (231)$              -$                   -$            -$                (849)$                (849)$          (1,467)$             

3 1 -$                124$               2,280$               6,739$       2,601$           2,725$              1,939$        472$                   

4 2 -$                222$               2,280$               6,739$       2,542$           2,764$              1,757$        2,229$               

5 3 -$                178$               2,280$               6,739$       2,569$           2,747$              1,558$        3,788$               

6 4 -$                142$               2,280$               6,739$       2,590$           2,732$              1,384$        5,172$               

7 5 -$                114$               2,280$               6,739$       2,607$           2,721$              1,231$        6,403$               

8 6 -$                91$                 2,280$               6,739$       2,621$           2,712$              1,095$        7,498$               

9 7 -$                81$                 2,280$               6,739$       2,627$           2,708$              976$            8,475$               

10 8 -$                81$                 2,280$               6,739$       2,627$           2,708$              872$            9,346$               

11 9 -$                81$                 2,280$               6,739$       2,627$           2,708$              778$            10,125$             

12 10 -$                81$                 2,280$               6,739$       2,627$           2,708$              695$            10,820$             

13 11 231$               41$                 2,280$               6,739$       2,651$           2,923$              670$            11,490$             

14 12 -$                -$                2,280$               6,739$       2,675$           2,675$              547$            12,037$             

Net Present Value - Depreciation Using MACRS Depreciation
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Conclusions 

1. Based on our assumptions and calculations it is recommended that SDEAB 

production should be added to the existing FAME plant 

2. The profitability of the plant rests on several large assumptions with unknown 

error: 

a. Economic calculations assume the amount of product produced will be 

able to be sold at our estimated price. 

b. Assumes the government will continue to supply RINs 

3. It is recommended that  more extensive market analysis be conducted to obtain a 

more accurate picture of the fuel additive market 

4. More testing is required to determine the effectiveness of the SDEAB since the 

rigorous testing required did not fit our budget. 

5. The process could be improved with the addition of molecular sieve packs, (see 

Process Description). 

6. The amide reactor could be improved by the addition of an air sparger to assist in 

the removal of methanol. 
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APPENDIX A – Process Calculations 

Unit 100 

Determination of R-101 volume 

In order to determine the volume of fluid exiting R-101, the required flow rate of 

3.5 gpm for required for the coalescing filter must be considered. The volume is then 

calculated, using Eqn. 2, from the flow are and 3 hour batch time.  Now that the volume 

leaving the reactor is known, a safety factor of 15% can be included to determine the 

actual size of the reactor. 

 
(    

       

   
)(  

   

  
) (     )                (2) 

 

 (           )                                        (3) 

 

Mass/mole balance around R-101 

A mass balance can be performed in order to determine the molar quantities of 

reactants required to produce the desired output volume of 630 gallons. These 

calculations assume that molar volumes are additive. The balanced chemical reaction, 

Figure 12, is used to derive the individual species balance equations, which in turn are 

used to determine extent of reaction (ξ). Literature suggests that a typical conversion is 

95 % and is therefore used in the calculations below, (Meher et  al, 2006) 
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Figure 12:  Reaction formula 

 

 

 

 Methanol: Methanolin - Methanolout - 3ξ = 0 (4) 

 

 Triglyceride: Triglycerides in – Triglycerides out – ξ = 0 (5) 

 

 Glycerol: Glycerolin – Glycerolout + ξ = 0 (6) 

 

 FAME: FAMEin – FAME out + 3ξ = 0 (7) 

 

 NaOMe:                    (8) 

 

 
            

                
       

 (9) 

 

The molecular weights and densities of each species are known. Using the 

individual species balances and the definition of percent conversion, an iterative approach 

is used to determine how much methanol, soybean oil, and sodium methoxide are 

required to obtain a total volume of 630 gallons leaving the reactor. Sodium methoxide is 

used as a catalyst and is supplied at ratio of 1 wt% to soy bean oil, (Meher et al., 2006). 

The input and output of each species, the volume occupied by each species, and the 
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calculated extent of reaction ξ (all determined from the individual species balances) are 

seen in Table 21. The process requires 2210 moles of soy bean oil, 6630 moles of 

methanol, and 374 moles of sodium methoxide in order to obtain the desired output. 

Table 21:  Reactants and products of R-101 

 
 

Determination of TK-101 volume 

To determine the volume of the storage tank, it is assumed that it should be able 

to hold the output of 630 gallons from R-101 with a safety factor of 15%. The volume of 

the tank is therefore the same size as the volume of the reactor. 

Determination of E-101 heat duty/area/molar flow rate 

Using Eqn. 10, an energy balance can be performed around the heat exchanger, 

(Turton et al., 2009). Using the desired temperature inputs and outputs –the energy 

required for the process can be determined.  

            ̇       (10) 

Where Q is the heat exchanged, U is the overall heat transfer coefficient, F is a 

temperature correction factor, ΔTLM is the log mean temperature difference,  ̇ is the 

molar flow rate, and Cp is the heat capacity of the fluid.  Parameters F and U are found 

Species Moles in Moles out MW (g/mol) density (g/mL) volume(gallons)

MeOH 6630 332 32 0.79 4

FAMEs 0 6299 292 0.89 550

Lipid Oil 2210 111 914 0.93 30

Glycerol 0 2100 92 1.26 40

NaOMe 374 374 54 1.30 4

ξ=3000 total volume 630
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from heuristics,  (Turton et al., 2009).  Log mean temperature difference can be 

calculated using Eqn. 11.  

