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University of Pennsylvania 
Philadelphia, PA 19104 
 
April 12, 2011 
 
Dear Professor Fabiano, Mr. Tieri, and Professor Hammer, 
 

The enclosed report contains our renewable process to generate 1,4-butanediol (BDO) from a 

renewable sugarcane feedstock via anaerobic fermentation of a genetically engineered strain of 

Escherichia coli (E. coli). We designed our plant to produce approximately 50 million pounds per year 

of 99% pure BDO using a combination of continuous and batch processing. 

Our plant will be built adjacent to a sugar and ethanol sister facility in Brazil, which will provide 

us with our renewable molasses feedstock. This feedstock will be fed into a continuous fermenter 

along with corn steep liquor media, water, and E. coli cells. The BDO excreted by the E. coli, along 

with remnants of the feed, will subsequently be sent to a continuous centrifuge. The impurities will 

then be removed through distillation, carried out in the bottoms using oleic acid, and recovered with 

a decanter. The resulting mineral-water mixture, called vinasse, will be sold back to our sister plant 

as fertilizer. The BDO product from the top of the distillation tower will be sold for use as a solvent 

and in the manufacturing of plastics, elastic fibers, and polyurethanes.   

The plant design has a positive economic forecast, assuming no significant shocks in the demand 

for BDO. Moreover, since our process is based on sugar cane, we would not expect our costs to co-

vary with the rising price of oil as much as that of our competitors, who use petroleum-based feeds. 

The net present value (NPV) of the project 15 years after construction is $283 million. The total 

permanent investment required is about $13.5 million and the internal rate of return (IRR) is 157%. 

Due to the high profit margins attainable by this process, licensing our technology will capture 
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additional revenues. We would expect to negotiate licensing fees of about $1700 per ton BDO 

produced, based on a selling price of $2,420 per ton BDO. Future research may need to be 

conducted to find out if additional equipment is needed in the actual plant, or if we were too 

optimistic on our pricing for the raw materials and utilities. 

If there are any questions, comments, or concerns regarding this report, please do not hesitate to 

contact us. Thank you for your time, support, and guidance throughout the duration of the project 

and for your current consideration. 

 
Sincerely, 
 
 
_________________________ 
Erinn R. Bibolet 
 
 
_________________________ 
Gabriel E. Fernando 
 
 
_________________________ 
Somil M. Shah 
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Abstract 

The purpose of this project is to design a commercial-scale facility to produce 50 million pounds 

per year of 1,4-butanediol (BDO) from a renewable feedstock. A genetically engineered strain of 

Escherichia coli developed by Genomatica, Inc. will metabolize a molasses feed, delivered from an 

adjacent sugar and ethanol facility, into BDO. The BDO product purity and quality must meet or 

exceed current commercial requirements for polymer-grade material to be acceptable to prospective 

customers. The innovative technology to produce environmentally-friendly BDO will convert 

biomass-derived and renewable feedstocks in fewer steps than traditional petrochemical routes, with 

no toxic byproducts and minimal greenhouse gas emissions.  

Our BDO plant will be built in São Paulo, Brazil. This location was chosen due to its proximity 

to our sister sugar and ethanol facility. Despite the need to stop production for three months in mid-

December through mid-March during the rainy season, when our sister plant will cease its molasses 

production, we determined that the low cost per amount of sugar from the Brazilian molasses will 

outweigh the ability to run year-round in a corn-based facility in the Midwestern United States. To 

account for the downtime associated with the rainy season, our facility has included extra molasses 

storage capacity to extend production for an additional month after our sister facility shuts down. 

We also anticipate 10 days of downtime due to maintenance and cleaning, which will result in about 

290 days of full-scale facility operation. 

An economic analysis of our design demonstrated profitability after the first year of operation.  

Our feed materials, corn steep liquor, oleic acid, process water, and molasses, will cost us a total of 

about $200 per ton of BDO produced. But our vinasse co-product, which will be sold back to our 

sister sugar and ethanol plant for fertilizer, will result in additional revenues of $190 per ton of BDO 

produced. The selling price of the vinasse is discounted by 70% of the current fertilizer market price 
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since we are selling it back to our sister facility, in return for discounted molasses and electricity.  

The direct permanent investment of the plant will be about $10.5 million and startup costs will be 

about $1.5 million, which results in a total permanent investment of $13.5 million. The net present 

value (NPV) of our facility with 15 years of production is $283 million and the internal rate of return 

(IRR) is 157%. We intend to sell our 99% pure BDO at $2,420 per ton produced, which will result 

in revenues of $72.5 million per year based on our commercial-scale production of 8,600 pounds of 

BDO per hour. Due to the profitability of our design, we will be able to sell our BDO at the low 

end of the U.S. market price range of $2,420 – $2,840 per ton, as was reported in the third quarter of 

2010. Future research may need to be conducted to find out if additional equipment is needed in the 

actual plant, or if we were too optimistic on our pricing for the raw materials and utilities. 
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Introduction 

1,4-Butanediol (BDO) is an organic compound commonly used as a solvent in industrial 

cleaners and glue removers, like THF. It is also used in the manufacturing of engineering plastics 

(e.g. PBT), fibers (e.g. Spandex), and polyurethanes (e.g. car bumpers) (Kuwana, 2005). Current 

industrial BDO manufacturers, such as BASF, DuPont, Linde, and LyondellBasell, use a variety of 

non-renewable, petrochemical-based processes to produce BDO. The most common is the 

acetylene-based Reppe process, named after German chemist Walter Reppe and developed in the 

1930s, in which one mole acetylene reacts with two moles of formaldehyde to produce 1,4-

butynediol. The 1,4-butynediol is then hydrogenated to yield BDO (LookChem). In 1990, 

LyondellBasell first commercialized a proprietary, multi-step method to produce 1,4-butanediol 

without the use of acetylene (LyondellBassell). The process begins with propylene oxide and 

converts it to allyl alcohol. Hydroformylation then converts the allyl alcohol to 4-

hydroxybutyraldehyde, which is hydrogenated to form BDO (ACS).  Other routes have been derived 

with BDO being produced from compounds such as maleic anhydride, butadiene, allyl acetate, and 

succinic acid, but many of these involve toxic compounds, expensive catalysts, and non-

environmentally friendly byproducts.  

The historical dependence of BDO manufacturing on petroleum-based feeds has fostered the 

development of renewable BDO production processes due to the dwindling availability of fossil 

fuels.  One such method, developed by Genomatica, a San Diego-based company, utilizes genetically 

engineered E. coli cells to metabolize a sugar feed into BDO.  The specific strain of E. coli has been 

modified to be able to survive in high concentrations of BDO and to secrete solely BDO in order to 

survive, as it is the only available metabolic pathway. This method not only reduces the dependence 
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on non-renewable feeds, but is also much less energy intensive than the comparable petroleum-

based processes (Wilson, 2008). 

Our plant will produce 50 million pounds per year of BDO from a renewable molasses 

feedstock.  We will operate 290 days a year and will be co-located in São Paulo, Brazil with a sugar 

and ethanol production facility. We will be continuously running two fermenters with the 

Genomatica E. coli cells and will separate the solids from the outlet stream using a continuous 

reciprocating pusher centrifuge. The majority of the solids, which are primarily E. coli cells and ash, 

will be recycled in order to maintain a constant concentration of cells and nutrients in the fermenter.  

The pH of the fermenter will also be continuously adjusted by used of a concentrated HCl stream to 

ensure the fermenter remains below a pH of 6. At this acidity, replication of the E. coli is severely 

inhibited, so cell buildup in the fermenter will not be an issue.  The batch of E. coli cells will also 

have to be replaced after one month with a fresh supply from a seed fermenter, but continuous 

monitoring of the cell and BDO concentration in the large-scale fermenters will also take place to 

ensure the cells are robust and generating sufficient BDO yields.   

We will separate the BDO product from the centrifuge liquid stream with a distillation tower 

and a high boiling point oleic acid stream. The mineral impurities from the feed will be removed 

through the oleic acid in the bottoms stream, recovered with a decanter, and sold back to our sister 

sugar and ethanol facility as a mineral-water fertilizer stream called vinasse. The BDO will be 

separated from water in the top of the distillation column through a partial condenser. The vapor 

stream will be primarily water, whereas the liquid reflux will be 99% BDO.  We will also have two 

day tanks after the distillation tower to ensure proper BDO yield and purity.   
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Project Charter 

Project Name Renewable 1,4-Butanediol 
Project Champions Stephen M. Tieri, DuPont 
Project Leader Erinn Bibolet, Gabe Fernando, Somil Shah 
Specific Goals To design a commercial facility to competitively 

produce 50MM lb/yr of 1,4-Butanediol using bio-mass 
derived and renewable feedstocks. 

Project Scope In-Scope: 
� Safety 
� Byproducts 
� Feed-Stock Choice (and Location) 
� Equipment and Process Design 

� Meet BDO Process Requirements 
� Licensing (valuation) 
� Economic Feasibility 
� Consumers (delivery method, consider already 

existing facility) 
� Marketing Strategy 
� Production of Microorganisms 

Out of Scope: 
� Protection and security of facility 
� Production process of the actual feedstock 
� Initial Pilot Testing 
� R&D 
� Design of Microorganisms 

Deliverables 1. Plant Location Analysis 
2. Competitive Analysis (incl. environmental 

factors) 
3. Flow Diagrams 
4. Market Forecast 
5. Economic Analysis 
6. Product Life-Cycle Assessment 
7. Toxicity/Safety Data 
8. Reaction Kinetics/Thermophysical Property 

Data 
9. Marketing Analysis 
10. Licensing Analysis 

Time Line Process Design by February 22 
Equipment Design by March 22 
Financial Analysis by March 29 
Written Report by April 5 
Presentation by April 21 
Poster by April 29 

Figure 1: Project Charter
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China’s BDO market has also become self-sufficient, and as a result, it is expected that they will 

become a significant exporter to European and US markets. 

Other Uses of BDO: BDO has also been used as a recreational drug (Satta, Dimitrijevic, & 

Manev, 2003). Therefore, in the future, BDO may become a controlled substance, and further 

regulation in this industry may occur. 

Competitive Analysis of 1,4-Butanediol Industry 

Customers: The customers of this market are primarily other downstream chemical companies 

making other intermediate products. There are several uses for BDO, and therefore, multiple 

customers downstream, making the power of customers significant, but not too constraining. 

Suppliers: Most BDO processes use a petrochemical based route of production.  The most 

common processes are the Reppe, Propylene Oxide, Davy, Mitsubishi, and Geminox processes. 

These traditional methods use formaldehyde, propylene oxide, and n-butane as their feedstock. 

These feedstocks are all petroleum-based with few alternative methods, and, therefore, the feedstock 

manufacturers have significant power. However, the new bio-based methods for BDO production 

will mitigate this problem, giving the industry more options for the production of BDO. 

New Entrants: As with any commoditized chemical, there is not much room for specialization, 

and therefore economies of scale are required to gain advantages. In order to achieve economies of 

scale, significant initial capital investment is required. Therefore, the industry is dominated by a few 

large companies. Most processes used to make BDO are also patented. As a result, potential market 

entrants must either develop a new process, or must license the technology from an incumbent or 

outside source. 

Substitutes: BDO is a specialized chemical intermediate, so while future innovations of 

downstream processes may avoid using BDO, most current processes and infrastructure are 

Bibolet, Fernando, Shah
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designed for use with BDO. Moreover, since BDO is not significantly toxic, there is not much of a 

reason for processes to try to move away from BDO. 

Internal Competition: Average plant sizes range from 55,000 – 75,000 tonnes/yr (ICIS, 2009). 

The major players in this industry are BASF, Dairen Chemical, LyondellBasell, and ISP. In 2010, 

these four companies had 58% of the market share (Davis, Kälin, & Kumamoto, 2010). 

Bibolet, Fernando, Shah
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Customer Requirements 

Downstream customers of 1,4-butanediol primarily desire a low cost and high purity product to 

feed into their processes. Customers of our specific process desire an environmentally-friendly way 

to produce BDO, which means not using traditional petroleum-based routes and minimizing energy. 

Moreover, since the process is not petroleum-based, it will provide a lower-cost product whose cost 

co-varies less with oil prices.  

Bibolet, Fernando, Shah
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Feedstock and Location Choice 

Our plant can be co-located with one of two sister facilities, one in the Midwestern United 

States, and one in Brazil. The two locations, apart from having different cultural and business 

environments, provide two different feedstocks for our process. 

Option 1: United States 

The plant in the Midwest United States operates an ethanol dry mill using a corn feedstock. 

Corn is readily available all year, allowing our plant to operate year-round using sugar from the corn 

as our feed. The dry milling process produces energy and steam which our plant can purchase at a 

discounted rate, rather than purchasing energy from outside sources. Corn only contains four to six 

percent sugar, and costs $230 per ton. In order to produce 50 million pounds of BDO per year, the 

amount of corn needed to produce the BDO was the colossal amount of 91.3 tons per hour, or 

$21,000 per hour. Furthermore, the sugar obtained from the sister plant would still contain plant 

material and would require intensive filtering and solids treatment before entering the fermenter. 

This mash could then be dehydrated and sold as supplemental feedstock to farms, but the 

dehydration would incur further costs. 

In addition, the corn dry milling process produces obstacles that may affect our plant in the long 

term. First, the community has started to perceive the conversion of corn to ethanol as energy 

inefficient (Alfano, 2005). As a result, ethanol plants may be shut down. Since these plants provide 

the primary feed to this process, as well as some utilities, our plant would also be shut down. 

Another obstacle is the recent increase in the cost of corn due to its dual nature as a food source. 

Further increases in feed costs would cause this method to become economically unviable. 

Moreover, in the U.S., there have been some protests against using a food source as an energy 
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source (Sauser, 2007).  These factors affecting the feed have led us to move away from locating our 

plant in the United States. 

Option 2: Brazil 

The other potential plant location is Brazil, where sugar and ethanol facilities use sugarcane as 

their feed. The plants’ byproducts are raw sugar and blackstrap molasses containing 54% sugar. The 

blackstrap molasses is the most cost-effective feed to our process, at $70 per ton, compared to $628 

per ton of raw sugar. The sister plant, similar to the corn mill, will produce energy and steam that 

our plant can purchase at a discounted rate, instead of purchasing electricity from the grid and 

producing steam continuously at our plant.. Though molasses contains some solid material and 

minerals, the material and minerals can be fed into the fermenter directly and later removed and sold 

as fertilizer to the sister facility at minimal cost. 

The Brazil plant also presents obstacles to the viability of our plant. Molasses is very viscous, 

which may cause the pipes, pumps, and valves to clog up if not maintained properly. Also, 

microorganisms require minerals and amino acids, which are found in corn steep liquor, a product 

obtained from wet corn mills, which are uncommon in Brazil. The corn steep liquor would need to 

be transported for a long distance, which increases costs. The largest obstacle, however, is the rainy 

season in Brazil that lasts for three months and prevents the sister plant from operating. For those 

months, our plant would either need to stop production, or operate using external utilities. 

Decision 

We chose to locate the plant in Brazil, utilizing blackstrap molasses due to the cost of feed 

versus the percentage of sugar found in the feed. Despite the location obstacles unique to Brazil, the 

feedstock in Brazil is more appealing. Not only is blackstrap molasses cheaper than corn, but it also 

contains a higher percentage of sugar, leading to a cheaper feedstock overall. 
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Preliminary Process Synthesis 

Design History and Logic 

Our initial attempts included a process that required a liquid-liquid extractor followed by a 

distillation tower, a distillation tower preceded by a flash drum, two distillation towers, a process that 

required one distillation tower followed by a flash drum, and another process that required two flash 

drums. These processes all tried to solve the same problem using different methods: separating the 

BDO from the water and the rest of the other impurities. The final optimized solution requires one 

distillation tower with a partial condenser along with another flash vessel. 

Liquid-Liquid Extraction 

The original patent noted a generic separation process to be followed after the fermentation 

procedure, simply stating that standard liquid-liquid extraction methods with toluene could be used. 

This method worked well in bench-scale tests (Burgard, Van Dien, Burk, & Niu). However, after 

scaling up, it yielded inefficient separation. Due to BDO’s high miscibility with water, the solvent 

would extract some of the BDO, but also a high portion of the water and minerals. Since toluene 

was not yielding promising results in simulations, we analyzed other solvents, including hexane, 

hexene, methyl ethyl ketone, and benzene, to determine the feasibility of a liquid-liquid extraction. 

With a large amount of solvent, the best extraction was found with methyl ethyl ketone, yielding a 

50% recovery of BDO, with impurities. However, regardless of the BDO purity, a 50% recovery is 

extremely low, and results in tremendous waste, especially for a commercial-scale production plant. 

We decided to deviate from the recommendations of the patent and try to find other efficient 

methods to obtain a better yield and purity of BDO. 
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Distillation Preceded by a Flash Drum 

The main failure of the liquid-liquid extraction technique was the miscibility of water and BDO. 

We decided to try flashing off the majority of water from the overflow of the centrifuge. Since their 

boiling points differ by around 200°F, this would provide an easy method to separate out the BDO. 

However, the purity acquired from this single separation was not high enough. Therefore, we fed it 

to a distillation column to further separate the water from BDO. In later runs, we optimized this 

into a single distillation column. 

This process, however, did not take into account all the minerals present in the system. We 

found that after water was vaporized using either a flash or distillation column, dissolved impurities 

would not boil with the water, and other undissolved impurities would also remain, leaving the 

bottoms BDO product with significant impurities. This effectively resulted in the same problem as 

before, except this time, without water. This is also a very expensive and energy inefficient process 

to evaporate a large amount of water, especially since the low temperature of the steam could not be 

used to heat any other streams in our process. 

Two Distillation Towers 

Since the BDO could not be separated from the minerals by evaporating off the water, we 

decided to vaporize both the BDO and water, and the leave the minerals behind. In order to achieve 

this we would need a mineral sink, or a chemical with a higher boiling point than BDO, which 

would not vaporize and would provide a liquid stream to remove the minerals.  

Our initial chemical choice was ethyl vanillin, which has a boiling point of 545°F (ScienceLab), 

which is higher than the 455°F boiling point of BDO (BASF, 1997). Ethyl vanillin would be added 

to the liquid product of the centrifuge, and then be sent to a distillation tower. The BDO and water 

would boil off as the distillate, and the ethyl vanillin would remain as a liquid carrying out the 

impurities. The water and BDO mixture would then be condensed and sent to a second distillation 
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tower to provide a high purity separation between the BDO and water. A revised version of this 

plan fed the water and BDO distillate to the second tower directly as a vapor, to save on unneeded 

cooling expenses. However, vanillin costs $15 per kg when produced petrochemically and $700 per 

kg when produced synthetically.  Compared to the $0.59 per kg cost of BDO, this would be quite an 

expensive solution, and so we decided to search for another option. Moreover, since we are an 

environmentally friendly plant, using a petrochemical product would negate our ‘green’ claim. 

Oleic Acid Mineral Extraction 

The separating agent we need to carry out the extraction of the impurities from the BDO stream 

must have a higher boiling point than BDO (455°F), as well as provide an easy way to extract the 

mineral impurities from the agent.  We will put the minerals back into water via liquid-liquid 

separation, in order to sell the impurities to our sister sugar and ethanol facility as vinasse and 

recycle the separating agent.  Oleic acid provides the ideal compound as it is a non-polar, 

hydrophobic, high boiling point, environmentally friendly chemical that will efficiently transfer the 

mineral impurities back into the water phase when sent through a single decanter unit.  It is a 

monounsaturated omega-9 fatty acid with a composition of primarily olive oil.  This leads to its 

insolubility in water and high boiling point of 547°F (ScienceLab). 

One Vacuum Distillation with Side Stream Draw 

One possible idea to isolate BDO was to have a liquid side stream draw-off on the second tray 

from the top. The distillate stream would be a water vapor that would then be sent to a total 

condenser, whose liquid would partially be sent back as a reflux. The main problem with this set up 

was the total condenser at the top of the distillation tower. The carbon dioxide that was dissolved in 

the water vaporizes. In order to condense it, the condenser would need to run at around -77°F. This 

was determined to be unfeasible, so we instead tried a partial condenser with the side stream draw-
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off. In both cases, the side stream draw-off has a 7.0% loss of BDO (which ends up in the distillate). 

This is a significant loss of revenue, and in the long run, will not justify the amount saved to 

purchase a flash vessel and condenser.  Moreover, the use of a side stream will result in a significant 

amount of BDO in the distillate stream. After partially condensing the distillate, the water, 

containing BDO, will be used to extract the minerals from the oleic acid and mix with the solid 

centrifuge waste, and will then be placed into the environment as vinasse. However, this stream is 

14% BDO, and would, therefore, still require an additional separation process, before the water can 

be released to the environment.  