 
     

(       )  (       )

  
(       )

(       )

 (11) 

Where sub index h and c indicate the hot and cold stream, respectively. Sub index 

i and o indicate in and out, respectively.  

Q is found from ChemCad simulations to be 272,222 J/s, (D2L 

Dropbox/BioPerformance/ChemCad).  This value assumes soy oil to be solely comprised 

of oleic acid.  F is assumed to be 0.85. U is assumed to be 565 W m
-2 

°C
-1

, the average for 

values of liquid-to-liquid and liquid-to-gas transfer.  Additionally, the heating fluid, high 

pressure steam, was assumed to be at 417 K.       is calculated using Eqn. 12.    

 
     

(       )  (       )

   
(       )

(       )

        
(12

) 

The heat transfer area is then calculated using Eqn. 13.   

 
  

         

   
 

    
            

        (13) 

Finally the mass flow rate of stream is found using Eqn. 14 

 
 ̇      

 

    
 

      

          
     

  

 
 (14) 

where hvap of water is 2133 kJ/kg, (Koretsky, 2004).   

Determination of E-102 heat duty/Area/molar flow rate 

Q is found from ChemCad simulations to be 12500 J/s 

(D2L/Dropbox/BioPerformance/ChemCad). This value assumed soy oil to be solely 
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comprised of oleic acid.  F is assumed to be 0.85. U is assumed to be 565 W m
-2 

°C
-1

, 

which is the average value for liquid-to-liquid and liquid-to-gas transfer.       is 

calculated using Eqn. 15.   

 
     

(       )  (       )

   
(       )

(       )

        
(15

) 

The value of       is then substituted into Eqn. 16 to solve for the area.   

 
  

       

   
 

    
            

         (16) 

Finally the molar flow rate of stream is found using Eqn. 17.   

 

 ̇     
 

      
 

     
 

 

    
 

     
       

      
   

 
 (17) 

The heat capacity of biodiesel is taken to be 2059 J/mol*K, (Dzida and 

Prisakiewicz, 2008). 

Determination of temperature for methanol flash (V-101) 

Ideally, the temperature of the methanol flash is one that will remove the largest 

quantity of methanol at the lowest possible temperature, this temperature is determined 

based on equations found in Vapor/Liquid Separation Processes: Distillation, (E.Saez, 

2010). 

             (   )    (18) 

Where xfi is the component mole fractions in the feed, f is the fraction of the feed 

to be vaporized, xBi is the component mole fractions in the bottoms, and Ki is the 

equilibrium correlation between the liquid and vapor phase. Ki is Pvi/P assuming Raoult’s 
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law is valid, which will be assumed. Equation 18 can be solved for xbi and the resulting 

equation can be constrained so that  

 
∑     

 

   

 (19) 

Equation 20 is the result of substituting Eqn. 19 into Eqn. 18. 

 
∑(

   
   ( )     

)

 

   

   (20) 

Using this equation and assuming a fraction of feed to be vaporized, an iterative 

approach can be used to change the temperature (which varies Ki) in order to yield the 

largest quantity of methanol leaving in the vapor phase. In the case of the process design, 

f is assumed to be 0.04, the total quantity of methanol in the feed stream. 

Ki is a function of temperature and can be solved for using Antoine’s equation 

with the Antoine’s parameters for each species found in Table 22. The final calculated 

temperature for the flash separator is 120 °C. 

 
            

 

   
 (21) 

Table 22:  Antoine parameters 

Component A B C 

Soybean (kPa)
1 

8.022 -3715.4 0 

Methanol 

(mmHg)
2 

7.879 1473.11 230 

Glycerol 

(mmHg)
3 

6.165 1036.06 28.10 
 

1,2 NIST Chemistry Webbook 
3 (Goodrum, 2002) 

Determination of residence time and volume for V-103 

The following two equations are used to determine the residence time and volume of the 

continuous decanter. 
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 (22) 

 
  

   

    
 (23) 

Where t, is the time of separation in hours, µ is the dynamic viscosity in MPa*s of the 

continuous phase fluid, ρA is the density of the non-continuous phase in kg/m
3
, and ρB is 

the density of the continuous phase in kg/m
3
, V is the volume of the continuous decanter, 

Q is the volumetric flow rate entering the decanter. 

The volume of a continuous decanter is calculated based on the flow rate entering 

the decanter and the time for separation.  The time is calculated using Eqn. 22 which is 

then substituted into Eqn. 23 to calculate the volume of the continuous decanter. 

 
  

        (     )

     .
  

  
/      .

  

  
/
                 (24) 

 
  

   (     )     (   )  

    
       (25) 

The values of density and viscosity of biodiesel were taken from Predicting the 

viscosity of biodiesel fuels from their fatty acid ester composition, (Allen & Watts, 1999). 

The density of glycerol is taken from the Glycerol MSDS, (J.T. Baker, 2008).   

Unit 200  

In order to calculate the total amount of reaction products needed, the final 

dilution of SDEA in FAME can be determined. The process is done in 4 batches per day, 

for 6 days a year, therefore the total volume of product per batch is derived by using Eqn. 

26.  
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       (

        

    
)(
    

     
)(

   

       
)               

(26

) 

The ideal amount of SDEA in the final SDEAB is 20 % (w/w), (Ball, Bostick, & 

Brennan, 1999). 

Densities 

All densities of mixtures in Unit 200 were calculated using Eqn. 27, (Felder & 

Rousseau, 2005). 

  

 
 ∑

  
  

 

   

 (27) 

This equation assumes the pure component volumes are additive, (Felder & 

Rousseau, 2005). The pure component densities of all species in Unit 200 can be seen in 

Table 23. 

Table 23: Physical properties of species in Unit 200. 

 

Chemical Reaction 

The conversion of FAME to SDEA occurs via the reaction seen in Eqn. 28. 

                     (28) 
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For a conversion   , the equation for the amount of reactant left can be seen in Eqn. 29, 

where    is the moles of reactant i after conversion of    and      is the number of moles 

of reactant i, initially.  

    (    )    (29) 

The amounts of products formed in the reaction scheme of Eqn. 28, can be seen in 

Eqn. 30, where   and     are the number of moles of product species j, and initial 

number of moles of product j, respectively.   

               (30) 

The final amounts of the products and initial reactant quantities can be calculated 

using a conversion of 95% and a 1:1 molar ratio of FAME to DEA. Any methanol 

evolved was assumed to have left the reactor as a vapor in the methanol exit stream, due 

to the high relative volatility of methanol compared to the other reactants and products. 

R-201 Mass Balance 

The amounts of reactant needed to produce the desired amount of reaction 

products for the final dilution were determined using Microsoft Excel’s Solver function, 

and setting the desired volumes of the products equal to that found in Eqn. 26.  This can 

be seen in D2L Dropbox /BioPerformance/ Unit 200 Calcs/Unit 200 Mass Balance.  

Mixing Valve Mass Balance 

To determine the amount of FAME necessary to achieve the product of 20 % 

(w/w) SDEA/DEA in FAME, the reaction products from R-201 were fed into the mixer. 

Solver was used to determine the weight of FA ME needed by noting that 20 % (wt/wt) 

SDEA/DEA is equivalent to 80% (wt/wt) FAME, and changing the amount necessary to 
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achieve the volume needed, while maintaining the constraint that the mass fraction of 

FAME,     , was equal to 0.8.  

The composition of the FAME makeup stream and the mixer output can be seen 

in D2L Dropbox/BioPerformance/ Unit 200 Calcs/Unit 200 Mass Balance. 

Heat Capacity of Soy Amide DEA 

Relatively little thermodynamic data is available for SDEA, requiring estimation 

methods to be used. Perry’s Chemical Engineer’s Handbook recommends the Ruzicka-

Domalski Method for estimating the heat capacities of liquids, (Green & Perry, 2008). 

The method uses group contributions to determine the constants, A, B and D of 

Eqn. 31. 

   
 
    (

 

     
)    (

 

     
)
 

 (31) 

(Green & Perry, 2008). 

The constants are all determined with equations of the form  

 

       ∑  (           )

 

   

 (32) 

Where,    is the group contribution from group i, and    is the number of 

occurrences of the aforementioned group.  

Oleic diethanolamide, the reaction product of oleic acid and DEA, was chosen for 

a representative model for SDEA, the structure of which can be seen in Figure 13. 
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Figure 13: Oleic diethanolamide, (Oleic diethanolamide, 2011). 

The tabulated results can be seen in Table 24. The sum row shows the final A, B, 

and D constants used in Eqn. 32. 

Table 24: Ruzicka-Domalski heat capacity estimation1. 

 

1
Perry’s Chemical Engineers’ Handbook, 2008 
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Other Heat Capacities 

DEA 

The heat capacity of DEA can be calculated using Eqn. 33. 

            (33) 

with CP in J/mol K, and T in K, (Green & Perry, 2008). The data used is Eqn. 33 is shown 

in Table 25. 

Table 25: DEA specific heat capacity constants 

Methanol 

The methanol constant pressure specific heat capacities are of the form: 

           
      (34) 

with Cp in kJ mol
-1 

°C
-1

, and T in °C, (Felder & Rousseau, 2005). 
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Table 26: Methanol specific heat capacity coefficients1. 

 

1Felder and Rousseau, 2005 

FAME 

The heat capacity of FAME can be determined from Eqn. 35, where    the 

coefficient, and T is is the temperature in Kelvin, (Dzida & Prusakiewicz, 2008). The 

values of constants can be seen in Table 27. 

Table 27: Heat capacity constants for FAME1 

 

1  (Dzida & Prusakiewicz, 2008). 

 

 

    ∑   
 

 

   

 (35) 

The constant pressure liquid heat capacity is in units of J kg
-1

 K
-1

. 
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Table 27: Heat capacity constants for FAME1 

 

1  (Dzida & Prusakiewicz, 2008). 

Temperature of the Final Product 

To determine the temperature of the final product, an energy balance was 

performed about the mixing valve. The general open system energy balance can be seen 

in Eqn. 36. 

             ̇   ̇ (36) 

Setting work,  ̇, equal to zero, and taking changes in kinetic energy,    , and potential 

energy,    ,  to be negligible, Eqn. 36 simplifies to Eqn. 37. 

     ̇ (37) 

The change in enthalpy of DEA and SDEA can be determined by Eqn. 38, where    is 

either DEA or SDEA.  