Pre-Distillation Feed Heater 

In order to decrease the heating costs associated with the primary distillation tower, we 

considered pre-heating our feed using the oleic acid from the reboiler as the hot stream.  The oleic 

acid leaves the reboiler at the bottom of the tower at 439°F. This is significantly higher than the 

distillation feed stream temperature of 88°F.  A heat exchanger was placed immediately before the 

tower to transfer heat across the two streams, resulting in a transfer of about 277,000 BTU per hour 

and an increase of 32°F in the distillation feed stream.  The addition of the distillation feed heat 

exchanger saves us $14,000 per year. 

Centrifuge 

In order to separate the solids coming out of the continuous fermenters from the liquid product, 

we had multiple options.  Initially, we tried to implement a screen inside the fermenters to separate 

the cells from the liquid.  The idea was that the cells would be held above the bottom of the tank 

and the liquid would flow through the screen and exit the reactor from the bottom.  The difficulty 

with this is that the screen would get clogged very easily and would have to be cleaned and replaced 

frequently.  In addition, if the screen is clogged, the liquid may not flow through the cells to deliver 
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concentrations was 0.40 grams of water per gram of molasses fed.  This is 62% less than the amount 

needed to equate the viscosities.  The blended viscosity of the resultant mixture was the same as that 

in the equated viscosity calculation. Therefore, we decided to use the equated concentration 

calculation, which results in less water required to feed into our process. 
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headache, drowsiness, nausea, confusion, damage to the nervous system and kidneys, or death. 

Women who are pregnant should not have prolonged expose as it may harm or kill the fetus.  

Skin contact does not cause any adverse health effects, but eye contact may cause mild irritation.  

If contact is made with skin or eyes, immediately flush with plenty of water for 15 minutes.  BDO is 

not OSHA regulated, and not carcinogenic. Wear standard skin, eye, and body protective gear when 

coming in contact with BDO. See MSDS in Appendix D for further information. 

Blackstrap Molasses 

Blackstrap molasses is the viscous remains of the sugar syrup after the third boiling of the sugar. 

It contains sugar (54%), water (20%), carbohydrates (4%), acids (5%), nitrogenous compounds 

(4.5%), ash (12%) and other (5%). Blackstrap molasses is FDA approved and is commonly used for 

human consumption. See MSDS in Appendix D for further information. 

Corn Steep Liquor 

Corn steep liquor is an organic by product from the wet corn milling process. It contains ash 

(17%), crude protein (47%), corn mash, minerals, amino acids, and water. It is a safe substance, 

commonly used in animal feed that contains no toxins. See MSDS in Appendix D for further 

information. 

Microorganisms 

The genetically engineered E. coli were obtained from Genomatica, Inc. to metabolize sugar and 

produce BDO with no secondary metabolites. The cells are not harmful to the environment when 

released with vinasse to be used as fertilizer.  The cells must be kept under sterile conditions in order 

to prevent contamination in the fermenter. 
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Oleic Acid 

Oleic acid is a low health hazard risk that can cause irritation when in contact with the skin or 

eyes. At high temperatures, it is a highly corrosive acid. At room temperature it is a stable organic 

acid that is not flammable in cases of shacks or tremors. However, it may be combustible at 

temperatures over 685.4°F. See MSDS in Appendix D for further information. 

Vinasse 

Vinasse is an acidic mixture of ash, minerals, and water that is moderately corrosive. It is a non-

toxic, non-flammable substance that requires standard protective gear when handling. See MSDS in 

Appendix D for further information. 

Water 

Standard procedures should be used for the handling of water. See MSDS in Appendix D for 

further information. 

Safety 

The molasses sterilizer, distillation feed pre-heater, and distillation reboiler will be running at 

temperatures exceeding 350°F. Operators must use caution and proper protection when handling 

the equipment. 

The pumps, fermenters, centrifuge, compressors, blowers, and water sterilization skid have 

moving parts. Operators must not insert objects or body parts in to the machinery while running. 

Operators must not ingest or mishandle any chemicals or organisms in the process. At all times, 

operators must follow safety procedures and wear goggles, lab coats, hard hats, etc. in designated 

areas. 
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Pricing 
Table 1: Primary Material Prices 

 Principal Material US Dollars Per Ton 

BDO $2420 

Blackstrap Molasses $70 

Corn Steep Liquor $50 

Oleic Acid $1270 

Vinasse $145 
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Thermophysical and Transport Properties 

With the exception of molasses’s high viscosity, most materials used in this process do not 

exhibit any special thermophysical and transport properties. For specific property data, please see 

Appendix A. 
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Bench-Scale Laboratory Work 

The initial bench-scale testing of Genomatica’s genetically engineered E. coli was performed in a 

10-L bioreactor as a batch and continuous setup. The batch design was initially performed with 5 L 

of broth containing 25 g K3PO4, 12.5 g NH4Cl, 2.5 g MgSO4, 150 g CSL, and 100 g glucose. As the 

cells grew and consumed the initial glucose feed, a total of 70 g of additional glucose was steadily 

added throughout the process in order to keep the glucose concentration constant at about 20 g/L. 

The batch bioreactor was maintained at 30°C and pH 4.5 (using concentrated NaOH and HCl) for a 

batch time of about 24 hours. The resulting BDO concentration ranged from 20 to 200 g/L.   

The 10-L continuous bioreactor setup required E. coli to be initially built up in the batch 

bioreactor using the above glucose and broth concentrations. The cells were then supplied to the 

continuous bioreactor to maintain a constant concentration of 3 – 5 g/L. Media was fed at the same 

concentrations as in the batch reactor at a feed rate of 0.5 – 1 L/hr.  The resulting BDO 

concentration ranged from 30 to 40 g/L.   

According to Mr. Stephen M. Tieri, our industry consultant from DuPont, when these bench 

scale tests were successful, Genomatica began small scale pilot tests to determine the feasibility of a 

commercial-scale facility. These trials were run in a 3,000-gallon fermenter, reaching BDO 

concentrations over 80 g/L. The BDO was then purified to greater than 99% using standard 

separation methods. Genomatica performed an economic feasibility analysis on the pilot tests, and 

the yield, E. coli productivity, separation and purity were all on target to deliver profitable results at 

the commercial scale (Burgard, Van Dien, Burk, & Niu). 
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Feasibility, Development, Manufacturing, 
and Product-Introduction Stages 
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Process Flow Diagrams and Material Balances 

The following pages illustrate our process and include details on the streams.  

Bibolet, Fernando, Shah

32



  
 

   
 

Bibolet, Fernando, Shah

33



F-
10

1

P-
10

4

P-
10

6
C-

10
0

F-
10

0

CO
2 

Fe
ed

St
ar

t C
el

ls

P-
10

5

(P
ar

t 1
)

So
lid

s R
ec

yc
le

Co
rn

st
ee

p 
Li

qu
or

 F
ee

d

W
at

er
 F

ee
d

V-
10

0

P-
10

1

M
ol

as
se

s
Fe

ed

P-
10

4
Co

rn
st

ee
p 

Li
qu

or
Fe

ed
 P

um
p

P-
10

0
O

le
ic

 A
ci

d
Fe

ed
 P

um
p

P-
10

5
W

at
er

Fe
ed

 P
um

p

V-
10

0
M

ol
as

se
s

St
or

ag
e 

Ta
nk

B-
10

0
Se

ed
 

Fe
rm

en
te

r
Bl

ow
er

F-
10

0
Se

ed
Fe

rm
en

te
r

F-
10

1
Pr

im
ar

y
Fe

rm
en

te
r

C-
10

0
Ce

nt
rif

ug
e

E-
10

1
Di

st
ill

at
io

n 
Fe

ed
 

Pr
eh

ea
te

r

P-
10

6
So

lid
s F

ee
d 

Pu
m

p

B-
10

1
Pr

im
ar

y
Fe

rm
en

te
r

Bl
ow

er

CO
2 

Pu
rg

e

P-
10

3
M

ol
as

se
s

Pa
st

eu
riz

at
io

n 
Pu

m
p

P-
10

1
M

ol
as

se
s

Fe
ed

 P
um

p

ve
rs

io
n 

5d
03

“M
ao

”