   
       ∫       

  

  

 (38) 

Change in enthalpy of FAME is calculated using Eqn. 39. 

 
       ∫       

  

  

 (39) 

The total change in enthalpy can then be determined by Eqn. 40. 

 

    ∑   

 

   

 (40) 
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Assuming no heat losses to the environment, the final temperature is then solved 

for using Microsoft Excel’s Solver function and setting the sum of enthalpies to zero by 

changing the final product temperature.  

The results of these calculations can be seen in D2L Dropbox/BioPerformance 

/Unit 200 Calcs./Temp of Final Product. 

Heat Removed From Methanol Stream 

To calculate the amount of heat necessary to cool methanol from a superheated 

vapor at 150 °C to a sub cooled liquid at 60 °C an energy balance was performed, 

resulting in Eqn. 37. In this case, the heat transfer, Q, is not zero.  

The heat removal is determined using a thermodynamic cycle as seen in Figure 14. 

 

Figure 14: Thermodynamic cycle of methanol. 

 

Total heat removal needed is then calculated by Eqn. 41. 

             (      )       (41) 

 The results can be seen in D2L Dropbox/BioPerformance/Unit 200 Calcs./MeOH 

Heat Removal. 
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E-201 FAME Temperature  

The FAME temperature leaving E-201 is determined by using Eqn. 35, Eqn. 37, 

and Eqn. 39. Solver was used to determine the exit temperature to equal the heat transfer 

removed from the methanol stream. The data can be seen in D2L 

Dropbox/BioPerformance/Unit 200 Calcs./E-201 FAME Temp.   

E-201 Sizing 

The area of heat exchanger E-201, A, is determined using the heat exchanger 

design equation, Eqn. 42. 

           (42) 

where Q is the heat transferred, U is the overall heat transfer coefficient,      is the log 

mean temperature difference, and f is a correction factor, (McCabe, Smith, & Harriott, 

2005). Values of f and U were estimated to be 0.9 and 850 W/m
2 

K, respectively, using 

heuristics, (Seider, Seader, Lewin, & Widagdo, Product and Process Design Principles: 

Synthesis, Analysis, and Evaluation, 2009). 

Excel Solver function was used to determine the area by setting the heat transfer 

rate equal to 34702 W, the average value over the 90 minute reaction, and changing the 

output temperature of the FAME. This can be seen in D2L 

Dropbox/BioPerformance/Unit 200 Calcs./E-201 Sizing. 

R-201 Heater Duty 

To calculate the amount of heat needed to heat the reactants to 150 °C, Eqn. 33 

through Eqn. 40 are used with the same assumptions of no heat losses to the environment. 

Additionally, the reaction is assumed to not start until the final temperature is reached. 
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The results from these calculations can be seen in D2L 

Dropbox/BioPerformance/Unit 200 Calcs./R-201 Heater Duty.  

Water savings  

The water saving from using the coalescing filters was obtained from the 

knowledge that a 2:1 FAME to water ratio is used in water washes. 
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The water saved by using biodiesel as the cooling fluid is calculated in the same 

manner as the other heat exchangers.  For E-102 the calculations are as follows: 
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The heat capacity of water is taken from NIST Webbook.   

The total amount of water saved is 1,313,000 L per year.   
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APPENDIX B – Economic Calculations 

 

Vessel and Tower Equation List 

Miscellaneous Calculations 

Shell thickness  (inches)   = 𝜋(  +  𝑠)( + 0.8  ) 𝑠  

 Density of carbon steel taken as 490 lb/ft3 or 0.284 lb/in3 

Horiz. wall thickness (P) (inches)   𝑝 =
𝑃   

2   1.2𝑃 
 

 Valid for horizontal vessels only.  

Vert. wall thickness  (inches)    =
2 𝑃+  

2
 

 Valid only for vessels with an internal pressure greater than the external pressure.  

Wall thickness factor  (inches)    =
0.22(  +18) 2

   
2  

 Valid for vertical vessels and towers – takes in to account wind speed at top of tower to be 140mi/hr, and stress from earthquakes.  

Wall thickness factor  (inches)    = 1.3  .
𝑃  

    
/

0.4
 

 Valid for tE/DO < 0.05.  

Wall thickness factor  (inches)     =  (0.18   2.2)× 10 5  0.19 

 All variables in inches. 

Wall thickness (vacuum)(inches)    =   +     

 Valid when internal pressure is less than external pressure. 

Design pressure  (psig)   𝑃 = exp*0.60608 + 0.91615,𝑙 (𝑃 )-+ 0.0015655,𝑙 (𝑃 )-
2+ 

Valid for operating pressure between 10 – 1,000 psig. For operating pressure 0 – 5 psig, design pressure = 10 psig. 

Base Cost 

Horizontal vessels ($)     = exp*8.9522 0.2330,𝑙 ( )-+ 0.04333,𝑙 ( )-2+ 

 Valid for 1,000 < W < 920,000 lb 

Vertical vessels   ($)    = exp*7.0132 + 0.18255,𝑙 ( )-+ 0.02297,𝑙 ( )-2+ 

Valid for 4,200 < W < 1,000,000 lb 

Towers   ($)    = exp{7.2756 + 0.18255,ln( )-+ 0.02297,ln( )-2} 

Valid for 9,000 < W < 2,500,000 lb 
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Added Cost 

Horizontal vessels ($)   𝑃 = 2,005(  )
0.20294  

Valid for 3 < Di < 12 ft 

Vertical vessels  ($)   𝑃 = 361.8(  )
0.73960( )0.70684  

Valid for 3 < Di < 21 ft and 12 < L < 40 ft 

Towers    ($)   𝑃 = 300.9(  )
0.63316( )0.80161  

Valid for 3 < Di < 24 ft and 27 < L < 170 ft 

f.o.b. Purchase Cost 

Vessels and Towers ($)   𝑃 =     +  𝑃  

Bare Module Cost 

Horizontal vessels ($)     = 1.5 𝑃 

Vertical vessels  ($)     = 1.8 𝑃 

 

Key 

L Length   (ft, in) 

Di  Inner diameter  (ft, in) 

DO Outer diameter  (ft, in) 

W Weight   (lb) 

ρ Density   (lb/in3) 

S Max allowable stress (psi) 

E Weld efficiency  (%) 

EM Modulus of elasticity (psi) 
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Heat Exchanger Equation List 

Base Cost 

Floating head    = exp*11.9052 0.8709 ln( )+ 0.09005 ln( )2+ 

Fixed head    = exp{11.2927 0.9228 ln(A)+ 0.09861 ln(A)2} 

U-tube     = exp{11.3852 0.9186 ln( )+ 0.09790 ln( )2} 

Kettle vaporizer    = exp*12.2052 0.8709 ln( )+ 0.09005 ln( )2+ 

Double-pipe    = exp*7.1460 + 0.16 ln( )+ 

Cost Factors 

All     =  + .
 

100
/
 

 

Shell and tube    𝑃 = 0.9803 + 0.018 .
𝑃

100
/+ 0.0017.

𝑃

100
/

2
 

Double-pipe   𝑃 = 0.8510 + 0.1292 .
𝑃

600
/+ 0.0198 .

𝑃

600
/

2
 

Shell and tube    = 0.001259 2 + 1.612 

f.o.b. Purchase Cost 

Shell and tube    𝑃 =  𝑃       

Double-pipe   𝑃 =  𝑃     

Air-cooled fin-fan  𝑃 = 2500 0.4 

Plate-and-frame  𝑃 = 8880 0.42 

Spiral plate   𝑃 = 6200 0.42 

Spiral tube   𝑃 = exp{8.0757 + 0.4343 ln( ) + 0.03812 ln( )2} 

Bare Module Cost 

All      =  𝑃    



[DESIGN OF A FUEL ADDITIVE PRODUCTION FACILITY] 2011 April 28 

 

BioPerformance |  APPENDIX B – Economic Calculations 64 

 

 

Pump and Motor Equation List 

Miscellaneous Calculations 

Centrifugal size factor  =  ( )0.5 

Pump efficiency  𝜂𝑃 =  0.316 + 0.24015,ln( )-  0.01199,ln( )-2 

Motor efficiency 𝜂 = 0.80 + 0.0319,ln(𝑃 )-  0.00182,ln(𝑃 )-
2 

Motor horsepower 𝑃 =
𝑃 

𝜂𝑃𝜂 
=
𝑃 

𝜂 
=

   

33,000𝜂𝑃𝜂 
 

Base Cost 

Centrifugal    = exp{9.7171 0.6019,ln(S)-+ 0.0519 [ln(S)]2} 

External gear    = exp{7.6964 + 0.1986,ln(Q)-+ 0.0291,ln( )-2} 

Reciprocating    = exp{7.8103 + 0.26986,ln(PB)-+ 0.06718,ln(PB)-
2} 

Electric motor    = exp  
5.8259 + 0.13141,ln(𝑃 )-+ 0.053255,ln(𝑃 )-

2 +

0.028628,ln(𝑃 )-
3  0.0035549,ln(𝑃 )-

4    

f.o.b. Purchase Cost 

Centrifugal   𝑃 =        

External gear   𝑃 =      

Reciprocating   𝑃 =      

Electric motor   𝑃 =      

Bare Module Cost 

All      =  𝑃    
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APPENDIX C – Experimental 

FAME Synthesis 

Objective 

Laboratory scale synthesis of biodiesel was performed to verify the quantity of 

products produced via the base-catalyzed transesterification of soybean oil to FAME and 

glycerol. The equation for the overall reaction can be seen in Eqn. 43. 

           𝑙         
      
↔      𝑙     𝑙         (43) 

 

Materials and Methods 

Reactants for synthesis of FAME included 100% soybean oil (Crisco® Pure 

Vegetable Oil), 25 % (w/w) solution of sodium methoxide in methanol (BASF), and ACS 

reagent grade methanol (≥99.8 %). Reactant properties can be seen in Table 28. 

Table 28: Properties of transesterification reactants. 

 

The apparatus used was a 1000 mL round bottom flask with a reflux apparatus, an ice 

bath, and a gravity decanter. The experimental set up can be seen in Figure 15. 
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Figure 15:  FAME synthesis apparatus. 

Methanol and soybean oil were mixed in a 4:1 volume ratio (5.7:1 molar ratio) in 

a 1000 mL round bottom flask. The resulting solution was heated to 60 °C (±4 °C) in a 

magnetically-stirred oil bath under reflux. Approximately 5 mL of sodium methoxide 

solution was added to the flask and the reaction was allowed to continue for 90 minutes. 