P-
10

9
P-

10
7

CV
-1

13

CV
-1

17

P-
10

2
CV

-1
02

CV
-1

07

CV
-1

08

CV
-1

09

CV
-1

05

CV
-1

04

CV
-1

03

CV
-1

11

CV
-1

10

CV
-1

12

CV
-1

06

CV
-1

14

CV
-1

00

P-
10

0

CV
-1

18

CV
-1

16

P-
10

3

P-
10

2
St

ar
t C

el
ls

Fe
ed

 P
um

p

E-
10

0
M

ol
as

se
s

Pa
st

eu
riz

er

P-
10

7
Fe

rm
en

te
r 

Pu
m

p

P-
10

9
Di

st
ill

at
io

n 
Fe

ed
 P

um
p

E-
10

0

V-
10

1
P-

10
8

B-
10

1

B-
10

0

CV
-1

15

CO
2 

Sp
ar

ge

P-
10

8
Li

qu
id

 
Pr

od
uc

t 
Pu

m
p

CV
-1

01

Co
nt

ro
l V

al
ve

s

CV
-1

00
Fl

ow
 C

on
tr

ol
 fo

r P
-1

00
CV

-1
01

Fl
ow

 C
on

tr
ol

 fo
r P

-1
01

CV
-1

02
O

n/
O

ff 
Co

nt
ro

l f
or

 F
-1

00
 C

el
l F

ee
d

CV
-1

03
O

n/
O

ff 
Co

nt
ro

l f
or

 F
-1

00
 W

at
er

 F
ee

d
CV

-1
04

O
n/

O
ff 

Co
nt

ro
l f

or
 F

-1
00

 C
or

ns
te

ep
 L

iq
uo

r F
ee

d
CV

-1
05

O
n/

O
ff 

Co
nt

ro
l f

or
 F

-1
00

 M
ol

as
se

s F
ee

d
CV

-1
06

O
n/

O
ff 

Co
nt

ro
l f

or
 F

-1
00

 C
O

2 
 F

ee
d

CV
-1

07
Fl

ow
 C

on
tr

ol
 fo

r F
-1

01
 W

at
er

 F
ee

d
CV

-1
08

Fl
ow

 C
on

tr
ol

 fo
r F

-1
01

 C
or

ns
te

ep
 L

iq
uo

r F
ee

d
CV

-1
09

Fl
ow

 C
on

tr
ol

 fo
r F

-1
01

 M
ol

as
se

s F
ee

d
CV

-1
10

Fl
ow

 C
on

tr
ol

 fo
r F

-1
00

 C
O

2 
Sp

ar
ge

 R
ec

yc
le

CV
-1

11
Fl

ow
 C

on
tr

ol
 fo

r F
-1

01
 C

O
2 

Fe
ed

CV
-1

12
Pr

es
su

re
 C

on
tr

ol
 fo

r F
-1

00
CV

-1
13

Fl
ow

 C
on

tr
ol

 fo
r F

-1
01

 C
O

2 
Sp

ar
ge

 R
ec

yc
le

CV
-1

14
Fl

ow
 C

on
tr

ol
 fo

r F
-1

00
 P

ro
du

ct
CV

-1
15

Pr
es

su
re

 C
on

tr
ol

 fo
r F

-1
01

CV
-1

16
Fl

ow
 C

on
tr

ol
 fo

r F
-1

01
 P

ro
du

ct
CV

-1
17

Fl
ow

 C
on

tr
ol

 fo
r C

-1
00

 R
ec

yc
le

V-
10

1
Pr

e-
Di

st
ill

at
io

n
Ho

ld
in

g 
Ta

nk

O
le

ic
 A

ci
d 

Fe
ed

Bibolet, Fernando, Shah

34



T-
10

0

E-
10

2

V-
10

2

P-
11

2

D-
10

0

E-
10

3

P-
11

1

Bi
bo

le
t, 

Fe
rn

an
do

, S
ha

h
05

 A
pr

il 
20

11

E-
10

2
To

w
er

Co
nd

en
se

r

V-
10

2
Re

flu
x 

Ac
cu

m
ul

at
or

 
/ F

la
sh

 V
es

se
l

P-
11

0
So

lid
 P

ro
du

ct
 

Pu
m

p

E-
10

3
To

w
er

 
Re

bo
ile

r

P-
11

2
Re

flu
x 

Pu
m

p

T-
10

0
Di

st
ill

at
io

n
To

w
er

P-
11

1
To

w
er

 
Bo

tt
om

s 
Pu

m
p

D-
10

0
De

ca
nt

er

E-
10

1

CO
2 

Pu
rg

e

O
le

ic
 A

ci
d

Re
cy

cl
e

O
le

ic
 A

ci
d

an
d 

M
in

er
al

s
P-

11
3

E-
10

4

O
le

ic
 A

ci
d 

Pu
rg

e

W
at

er
 a

nd
M

in
er

al
s

B-
10

2
Di

st
ill

at
io

n 
To

w
er

 B
lo

w
er

CV
-1

22

CV
-1

26

P-
11

0

CV
-1

21

CV
-1

25

CV
-1

28

B-
10

2

CV
-1

19

P-
11

3
W

at
er

 P
um

p

E-
10

4
St

ea
m

Co
nd

en
se

r

V-
10

4
V-

10
5

CV
-1

27

CV
-1

23

P-
11

5

Vi
na

ss
e

V-
10

3

P-
11

4

1,
4-

BD
O

B-
10

3

CO
2 

Pu
rg

e

CV
-1

33

CV
-1

24

CV
-1

20

CV
-1

30

CV
-1

29

CV
-1

31

CV
-1

32

Vi
na

ss
e

B-
10

3
M

ul
ti-

St
ag

e
Co

m
pr

es
so

r

P-
11

4
O

le
ic

 A
ci

d 
Di

sc
ha

rg
e 

Pu
m

p

P-
11

5
1,

4 
BD

O
Di

sc
ha

rg
e 

Pu
m

p

V-
10

4
1,

4 
BD

O
Ho

ld
in

g 
Ta

nk
 1

V-
10

5
1,

4 
BD

O
Ho

ld
in

g 
Ta

nk
 2

V-
10

3
Fl

as
h 

Ve
ss

el

Co
nt

ro
l V

al
ve

s

CV
-1

18
In

sid
e 

Le
ve

l C
on

tr
ol

 fo
r C

-1
00

 (L
iq

ui
d)

CV
-1

19
Fl

ow
 C

on
tr

ol
 fo

r V
-1

01
CV

-1
20

O
ut

sid
e 

Le
ve

l C
on

tr
ol

 fo
r C

-1
00

 (S
ol

id
)

CV
-1

21
Fl

ow
 C

on
tr

ol
 fo

r T
-1

00
 R

ef
lu

x
CV

-1
22

Le
ve

l C
on

tr
ol

 fo
r T

-1
00

 T
ow

er
CV

-1
23

Pr
es

su
re

 C
on

tr
ol

 fo
r T

-1
00

 T
ow

er
CV

-1
24

Le
ve

l C
on

tr
ol

 fo
r V

-1
02

 V
es

se
l

CV
-1

25
Le

ve
l C

on
tr

ol
 fo

r V
-1

03
 V

es
se

l
CV

-1
26

Le
ve

l C
on

tr
ol

 fo
r D

-1
00

 B
ot

to
m

 P
ha

se
CV

-1
27

Le
ve

l C
on

tr
ol

 fo
r D

-1
00

 T
op

 P
ha

se
CV

-1
28

Fl
ow

 C
on

tr
ol

 fo
r O

le
ic

 A
ci

d 
Pu

rg
e

CV
-1

29
O

n/
O

ff 
Co

nt
ro

l f
or

 V
-1

04
 Q

ua
lit

y 
Co

nt
ro

l T
an

k 
1 

Fe
ed

CV
-1

30
O

n/
O

ff 
Co

nt
ro

l f
or

 V
-1

05
 Q

ua
lit

y 
Co

nt
ro

l T
an

k 
2 

Fe
ed

CV
-1

31
O

n/
O

ff 
Co

nt
ro

l f
or

 V
-1

04
 Q

ua
lit

y 
Co

nt
ro

l T
an

k 
1 

Pr
od

uc
t

CV
-1

32
O

n/
O

ff 
Co

nt
ro

l f
or

 V
-1

05
 Q

ua
lit

y 
Co

nt
ro

l T
an

k 
2 

Pr
od

uc
t

CV
-1

33
Fl

ow
 C

on
tr

ol
 fo

r 1
,4

 B
DO

 P
ro

du
ct

(P
ar

t 2
)

Bibolet, Fernando, Shah

35



  
 

 
 

Bibolet, Fernando, Shah

36



M
O

L2
FE

R
M

S
O

L2
FE

R
M

M
E

D
2F

E
R

M

W
TR

2F
E

R
M

FE
R

M
O

U
T

C
O

2V
E

N
T

R
XN

D
O

N
E

1

M
O

LA
S

S
E

S
TO

S
TE

R
IL

M
E

D
IA

IN
M

E
D

IA
P

U
M

W
AT

E
R

IN
W

AT
E

R
P

U
M

O
LE

IC
IN

S
O

LI
D

R
E

C

C
O

2

C
O

2D
IS

S
O

C
O

2I
N

R
XN

S
TE

R
IL

E
M

W
IT

H
C

E
LL

FE
R

M
R

XN
1

VE
N

T

P
U

M
P

IN
3

P
U

M
P

IN
2

P
U

M
P

IN
1

C
O

2S
P

LI
T

SE
P2

S
E

P
2G

AS

M
O

LV
AL

VE

M
E

D
VA

LV
E

W
AT

VA
LV

E

S
O

LV
AL

VE

S
TE

R
IL

IZW
TR

S
P

LI
T

M
E

D
S

P
LI

T

M
O

LS
P

LI
T

S
LD

S
P

LI
T

W
TR

FE
R

M
2 W

TR
FE

R
M

1

M
E

D
FE

R
M

1

M
E

D
FE

R
M

2

M
O

LF
E

R
M

1M
O

LF
E

R
M

2

FE
R

M
R

XN
2

S
LD

FE
R

M
1

S
LD

FE
R

M
2

VE
N

T2
FE

R
M

O
U

T2

C
O

2V
E

N
T2

R
XN

D
O

N
E

2

P
U

M
P

IN
4

O
LE

IN

W
AT

2V
AL

2

M
E

D
VA

L2

M
O

L2
VA

L2
M

O
L2

FE
R

2

M
E

D
2F

E
R

2

W
TR

2F
E

R
2

S
O

LV
AL

2

S
O

L2
FE

R
2

Bibolet, Fernando, Shah

37



CO2 CO2DISSO CO2INRXN CO2VENT CO2VENT2 FERMOUT FERMOUT2 MED2FER2 MED2FERM MEDFERM1 MEDFERM2 MEDIAIN
*** VAPOR PHASE ***           
Density     lb/cuft       0.132 0.132 0.132    
Viscosity   cP            0.015 0.015 0.015    
*** LIQUID PHASE ***          
Density     lb/cuft         60.883 60.883 54.681 54.68 54.684 54.684 54.69
Viscosity   cP              1.201 1.201 0.539 0.538 0.539 0.539 0.539
Surface Ten dyne/cm         45.002 45.002 35.037 35.035 35.042 35.042 35.052
Temperature F             86 86 86  86 86 86.2 86.3 86.2 86.2 86
Pressure    psia          17.405 17.405 17.405  17.405 17.405 25 17.4 42.4 42.4 14.696
Mass VFrac                1 1 1  0 0 0 0 0 0 0
Mass SFrac                0 0 0  0.541 0.541 0 0 0 0 0
*** ALL PHASES ***            
Mass Flow   lb/hr         4242.411 11.03 4231.381 0 0 30546.625 30546.625 7527.481 7527.481 7527.481 7527.481 15054.961
Volume Flow cuft/hr       32250.929 83.852 32167.077  274.275 274.275 137.662 137.665 137.654 137.654 275.279
Enthalpy    Btu/hr        -1.63E+07 -42385.911 -1.63E+07 0 0 -4.43E+07 -4.43E+07 -1.68E+07 -1.68E+07 -1.68E+07 -1.68E+07 -3.36E+07
Density     lb/cuft       0.132 0.132 0.132  111.372 111.372 54.681 54.68 54.684 54.684 54.69
Mass Flow   lb/hr             
  1:4-B-01                0 0 0  4420.309 4420.309 0 0 0 0 0
  WATER                   0 0 0  1742.509 1742.509 0 0 0 0 0
  DEXTR-01                0 0 0  228.509 228.509 0 0 0 0 0
  CARBO-01                4242.411 11.03 4231.381  2121.206 2121.206 0 0 0 0 0
  OLEIC-01                0 0 0  0 0 0 0 0 0 0
  LYSIN-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  GLYCI-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  ISOLE-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  LEUCI-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  METHI-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  L-PHE-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  THREO-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  TRYPT-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  TYROS-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  VALIN-01                0 0 0  20.91 20.91 20.548 20.548 20.548 20.548 41.096
  INOSI-01                0 0 0  14.522 14.522 14.27 14.27 14.27 14.27 28.541
  NIACI-01                0 0 0  3.739 3.739 3.674 3.674 3.674 3.674 7.348
  POTAS-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  MAGNE-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  CALCI-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  SULFU-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  SODIU-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  IRON                    0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  ZINC                    0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  MANGA-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  COPPE-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  CHROM-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  MOLYB-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  COBAL-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  HYDRO-01                0 0 0  15.198 15.198 14.935 14.935 14.935 14.935 29.869
  ETHYL-01                0 0 0  5074.498 5074.498 7109.908 7109.908 7109.908 7109.908 14219.816
  CELLU-01                0 0 0  16534.663 16534.663 0 0 0 0 0