The initial reactant quantities can be seen in Table 29. 

Table 29: Transesterification reactant quantities. 

  n [mol] m [g] v [mL] 

Soybean oil 0.43 397 400 

MeOH 2.47 79.2 100 

25% NaOCH3 0.09 4.96 5.25 

wt % NaOCH3 in Oil   0.31   

MeOH: Oil  5.69 0.20 0.25 

 

The resultant products were transferred to a gravity decanter and allowed to settle 

for 30 min.  The heavy phase, presumed to be primarily glycerol, was subsequently 

drained from the decanter and measured in a 500 mL graduated cylinder. 
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Results 

After separating the two phases (FAME and glycerol), the volumes of the two 

phases were measured, independently. The conversion of soybean oil can be considered 

to be ~95% when 12% (v/v) glycerol phase is present after settling, (Diaz, 2011). Our 

resulting solution contained 11% (v/v) glycerol, implying a successful reaction.  

Discrepancies in the results arose due to a slightly shorter reaction time than necessary, as 

well as inadequate phase disengagement time. Though slightly discrepant, the results do 

confirm the viability of the proposed reaction mixture of 0.31 % (w/w) catalyst in oil, and 

a molar ratio of methanol to oil of ~6:1. 

SDEA Synthesis 

Objective 

The objective of this experiment was to measure the conversion of FAME to 

SDEA over the course of the reaction, as well as produce SDEA for further testing. The 

overall reaction is seen in Eqn. 44.  

                     

       
     
       

  
     

                 
 

(44) 

(45) 

By heating the reactants to well above 64.7 °C, the boiling point of methanol, any 

methanol produced was vaporized, driving the equilibrium towards products by Le 

Chatelier’s Principle. By monitoring the weight of the solution throughout the course of 

the reaction, the amount of methanol evolved over time was calculated. The resulting 

composition of the product was then determined via the stoichiometry of the reaction, as 

shown in Eqn. 45. 
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Materials and Methods 

For synthesizing SDEA, dry biodiesel (B-99 which had been heated to 110 °C for 

approximately 6 hours to remove any water) and pure DEA were mixed at a 1:1 molar 

ratio. The subsequent mixture was heated to 145 °C on a hotplate. The contents of the 

reactor were kept well mixed throughout the reaction using a magnetic stir bar.  

Results 

 For the first 45 minutes, no emulsifiers were used and no conversion was 

achieved. Sodium methoxide was used to emulsify the solution and after another 45 

minutes at 110 °C, 65 % conversion had been reached, (Diaz, 2011). The reaction 

temperature was increased to 145 °C for another forty five minutes, after which, the 

weight of solution was no longer changing with time. The conversion was found to be 95 

% after 90 minutes of emulsified reaction conditions, (Diaz, 2011). The values of 

conversion obtained agree with literature values, and purity of commercially available 

SDEA, (Sienkowski & Chakrabarti, 1999) and (Lubrizol Advanced Materials, Inc., 

2007).  

Solvency Test 

Objective 

The goal of this experiment was to compare the ability of SDEAB to remove 

carbon deposits from fouled combustion chambers and intake valves in a static solvency 

test. Initially, the SDEAB was compared side by side with a commercially available 

additive, Techron
®
 Concentrate Plus, (TCP), which contains the active component 

polyether amine (PEA).  
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Materials and Methods 

Chemicals used in this experiment are SDEAB, TCP, and 87 octane gasoline. 

SDEA and FAME were mixed in a 1:5 weight ratio, thus forming SDEAB. Using the 

recommended volume ratio of 355 mL TCP per 12 gallons of gasoline, the weight 

percent of TCP in gasoline was determined. This calculation can be seen in Table 30. 

Table 30: Amounts of TCP and SDEAB required for separate 12 gallon fuel tank 
treatments. 

Species ρ [g/mL] V [mL] m [g] % (w/w) 

gasoline 0.74 45400 33596 99.1 

TCP 0.88 355.0 312.4
 

0.92 

PEA NA NA 93.7
1 

0.28 

SDEAB 0.89 350.5 312.0 0.92 

SDEA 0.99 78.70 78.0 0.23 
1 
Using 30 % (w/w) PEA in TCP, (Chevron 

Lubricants Canada, Inc., 2011). 

  

600 mL of gasoline were added to each of two 1 quart sample vessels. The two 

solutions were added in the proper weight percent as determined from the TCP directions 

for use. The amounts of additive diluted in gas for each of the test vessels can be seen in 

Table 31. 

Table 31: 600 mL gasoline test vessel solution compositions. 

Species ρ [g/mL] V [mL] m [g] % (w/w) 

gasoline 0.74 600 444 99.1 

TCP 0.88 3.13 4.13 0.92 

PEA NA NA 1.24 0.28 

SDEAB 0.89 3.10 4.13 0.92 

SDEA 0.991 1.04 1.03 0.23 

 

Several used lawnmowers were obtained from Precision Outdoor Power, (Tucson, 

AZ). The combustion chamber covers and intake valves were removed from each 
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lawnmower. The covers were then cut in half to ensure a uniform carbon deposit 

composition among test pieces. 