*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

MEDIAPUM MOL2FER2 MOL2FERM MOLASSES MOLFERM1 MOLFERM2 OLEICIN OLEIN RXNDONE1 RXNDONE2 SLDFERM1
       
       
       
       

54.684 1006.254 1006.254 1177.439 1006.256 1006.256 55.069 55.097 60.883 60.883 60.486
0.539 1612.209 1612.223 5.61E+13 1612.366 1612.366 27.132 27.758 1.201 1.201 2.407

35.042 16.23 16.23 20.557 16.23 16.23 32.155 32.202 45.002 45.002 55.254
86.2 266 266 86 266 266 81.5 80.3 86 86 86.2
42.4 25 27.5 30 52.5 52.5 74.7 14.7 17.405 17.405 42.4

0 0 0 0 0 0 0 0 0 0 0
0 0.42 0.42 0.42 0.42 0.42 0 0 0.541 0.541 0.985

      
15054.961 7873.148 7873.148 15746.297 7873.148 7873.148 186 186 30546.625 30546.625 13433.666

275.308 13.364 13.364 25.408 13.364 13.364 3.378 3.376 274.275 274.275 38.708
-3.36E+07 -1.32E+07 -1.32E+07 -2.74E+07 -1.32E+07 -1.32E+07 -2.32E+05 -2.32E+05 -4.43E+07 -4.43E+07 -5.99E+05

54.684 589.147 589.147 619.742 589.147 589.147 55.069 55.097 111.372 111.372 347.052
      

0 0 0 0 0 0 0 0 4420.309 4420.309 76.556
0 0 0 0 0 0 0 0 1742.509 1742.509 30.179
0 4566.214 4566.214 9132.429 4566.214 4566.214 0 0 228.509 228.509 3.958
0 0 0 0 0 0 0 0 2121.206 2121.206 0
0 0 0 0 0 0 186 186 0 0 0

41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
41.096 0 0 0 0 0 0 0 20.91 20.91 0.362
28.541 0 0 0 0 0 0 0 14.522 14.522 0.252

7.348 0 0 0 0 0 0 0 3.739 3.739 0.065
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263
29.869 0 0 0 0 0 0 0 15.198 15.198 0.263

14219.816 0 0 0 0 0 0 0 5074.498 5074.498 87.885
0 3306.934 3306.934 6613.868 3306.934 3306.934 0 0 16534.663 16534.663 13227.729
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*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

SLDFERM2 SOL2FER2 SOL2FERM SOLIDREC STERILEM TOSTERIL WATERIN WATERPUM WITHCELL WTR2FER2 WTR2FERM
         
         
         
         

60.486 60.486 60.486 60.486 1006.256 1177.433 61.749 61.741 60.492 61.74 61.739
2.407 2.407 2.407 2.407 1612.366 5.60E+13 0.82 0.817 2.413 0.817 0.817

55.254 55.254 55.253 55.254 16.23 20.557 71.817 71.792 55.268 71.787 71.784
86.2 86.2 86.2 86.2 266 86 86 86.2 86 86.3 86.3
42.4 25 17.4 42.4 52.5 52.5 14.7 42.4 17.405 25 17.4

0 0 0 0 0 0 0 0 0 0 0
0.985 0.985 0.985 0.985 0.42 0.42 0 0 0.582 0 0

         
13433.666 13433.666 13433.666 26867.332 15746.297 15746.297 3424.661 3424.661 56850.836 1712.33 1712.33

38.708 38.708 38.708 77.416 26.727 25.408 55.461 55.468 481.393 27.735 27.735
-5.99E+05 -5.99E+05 -5.99E+05 -1.20E+06 -2.64E+07 -2.74E+07 -2.33E+07 -2.33E+07 -7.02E+07 -1.17E+07 -1.17E+07

347.052 347.052 347.052 347.052 589.147 619.742 61.749 61.741 118.097 61.74 61.739
         

76.556 76.556 76.556 153.111 0 0 0 0 8840.618 0 0
30.179 30.179 30.179 60.357 0 0 3424.661 3424.661 3485.018 1712.33 1712.33

3.958 3.958 3.958 7.915 9132.429 9132.429 0 0 457.017 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.362 0.362 0.362 0.724 0 0 0 0 41.82 0 0
0.252 0.252 0.252 0.503 0 0 0 0 29.044 0 0
0.065 0.065 0.065 0.13 0 0 0 0 7.477 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0
0.263 0.263 0.263 0.526 0 0 0 0 30.395 0 0

87.885 87.885 87.885 175.771 0 0 0 0 10148.996 0 0
13227.729 13227.729 13227.729 26455.459 6613.868 6613.868 0 0 33069.323 0 0

*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

WTRFERM1 WTRFERM2

61.741 61.741
0.817 0.817

71.792 71.792
86.2 86.2
42.4 42.4

0 0
0 0

1712.33 1712.33
27.734 27.734

-1.17E+07 -1.17E+07
61.741 61.741

0 0
1712.33 1712.33

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
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2CFUGE CELLSOLD CO2DISSO CO2INRXN CO2VENT CO2VENT2 HPWCELL MEDIAOUT NOMEDIA NOSOLHPR NOSOLID OLEIC
*** VAPOR PHASE ***        
Density     lb/cuft        0.132 0.132
Viscosity   cP             0.015 0.015
*** LIQUID PHASE ***       
Density     lb/cuft 60.486 60.486  60.49 55.572 62.525 62.498 60.486 55.347
Viscosity   cP 2.407 2.407  2.411 0.405 4.614 4.538 2.407 34.382
Surface Ten dyne/cm       55.255 55.255  55.262 22.608 67.378 67.299 55.255 32.628
Temperature F 86.2 86.2 86 86 86.1 86.8 86.8 87.7 86.2 69.3
Pressure    psia 14.7 14.692 17.405 17.405 39.7 14.692 14.692 99.7 14.692 30
Mass VFrac 0 0 1 1 0 0 0 0 0 0
Mass SFrac 0.582 0.985 0 0 0.582 0 0 0 0 0
*** ALL PHASES ***         
Mass Flow   lb/hr         56850.836 33584.165 11.03 4231.381 0 0 56850.836 9929.282 13348.42 13348.42 23266.672 929.442
Volume Flow cuft/hr       481.429 96.77 83.852 32167.077 481.409 178.675 213.489 213.583 384.659 16.793
Enthalpy    Btu/hr        -7.02E+07 -1.50E+06 -42385.911 -1.63E+07 0 0 -7.02E+07 -2.32E+07 -4.57E+07 -4.57E+07 -6.87E+07 -1.16E+06
Density     lb/cuft 118.088 347.052 0.132 0.132 118.093 55.572 62.525 62.498 60.486 55.347
Mass Flow   lb/hr          
  1:4-B-01 8840.618 191.389 0 0 8840.618 0 8649.229 8649.229 8649.229 0
  WATER 3485.018 75.446 0 0 3485.018 0 3409.572 3409.572 3409.572 0
  DEXTR-01 457.017 9.894 0 0 457.017 0 447.123 447.123 447.123 0
  CARBO-01 0 0 11.03 4231.381 0 0 11.03 11.03 0 0
  OLEIC-01 0 0 0 0 0 0 0 0 0 929.442
  LYSIN-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  GLYCI-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  ISOLE-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  LEUCI-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  METHI-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  L-PHE-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  THREO-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  TRYPT-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  TYROS-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  VALIN-01 41.82 0.905 0 0 41.82 0 40.915 40.915 40.915 0
  INOSI-01 29.044 0.629 0 0 29.044 0 28.415 28.415 28.415 0
  NIACI-01 7.477 0.162 0 0 7.477 0 7.316 7.316 7.316 0
  POTAS-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  MAGNE-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  CALCI-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  SULFU-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  SODIU-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  IRON 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  ZINC 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  MANGA-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  COPPE-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  CHROM-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  MOLYB-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  COBAL-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  HYDRO-01 30.395 0.658 0 0 30.395 0 29.737 29.737 29.737 0
  ETHYL-01                10148.996 219.714 0 0 10148.996 9929.282 0 0 9929.282 0
  CELLU-01                33069.323 33069.323 0 0 33069.323 0 0 0 0 0

*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

OLEICIN OLEICREC SLURRY SOLIDOUT SOLIDREC SOLPURGE TOHX2 TOMIX WITHC02 WITHCELL
     
     
     
     

55.069 55.421 60.486 60.486 60.486 60.486 61.554 62.494 60.463 60.492
27.132 36.723 2.407 2.407 2.407 2.407 4.623 4.529 2.376 2.413
32.155 32.755 55.254 55.253 55.254 55.254 66.918 67.29 55.165 55.268

81.5 66 86.2 86.2 86.2 86.2 87.7 87.8 86.8 86
74.7 49.7 42.4 17.4 42.4 42.4 30 74.7 14.692 17.405

0 0 0 0 0 0 0 0 0 0
0 0 0.985 0.985 0.985 0.985 0 0 0 0.582

     
186 743.442 33584.165 6716.833 26867.332 6716.833 14277.862 13348.42 23277.702 56850.836

3.378 13.414 96.77 19.354 77.416 19.354 231.957 213.594 384.994 481.393
-2.32E+05 -9.32E+05 -1.50E+06 -3.00E+05 -1.20E+06 -3.00E+05 -4.68E+07 -4.57E+07 -6.87E+07 -7.02E+07

55.069 55.421 347.052 347.052 347.052 347.052 61.554 62.494 60.463 118.097
     

0 0 191.389 38.278 153.111 38.278 8649.229 8649.229 8649.229 8840.618
0 0 75.446 15.089 60.357 15.089 3409.572 3409.572 3409.572 3485.018
0 0 9.894 1.979 7.915 1.979 447.123 447.123 447.123 457.017
0 0 0 0 0 0 11.03 11.03 11.03 0

186 743.442 0 0 0 0 929.442 0 0 0
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.905 0.181 0.724 0.181 40.915 40.915 40.915 41.82
0 0 0.629 0.126 0.503 0.126 28.415 28.415 28.415 29.044
0 0 0.162 0.032 0.13 0.032 7.316 7.316 7.316 7.477
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 0.658 0.132 0.526 0.132 29.737 29.737 29.737 30.395
0 0 219.714 43.943 175.771 43.943 0 0 9929.282 10148.996
0 0 33069.323 6613.865 26455.459 6613.865 0 0 0 33069.323
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BDO BDODIST BLOWN CO2INRXN CO2VENT CO2VENT2 CONDENSE DIST1IN HOTIN MEDIAOUT OLECOND OLEICREC
*** VAPOR PHASE ***        
Density     lb/cuft        0 0.132  0.001  
Viscosity   cP             0.01 0.015  0.01  
*** LIQUID PHASE ***       
Density     lb/cuft 64.461 63.25  63.264 60.537 56.373 55.572 56.381 55.421
Viscosity   cP 129.02 45.332  1.487 2.665 3.192 0.405 3.201 36.723
Surface Ten dyne/cm       46.912 44.705  76.808 64.065 128.354 22.608 128.37 32.755
Temperature F 49.9 87.8 87.8 86  41 119.9 392.7 86.8 392.3 66
Pressure    psia 0.074 0.175 0.15 17.405  0.15 30 24.7 14.692 0.522 49.7
Mass VFrac 0 0 1 1  0.037 0 0 0 0 0
Mass SFrac 0 0 0 0  0 0 0 0 0 0
*** ALL PHASES ***         
Mass Flow   lb/hr         8601.312 8601.312 3396.629 4231.381 0 0 3393.232 14277.862 2283.137 9929.282 2283.137 743.442
Volume Flow cuft/hr       133.435 135.99 7.31E+06 32167.077  215430.498 235.854 40.5 178.675 40.494 13.414
Enthalpy    Btu/hr        -2.11E+07 -2.09E+07 -1.94E+07 -1.63E+07 0 0 -2.29E+07 -4.66E+07 -2.80E+06 -2.32E+07 -2.80E+06 -9.32E+05
Density     lb/cuft 64.461 63.25 0 0.132  0.016 60.537 56.373 55.572 56.381 55.421
Mass Flow   lb/hr          
  1:4-B-01 8523.251 8523.251 13.572 0  13.558 8649.229 112.376 0 112.376 0
  WATER 70.671 70.671 3342.276 0  3338.933 3409.572 0 0 0 0
  DEXTR-01 0 0 0 0  0 447.123 447.09 0 447.09 0
  CARBO-01 0.144 0.144 10.898 4231.381  10.887 11.03 0 0 0 0
  OLEIC-01 0.067 0.067 0 0  0 929.442 929.299 0 929.299 743.442
  LYSIN-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  GLYCI-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  ISOLE-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  LEUCI-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  METHI-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  L-PHE-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  THREO-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  TRYPT-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  TYROS-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  VALIN-01 0 0 0 0  0 40.915 40.912 0 40.912 0
  INOSI-01 0 0 0 0  0 28.415 28.413 0 28.413 0
  NIACI-01 7.171 7.171 0.125 0  0.125 7.316 0.019 0 0.019 0
  POTAS-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  MAGNE-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  CALCI-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  SULFU-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  SODIU-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  IRON 0 0 0 0  0 29.737 29.735 0 29.735 0
  ZINC 0 0 0 0  0 29.737 29.735 0 29.735 0
  MANGA-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  COPPE-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  CHROM-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  MOLYB-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  COBAL-01 0 0 0 0  0 29.737 29.735 0 29.735 0
  HYDRO-01 0.009 0.009 29.758 0  29.729 29.737 0 0 0 0
  ETHYL-01 0 0 0 0  0 0 0 9929.282 0 0
  CELLU-01 0 0 0 0  0 0 0 0 0 0

*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

OLESOLID OLESPLIT OLETOLLE ROCOMP SIDESTRE SOLIDOUT TOBLWR TOHX2 WTRVAPOR
       

0.008   0 0 0  0.001
0.011   0.01 0.01 0.01  0.01

       
55.573 56.375 62.25  60.486  61.554  

2.395 3.194 247.567  2.407  4.623  
130.042 128.358 140.147  55.253  66.918  

437.5 392.6 120 87.8 87.8 86.2 87.8 87.7 87.8
0.742 49.7 24.7 0.15 0.15 17.4 0.15 30 0.175
0.029 0 0 1 1 0 1 0 1

0 0 0 0 0 0.985 0 0 0
       

2283.137 2283.137 2283.137 3393.232 3.397 6716.833 3.397 14277.862 3393.232
8003.521 40.499 36.677 7.31E+06 7312.788 19.354 7312.788 231.957 6.27E+06

-2.73E+06 -2.80E+06 -3.08E+06 -1.94E+07 -19373.293 -3.00E+05 -19373.293 -4.68E+07 -1.94E+07
0.285 56.375 62.25 0 0 347.052 0 61.554 0.001

       
112.376 112.376 112.376 13.558 0.014 38.278 0.014 8649.229 13.558

0 0 0 3338.933 3.342 15.089 3.342 3409.572 3338.933
447.09 447.09 447.09 0 0 1.979 0 447.123 0

0 0 0 10.887 0.011 0 0.011 11.03 10.887
929.299 929.299 929.299 0 0 0 0 929.442 0

40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
40.912 40.912 40.912 0 0 0.181 0 40.915 0
28.413 28.413 28.413 0 0 0.126 0 28.415 0

0.019 0.019 0.019 0.125 0 0.032 0 7.316 0.125
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0
29.735 29.735 29.735 0 0 0.132 0 29.737 0

0 0 0 29.729 0.03 0.132 0.03 29.737 29.729
0 0 0 0 0 43.943 0 0 0
0 0 0 0 0 6613.865 0 0 0
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2OLPVALV BDO BDOOUT CO2INRXN CO2TOAT CO2VENT CO2VENT2 CONDENSE DSLVCO2O LLEMIN MEDIAOUT OLEICOUT OLEICPUR OLEICREC
*** VAPOR PHASE ***               
Density     lb/cuft          0.132 0.13   0.001 0.061   
Viscosity   cP               0.015 0.015   0.01 0.015   
*** LIQUID PHASE ***               
Density     lb/cuft 55.425 64.461 64.449  64.578   63.264 57.82 59.412 55.572 55.418 55.431 55.421
Viscosity   cP 36.839 129.02 127.598  0.632   1.487 0.297 2.226 0.405 36.608 37.026 36.723
Surface Ten dyne/cm       32.761 46.912 46.89  64.185   76.808 59.166 81.22 22.608 32.749 32.771 32.755
Temperature F 65.8 49.9 50.2 86 83   41 200 65.6 86.8 66.1 65.6 66
Pressure    psia 74.7 0.074 40 17.405 17.405   0.15 17.405 24.7 14.692 24.7 24.7 49.7
Mass VFrac 0 0 0 1 0.988   0.037 0.535 0 0 0 0 0
Mass SFrac 0 0 0 0 0   0 0 0 0 0 0 0
*** ALL PHASES ***                 
Mass Flow   lb/hr 929.303 8601.312 8601.312 4231.381 4358.415 0 0 3393.232 127.034 4620.035 9929.282 185.861 929.303 743.442
Volume Flow cuft/hr 16.767 133.435 133.459 32167.077 33144.36   215430.498 1112.172 77.763 178.675 3.354 16.765 13.414
Enthalpy    Btu/hr        -1.17E+06 -2.11E+07 -2.10E+07 -1.63E+07 -1.69E+07 0 0 -2.29E+07 -6.35E+05 -2.42E+07 -2.32E+07 -2.33E+05 -1.17E+06 -9.32E+05
Density     lb/cuft 55.425 64.461 64.449 0.132 0.131   0.016 0.114 59.412 55.572 55.418 55.431 55.421
Mass Flow   lb/hr                  
  1:4-B-01 0 8523.251 8523.251 0 0.001   13.558 0.001 125.933 0 0 0 0
  WATER 0 70.671 70.671 0 91.177   3338.933 91.177 3247.757 0 0 0 0
  DEXTR-01 0 0 0 0 0   0 0 447.09 0 0 0 0
  CARBO-01 0 0.144 0.144 4231.381 4237.913   10.887 6.533 4.354 0 0 0 0
  OLEIC-01 929.303 0.067 0.067 0 0   0 0 0 0 185.861 929.303 743.442
  LYSIN-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  GLYCI-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  ISOLE-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  LEUCI-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  METHI-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  L-PHE-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  THREO-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  TRYPT-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  TYROS-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  VALIN-01 0 0 0 0 0   0 0 40.912 0 0 0 0
  INOSI-01 0 0 0 0 0   0 0 28.413 0 0 0 0
  NIACI-01 0 7.171 7.171 0 0   0.125 0 0.144 0 0 0 0
  POTAS-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  MAGNE-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  CALCI-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  SULFU-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  SODIU-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  IRON 0 0 0 0 0   0 0 29.735 0 0 0 0
  ZINC 0 0 0 0 0   0 0 29.735 0 0 0 0
  MANGA-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  COPPE-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  CHROM-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  MOLYB-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  COBAL-01 0 0 0 0 0   0 0 29.735 0 0 0 0
  HYDRO-01 0 0.009 0.009 0 29.324   29.729 29.324 0.405 0 0 0 0
  ETHYL-01 0 0 0 0 0   0 0 0 9929.282 0 0 0
  CELLU-01 0 0 0 0 0   0 0 0 0 0 0 0

*** VAPOR PHASE ***
Density     lb/cuft
Viscosity   cP
*** LIQUID PHASE ***
Density     lb/cuft
Viscosity   cP
Surface Ten dyne/cm
Temperature F
Pressure    psia
Mass VFrac
Mass SFrac
*** ALL PHASES ***
Mass Flow   lb/hr
Volume Flow cuft/hr
Enthalpy    Btu/hr
Density     lb/cuft
Mass Flow   lb/hr
  1:4-B-01
  WATER
  DEXTR-01
  CARBO-01
  OLEIC-01
  LYSIN-01
  GLYCI-01
  ISOLE-01
  LEUCI-01
  METHI-01
  L-PHE-01
  THREO-01
  TRYPT-01
  TYROS-01
  VALIN-01
  INOSI-01
  NIACI-01
  POTAS-01
  MAGNE-01
  CALCI-01
  SULFU-01
  SODIU-01
  IRON
  ZINC
  MANGA-01
  COPPE-01
  CHROM-01
  MOLYB-01
  COBAL-01
  HYDRO-01
  ETHYL-01
  CELLU-01