A test sample was weighed, and deposited in one of the solutions. After 24 hours, 

the vessels were stirred to promote even distribution of the dissolved carbon in the 

gasoline solution. After another 24 hours had elapsed, the combustion chambers were 

removed from solution, and allowed to air dry for 12 hours. The dry combustion chamber 

covers were then weighed. 

Results 

Immediately upon inserting the samples into each liquid, dark brown deposits 

were noticed diffusing into the solution from the carbon deposit-rich areas. This effect 

was noticed to be considerably more prominent in the SDEAB solution vessel. 

The difference between the initial weight and final weight was assumed to be due 

solely to the removal of carbonaceous deposits initially present on the combustion 

chamber covers. All weight measurements can be seen in  

 

Table 32. 

 
Table 32: Carbon deposit removal after 48 hour soak. 

      Treatment  

  Units   TCP SDEAB 

m0 g initial mass of chamber cover 300.4 294.1 

mf g final mass of chamber cover 300.0 292.1 

Δm g mass of deposits removed (±0.1 g) 0.4 2.0 
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What is first evident is the fact that 5 times the amount of carbon was removed 

from the combustion chamber cover treated in the SDEAB mixture compared to that of 

the TCP. Not only is the total mass of deposits removed larger, but the weight percent of 

active ingredient (SDEA) in the SDEAB/gasoline solution is 23 % (w/w), whereas the 

active compound in the TCP/gasoline solution, PEA, is present in 28 % (w/w). This is 

possibly due to the fact that the additive (SDEA) is a known surfactant and the solvent 

(FAME) has a high solvency factor. The combination of FAME in SDEA has been 

shown to increase the surfactant properties of the mixture more than each pure 

component alone, (Ball, Bostick, & Brennan, 1999). 

All calculations and tables in this section can be located on D2L Dropbox/ 

BioPerformance/ Experimental/ Solvency Test. 

Vehicle Test 

Objective 

The gasoline additive SDEAB was tested in real world conditions to verify its 

ability to remove carbon deposits from combustion chambers and intake valves. By 

testing on an actual vehicle using equipment commonly used in repair shops, the 

efficiency of the fuel additive can be determined.  

Qualitative visual inspections of in situ carbon deposits can be made pre- and 

post- treatment. Engine vacuum pressure can be quantitatively measured, both before and 

after treatment; an increase in vacuum implies a better intake valve seal, suggesting 

reduced carbon deposits. Additionally, vehicle tailpipe emissions can be monitored, 

including hydrocarbons (ppm), percent carbon monoxide (v/v), and percent carbon 
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dioxide (v/v). Furthermore, on board diagnostics (OBD) can be monitored via a scan tool 

to investigate the vehicle fuel trim, as well as fuel injector peak width.  

Background and Experimental Design 

 In order to perform side by side tests of one time deposit removal treatments, a 

consistent composition of carbon deposits should be tested by all additive treatments. For 

this reason, several methods for forming uniform carbon deposits on surfaces were 

investigated.  

A Briggs and Stratton test engine was acquired for testing. By intentionally 

adding oil to the intake of a small engine, extensive carbon deposits were formed in a 

short amount of time.  However, gaskets and seals in small engine fuel systems are much 

more sensitive to swelling and degradation due to gasoline additives such as alcohols, 

(Brennan, 2011). Due to the risk of equipment damage, this testing option was not 

performed.  

Testing in automobiles was the next viable option. An industry used procedure 

exists for purposefully building carbon deposits; a procedure which is currently used in 

quantitatively determining the efficiency of gasoline additives in deterring carbon deposit 

formation.   ASTM D 6201 is a test procedure designed for determining intake valve 

deposit formation, while continuously monitoring engine performance on a vehicle 

dynamometer. While this procedure is the industry standard, application of this was 

deemed beyond the scope of this project, due to fuel requirements of approximately 250 

gallons, a test duration of 100 hours, as well as extensive mechanical knowledge needed, 

(ASTM Standard D6201, 2009). For these reasons, it was determined that the optimal test 
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for monitoring the effectiveness of SDEAB as a carbon deposit removal treatment was to 

directly apply the product to a used engine in a repair shop. 

Materials and Methods 

Chemicals necessary for this experiment included 8 oz. of SDEAB and one half 

gallon of 87 octane gasoline. The set-up needed to administer the treatment consisted of a 

CarbonClean MCS 245 (MotorVac Technologies, Inc.) with necessary adaptors. The 

operating schematic can be seen in Figure 16. Monitoring equipment included a Bear 40-

400 Vehicle Engine Analyzer equipped with an Allen 4-gas Analyzer, a Snap-On 8 mm 

Inspection Scope, and a Vectronix MasterTech Scan Tool.  A 1997 Buick Century 

Custom was used as the test vehicle. 

 

Figure 16: MotorVac Carbon Cleaning System set-up, (MotorVac Technologies, Inc., 2004). 

Prior to treatment, spark plugs were removed, and combustion chambers were 

visually inspected with the flexible scope. The vehicle was then warmed up to normal 

operating temperature. Tailpipe emissions were then checked using the Bear 40-400 

Vehicle Engine Analyzer equipped with an Allen 4-Gas Analyzer. Fuel injector pulse 
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width (IP) and long term fuel trim (LTFT) were measured prior to treatment using the 

scan tool.  