OLPUROUT SOLIDOUT TOBOTVAL TOMIXER TOOLEMIX VAPOROUT VINASSE WARMBDO WATERNOV WTR2LLE WTRP30
           
     0.001      
     0.01      
           

55.421 60.486 59.411 59.408 55.421  59.194 64.453 63.264 63.259 63.261
36.723 2.407 2.224 2.22 36.723  1.235 128.103 1.487 1.484 1.486
32.755 55.253 81.216 81.206 32.755  60.157 46.898 76.808 76.79 76.799

66 86.2 65.6 65.7 66 41 67.1 50.1 41 41.2 41.1
49.7 17.4 42.4 17.4 49.7 0.15 39.7 65 0.15 24.7 49.7

0 0 0 0 0 1 0 0 0 0 0
0 0.985 0 0 0 0 0.311 0 0 0 0

           
185.861 6716.833 4620.035 4620.035 929.303 127.034 21266.151 8601.312 3266.198 3266.198 3266.198

3.354 19.354 77.764 77.768 16.768 215378.87 265.181 133.45 51.628 51.632 51.63
-2.33E+05 -3.00E+05 -2.42E+07 -2.42E+07 -1.17E+06 -5.85E+05 -4.77E+07 -2.10E+07 -2.23E+07 -2.23E+07 -2.23E+07

55.421 347.052 59.411 59.408 55.421 0.001 80.195 64.453 63.264 63.259 63.261
           

0 38.278 125.933 125.933 0 0.001 164.211 8523.251 13.557 13.557 13.557
0 15.089 3247.757 3247.757 0 91.177 3262.846 70.671 3247.757 3247.757 3247.757
0 1.979 447.09 447.09 0 0 449.068 0 0 0 0
0 0 4.354 4.354 0 6.533 4.354 0.144 4.354 4.354 4.354

185.861 0 0 0 929.303 0 0 0.067 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.181 40.912 40.912 0 0 41.093 0 0 0 0
0 0.126 28.413 28.413 0 0 28.539 0 0 0 0
0 0.032 0.144 0.144 0 0 0.176 7.171 0.125 0.125 0.125
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 29.735 29.735 0 0 29.867 0 0 0 0
0 0.132 0.405 0.405 0 29.324 0.537 0.009 0.405 0.405 0.405
0 43.943 0 0 0 0 9973.225 0 0 0 0
0 6613.865 0 0 0 0 6613.865 0 0 0 0
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Process Description 

Physical Properties 

The utilization of the Aspen Plus programming software limited our availability of components 

to those in the program’s data banks. Molasses and Corn Steep Liquor (CSL) were not available 

components, so to model them, we separated each material into its constituents. To model the 

molasses feed, we obtained the theoretical amount of sugar needed by the E. coli cells from the 

Genomatica Patent Application, then divided by 0.54 since molasses is 54% sugars. Molasses is also 

20% water, 12% ash, and 16% other compounds (Paturau). To model the CSL feed, we obtained the 

theoretical amount of media needed by the cells from the Genomatica Patent Application and 

operated at 25% excess.  CSL is about 50% solids, such as ash, 24% amino acids, 9% minerals, 10% 

vitamins, and 7% other compounds.  We inputted the individual vitamins, minerals, amino acids, 

and solids into Aspen to model the remaining constituents of the molasses and CSL.  The Aspen 

software also required us to assign a property method to model the non-ideal interactions among 

our components.  We narrowed down our options to the two most widely accepted property 

methods, NRTL-RK or UNIQUAC.  Though both yield non-ideal estimates of properties, we were 

advised by Mr. Bruce M. Vrana, one of our consultants from DuPont, that NRTL-RK is more 

readily used in industry, so we imitated industry standards to ensure consistent results. 

Unit Operations 

Water Sterilization Skid 

The use of organic compounds and sensitive E. coli cells requires our feed water to be sterile. 

Purchasing sterile water would be very expensive and subject to contamination during transport and 

storage. As advised by Mr. Tieri, we decided to purchase a water sterilization skid. This apparatus 

will allow us to sterilize our feed water immediately before it is sent to the fermenter, which will 
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prevent any contaminants from entering and potentially spoiling our batch of cells. We will purchase 

process water, which comes in varying forms of purity depending on the source, but will not be 

sterile. This process water will be stored in our water storage tank and sent to the sterilization skid 

when necessary. Since we require about 10,000 gallons per day of water, we decided to purchase two 

units of the commercial TV-Reverse Osmosis-10,000 from RO Consumables for about $9,900 each 

(RO Consumables, 2001). We decided to purchase a second unit as a replacement in case the first 

unit breaks down. The sterilization skid also contains a pump that will operate with a requirement of 

2 - 3 horsepower.   

Molasses Sterilizer and Holding Tanks 

Our sister facility produces blackstrap molasses (a concentrated form of traditional molasses 

with higher nutrient content) as a byproduct of their system and will sell it to us at a discounted 

price for our feedstock. However, since the facility produces molasses as a byproduct and it does not 

come from a bio-based system, the sterility of the feed is not guaranteed. Moreover, we will have to 

store the molasses in one of three 800,000-gallon storage tanks for one month during which 

production in the sister sugar and ethanol factory is halted; so, contamination may occur then as 

well. The holding tank will also provide a steady flow of molasses to the fermenter irrespective of 

upstream disturbances. The feed from this holding tank must be sterilized to ensure that the feed to 

the fermenter is contaminant-free. The molasses pumped from the sister facility to our molasses 

storage tanks will be supplied at 1.11 times the required rate for our production process and will be 

continuously sterilized immediately before entering the fermenter to 266°F with hot steam to kill 

most bacteria and microorganisms (Kristiansen, Mattey, & Linden, 2002). The 1.11 ratio of feed to 

output of the storage tanks is to account for the nine months of our sister plant’s continuous 

operation and an additional one month of storage. The excess molasses flow rate will accumulate in 

the molasses storage tank over nine months, resulting in a sufficient amount of molasses to be sent 
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through the sterilizer of molasses for the additional one month of production in which the sugar 

refinery is out of operation.    

Fermenters 

Seed Fermenter 

The seed fermenter is an 18,500-liter batch fermenter that allows the E. coli to replicate under 

aerobic conditions and a pH of 7. This batch process lasts 24 hours and provides 10% more cells 

than needed. These extra cells are used to start the next batch when needed, so new cells are not 

required to be delivered. The cells can be reused as there is little to no mutations in the E. coli as 

stated in Patent Application 20090075351. The seed fermenter is only in use once a month when the 

cells in the main fermenters need to be changed. It is sterilized after use, which takes around 20 

hours. 

Primary Fermenters 

In the initial design phase, we decided to replicate the bench-scale laboratory work done by our 

Research and Development team.  Based on the information in Patent Application 20090075351 we 

began modeling our feeds and fermenter design.  The bench-scale work was done with both a 10-

liter batch and a 10-liter continuous fermenter. We modeled our simulation as a continuous process, 

since we decided our final process would be more economical operating continuously as the batch 

time required to produce a sufficient amount of BDO was 24 hours. Since the continuous process 

yielded as much BDO in a day as the batch process did in one batch, the continuous process would 

be more economical due to the ability to run 24/7 and not need the extra time to clean and sterilize 

between each batch. 

Based on the requirement of 50 million pounds per year of BDO produced, we scaled up the 

amount of sugar the E. coli cells needed based on the Reaction 1 given below and in Patent 
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Application 20090075351 assuming a 90% conversion of sugar to BDO and the CSL in 20% excess. 

  

                                CSL +  Dextrose -->  2 BDO +  CO2 (Reaction 1) 

Since Reaction 1 given above is an anaerobic process, the fermenters are kept at 1.2 bar by sparging 

in carbon dioxide. The fermenters are also kept at a pH below 6 by a concentrated hydrochloric acid 

control stream.  The low pH of the environment severely inhibits the replication of the E. coli and 

allows the complete conversion of feed to BDO (Burgard, Van Dien, Burk, & Niu).  An agitator 

continuously rotates inside each of the fermenters to provide a well-mixed solution so the E. coli 

have greater access to the minerals.  The agitators will be run at a moderate 7 RPM in order to 

ensure low shear stress on the cells, while also ensuring proper mixing in the reactor. 

Use of Two Fermenters 

We utilize two equally-sized 43,000-liter fermenters that handle 50% of the input rather than a 

single large one, though it is less cost efficient, to allow for possible glitches in our system. A 

sensitivity analysis determined two smaller reactors operating at 50% capacity would cost us about 

$1.1 million total, whereas one large fermenter operating at 70% capacity would cost us 

$890,000.  We believe the extra $200,000 cost for the two smaller reactors will be a beneficial initial 

investment.  If a set of cells is bad, if the reactor is not pressurized correctly, or if the pH deviates 

too far from the suggested range, the single spoiled fermenter will need to be shut down, sterilized 

and the problem fixed. This will result in significant downtime and loss of revenue. By using two 

smaller reactors running at 50% capacity, if one fermenter goes down, the whole production process 

will not be stopped and when both fermenters come back on line, the capacity can be increased to 

allow extra BDO production to make up for the losses. 
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Cleaning - Sterilization/CIP 

The E. coli in the fermenters need to be replaced once a month but the fermenters only need to 

be sterilized every other month, which is five to six times per year. The clean-in-place (CIP) process 

will take about 30 hours for each fermenter. Cleaning of the remaining equipment will take place 

once a year during the two months of downtime in the Brazilian rainy season. Appendix G shows a 

sample operating schedule. 

Aspen Simulation of Fermenters 

In Aspen, the fermenter was modeled as an RSTOIC reactor, which allowed us to input 

reactions as well as the degree of conversion. However, due to the lack of CSL in the Aspen 

databanks, the reaction would not balance due to the improper amounts of elements being fed in. 

Thus, just using an atomic species balance, ethyl acetate was used to model the CSL in the RSTOIC 

and was removed immediately after the fermenter to avoid any interactions it may have with the 

other components in the process. 