The test procedure consisted of attaching the fuel system to the MotorVac 

CarbonClean system as seen in Figure 16. One half gallon of gasoline was added to the 

fuel tank along with eight us fluid ounces of SDEAB: the equivalent mass percent of 

SDEAB, to that of typical engine treatments, in gasoline.  

Initially, gasoline and SDEAB were pumped through the closed loop fuel system. 

This cycle removes the carbon deposits using the detergent properties of the additive. The 

vehicle was then started and run at approximately 2,000 rpm until the gasoline/SDEAB 

mixture was depleted. 

After the treatment, the fuel bypass was removed and the system was reassembled 

in the correct operating configuration. The vehicle was then started and driven for a 

minimum of three miles to expel any dislodged carbon deposits in the exhaust. Monitored 

parameters were then rechecked and recorded. Spark plugs were also removed and 

combustion chambers were visually inspected with a scope. 

Results 

The recorded data from pre- and post- testing can be seen in Table 33, (D2L 

Dropbox/BioPerformance/Experimental/Vehicle Test).  Percentage changes in monitored 

variables were calculated using Eqn. 46. 

 
           (

𝑃 𝑠  𝑃  

𝑃  
)      (46) 

For convenience, the percent changes were plotted for each monitored parameter, (Figure 

17).  
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Table 33: Recorded data from vehicle testing 

 

1 Injector Pulse 

2 Long term fuel trim. 

  

 

Figure 17: Percentage change of measured parameters after treatment. 

The most changed variables were carbon monoxide emissions, LTFT, IP, and 

engine vacuum pressure. Hydrocarbons, carbon dioxide, and oxygen measured in tailpipe 

emissions were relatively unchanged due to the treatment. This result is as expected due 

to the fact that modern vehicles emissions are computer controlled, and designed to 
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maintain a certain exhaust gas composition. The carbon monoxide changed by 

approximately 67 %, indicating a more complete combustion versus pre-treatment. 

However, this and all other exhaust emissions were well within the amounts allowed, 

(Arizona Department of Environmental Quality). 

The largest change was in the LTFT. A more negative LTFT and a shorter IP can 

be caused by a number of reasons. With both initial and final LTFT measurements 

negative at idle, it is shown that the vehicle’s control system was trying to compensate for 

a low air to fuel ratio, also known as running ―rich‖. The drastically more-negative 

LTFT, as well as the shorter IP, could be attributed to one of many different causes. One 

possible reason could be the removal of carbon deposits from injector nozzles. Carbon 

deposits on an injector nozzle can mask the effects of a faulty injector. After the carbon is 

removed, a rich condition caused by an already faulty injector could be exacerbated, 

(Mark, 2011). Compensation for such a problem would also explain why the vehicle 

control system shortened the injector pulse.  

The percentage increase of engine vacuum was 2.48 %, (Table 33). Though this 

number was relatively small, any increase in engine vacuum implies the removal of a 

blockage from intake valves. The magnitude of the increase was not large due to the near 

ideal operating conditions prior to treatment. Engine vacuum ranges of vehicles with 

excessive carbon deposits are generally seen at pressures lower than 15 inHg, (Mark, 

2011). 

Visual inspection of the combustion chambers prior to treatment showed 

relatively little carbon deposits. Rings present from the machining of piston heads could 

be seen under generally thin, uniform layers of carbonaceous deposits. After the 
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treatment, the same piston heads had a marked increase of build up that appeared much 

rougher. There are three possible causes for this. First, the additive treatment could have 

dislodged deposits from other locations, which were subsequently deposited in the 

combustion chamber and were not expelled to the exhaust. Second, the carbon deposits 

which were removed could have expanded upon combustion, thus forming the rough, 

ashy appearance. The final option is that the additive SDEAB created deposits during the 

combustion process.  

Due to the reasonably clean engine conditions of the test vehicle prior to testing, 

the results from the test were not conclusive in the performance of SDEAB. Ideally, this 

test should be carried out with a large pool of test vehicles. The ideal vehicle should be a 

high mileage car which has had a recent drivability problem such as loss of power, lower 

gas mileage, and/or other problems associated with intake valve deposits, (Mark, 2011). 
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APPENDIX D – Assumptions 

 2 overlapping 8 hours shifts, amounting to 15 hours per day 

 10 shifts per week, 50 weeks per year 

 4 batches run per day 

 6 days per year dedicated to SDEA production 

 Final product contains 20% (w/w) SDEA in Methyl Esters 

 No side reactions during transesterification and reactive distillation   

 3 weeks of reactants (on hand storage) 

 Transesterification and amide reactions take 3 hours including filling and 

emptying of the reaction vessel. 

 Ideal interaction between species (no partial molar volumes, etc) 

 Testing for ASTM standards every 50,000 L. 

 All reactors are well-mixed 

 Only methanol present in stream number 6 of unit 200. 

 The entire methanol evolved during SDEA synthesis leaves reaction vessel. 

 12 % (v/v) of glycerol produced during transesterification equates to 95 % 

conversion. 

 FAME to SDEA enthalpy of reaction is negligible. 

 Heat losses to environment are negligible in all equipment.  

 Heat capacities estimated using group contribution methods do not contribute 

significant error. 

 Potential energy and kinetic energy are negligible during energy balances. 

 No fluid heating due to mechanical energy of mixers. 

 Flow rate of methanol leaving amide reactor does not change with conversion. 
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