Centrifuge 

The solid-liquid separation system we pursued was a centrifuge.  The benefit of a centrifuge is 

that some of the models can be run continuously without constant need to be cleaned or have their 

filters replaced.  The specific device we implemented was a continuous reciprocating 

pusher.  Despite its extra capital cost, we chose this device over the other style, a continuous solid 

scroll bowl, since the solid scroll bowl is not suitable for handling fragile materials, such as our E. coli 

(Sinnott, 2005).  The continuous reciprocating pusher will efficiently separate the ash in the molasses 

(12%) (Paturau), ash in the CSL (17%) (Corn Refiners Association, 2006) and the E. coli cell solids 

from the BDO, water, and dissolved minerals liquid stream. 
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The solid output will contain some E. coli, but 80% of the solids stream will be recycled to the 

fermenter to prevent the concentration of cells in the fermenter from varying too much.  The 

recycle stream will also be frequently analyzed and tested to ensure the recycled E. coli cells are 

robust enough to be sent back to the fermenter.  The purged stream will be sold back to our sister 

plant as vinasse, a common type of fertilizer. E. coli will be present in the vinasse, but it is assumed 

that they are not harmful to the environment and can be released with no ill side effects. The liquid 

overflow will be captured and held in an eight-hour holding tank before being fed into the 

distillation column.  This allows the feed into the column to remain constant in case of upstream 

fluctuations.  

Distillation Tower 

We are using one vacuum distillation tower with five dual-flow trays and a partial condenser to 

separate out the minerals, solutes, and other impurities in the feed stream using oleic acid. The 

distillate will contain both water and oleic acid and enter a partial condenser. The partial condenser 

will condense the BDO, but not the water. A portion of the BDO will be sent back to the column as 

reflux, while the other portion will be sent to day tanks as the final product. The water, on the other 

hand, will be sent to another flash column, where the carbon dioxide that came out of solution when 

the pressure changed, will be drawn off. The remaining water will be sent to the decanter. 

Dual flow trays were chosen to allow the solid particles to easily travel through the trays without 

restricting the flow due to sediment build-up. We calculated seven theoretical stages to allow for two 

trays above and two trays below the feed stream. 

The distillation column will have to operate at high vacuum in order to attain optimal separation 

of BDO from the water, while also decreasing the reboiler temperature to 450°F, at which high-

pressure steam can still be used as a heat source. Moreover, any reboiler temperatures higher than 

450°F are hard to manage. The high temperature of the reboiler, in addition to the corrosive acids 
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and minerals in the bottoms stream, require the use of Monel-400, over stainless steel or Nickel-200, 

as the design material of the distillation tower reboiler. The original design with the distillation tower 

operating at atmospheric pressure resulted in a reboiler temperature of 733°F. A blower above the 

column condenser will reduce the tower pressure to 0.076 psia.  

Decanter 

In order to recover the minerals contained in our oleic acid stream from the distillation tower, 

we will feed this stream to a decanter along with water.  The water-soluble minerals will dissolve in 

the water and be mixed in with the solid purge from the centrifuge to be sold as the fertilizer, 

vinasse, to our sister sugar and ethanol facility.  The pure oleic acid will be recycled to the distillation 

tower to perform its original duty as a mineral sink.  A purge stream will be used to remove excess 

oleic acid and prevent buildup in the system.  Fresh oleic acid will also be fed into the distillation 

tower to reduce the buildup of minerals, in the event that the decanting does not completely transfer 

the minerals to the water.  A static mixer will be placed before the decanter to allow thorough 

mixing of the oleic acid, minerals and water.  The residence time of the decanter is estimated to be 

about 30 minutes to allow for complete transfer.  This was calculated based on the settling time of a 

droplet of oleic acid in water using the following equation: 

                                   t = 3*viscosity/sp.gr difference  (Equation 4) 

in which t = decanter residence time in minutes, viscosity = viscosity of predominant continuous 

liquid phase in centipoise (water for us since water flow rate = 3255 pounds per hour and oleic acid 

flow rate = 930 pounds per hour), and specific gravity difference = the g/cm^3 difference in 

densities of the liquid phases (USBCD, 2008). 

Aspen could not accurately account for the binary interactions between oleic acid and water, and 

calculated the two to be highly miscible. Oleic acid, as mentioned previously, is highly hydrophobic, 
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so the two phases will remain distinct. Mr. Vrana advised us to not always trust Aspen’s interactions 

and to model the decanter as a SEP2 to provide a more realistic separation. 

Multistage Compressor vs. Blowers 

From the distillation column’s reflux accumulator we have a single step blower that increases the 

pressure from 0.071 psi to 0.15 psi of the water vapor. We cool the vapor to 41°F to allow the water 

condense and subsequently flash out the carbon dioxide which is compressed with a multistage 

compressor to 1.2 bar. This compressor requires only 28 horsepower. Our industry consultant 

suggested we use a multistage compressor in place of our first blower to raise our pressure from 

0.071 psi to above atmospheric, and then condenser that vapor stream, again using a flash, with a 

blower this time, to remove the carbon dioxide. This method lead to an 1100 horsepower 

requirement and it raised our steam temperature to 1700°F. Though the cooler could use regular 

water rather than cooling water, it is a waste of energy as we need to cool the stream enough to have 

it enter the decanter at around 120°F.  

Day Tanks 

After separation from the steam in the reflux condenser, the product stream will be held into 

one of two 11,500-gallon, eight-hour day tanks before being shipped to our customers. The day 

tank’s eight hour holdup time is used to test the purity and composition of our product to ensure its 

quality before it is sent to customers. While one tank is being tested, the other tank will continue to 

be filled by the product stream from the reflux condenser. When testing is done and the tank 

empties, the role of each of the tanks will switch, allowing for continuous operation, while 

maintaining the accuracy of the tests. 
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Material and Product Delivery:  Trains vs. Trucks 

For incoming and outgoing deliveries, we are going to be using trucks, as opposed to a rail 

system. On the materials side, we will be receiving two 5,500-gallon trucks of process water per day, 

one truck of oleic acid every four days, and seven trucks of CSL every four days. On the product 

side, we will be exporting five trucks of our product every day. 

We chose trucking due to the resulting inefficiency from filling rail cars. Tanker trains, which 

hold 30,000 gallons (Guide to Railcars), would require us to import1/3 of a tanker a day of process 

water, 1/10 of a tanker of oleic acid once every four days and two tankers of corn steep liquor every 

four days. Though fewer trains are needed, it is a waste of money to bring in tankers that are not 

close to filled. We also considered slowing down the frequency of the train deliveries, but this would 

require more significant costs in holding tanks and other storage. 
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Energy Balances and Utility Requirements 

Table 2: Overall Material and Energy Balances 

    In Out Diff 
Components         
  (LB/HR)       
  1:4-B-01 0.0 8687.3 -100.00% 
  WATER 3421.8 3421.8 0.00% 
  DEXTR-01 9132.5 449.1 1933.64% 
  CARBO-01 0.0 4241.5 -100.00% 
  OLEIC-01 186.0 185.9 0.04% 
  LYSIN-01 41.1 41.1 0.01% 
  GLYCI-01 41.1 41.1 0.01% 
  ISOLE-01 41.1 41.1 0.01% 
  LEUCI-01 41.1 41.1 0.01% 
  METHI-01 41.1 41.1 0.01% 
  L-PHE-01 41.1 41.1 0.01% 
  THREO-01 41.1 41.1 0.01% 
  TRYPT-01 41.1 41.1 0.01% 
  TYROS-01 41.1 41.1 0.01% 
  VALIN-01 41.1 41.1 0.01% 
  INOSI-01 28.5 28.5 0.01% 
  NIACI-01 7.3 7.3 0.00% 
  POTAS-01 29.9 29.9 0.01% 
  MAGNE-01 29.9 29.9 0.01% 
  CALCI-01 29.9 29.9 0.01% 
  SULFU-01 29.9 29.9 0.01% 
  SODIU-01 29.9 29.9 0.01% 
  IRON 29.8 29.8 0.01% 
  ZINC 29.8 29.8 0.01% 
  MANGA-01 29.8 29.8 0.01% 
  COPPE-01 29.8 29.8 0.01% 
  CHROM-01 29.9 29.9 0.01% 
  MOLYB-01 29.9 29.9 0.01% 
  COBAL-01 29.9 29.8 0.01% 
  HYDRO-01 44.6 44.6 0.00% 
  ETHYL-01 14202.7 9961.2 42.58% 
  CELLU-01 6612.1 6612.1 0.00% 
Total Balance         
  MOLE(LBMOL/HR) 456.139 552.536 -0.174463 
  MASS(LB/HR) 34411.9 34411.7 5.26E-06 
  ENTHALPY(BTU/HR) -8.46E+07 -8.59E+07 1.54E-02 
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Table 3: Utilities Consumption and Costing 

 Utility Unit 
Required 

Ratio 
Unit 

Utility 
Cost 

Unit 

1 High Pressure Steam (633 psig) lb 3,702 lb per ton of 1,4 
Butanediol $5.489E-03 per lb 

2 Low Pressure Steam (150 psig) lb 365 lb per ton of 1,4 
Butanediol $3.504E-03 per lb 

3 Refrigeration, 100°F ton 1.98 ton per ton of 1,4 
Butanediol $6.93 per ton 

4 Brine Cooling Water 1000 gal 0.95 1000 gal per ton of 1,4 
Butanediol $0.075 per 1000 gal 

5 Electricity kWh 26 kWh per ton of 1,4 
Butanediol $0.044 per kWh 

6 Treatment of Waste Oleic ton 0.093 ton per ton of 1,4 
Butanediol $60.00 per ton 

7 Sterilization of Water ton 0.47 ton per ton of 1,4 
Butanediol $60.00 per ton 

 Total Weighted Average:   $70 per ton of 1,4 
Butanediol 

 

The enthalpy entering the system was calculated to be -84.6 million BTU per hour, while the 
enthalpy leaving the system was calculated to be -85.9 million BTU per hour.  This is a difference of 
1.3 million BTU per hour, which is comparable to the utilities provided to the system.   
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Specification Sheets, Equipment List, and Descriptions 

The following pages detail the sizes and costs of the various equipment in our plant. 
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B-100-SeedFermenterBlower

Equipment Category Fans, Blowers, Compressors
Subtype 1 Blowers
Subtype 2 Centrifugal (turbo) blower
Construction Material Stainless Steel
Blade Type Cast Aluminum Blades

Inlet Volumetric Flow, Qi, ft^3/min 16082.1335
Applicable Range

Inlet Pressure, psi 14.7
Applicable Range

Outlet Pressure, psi 17.40932642
Applicable Range

Specific Heat Ratio, k 1.4 heat capacity ratio of CO2 at 20 degrees C
Applicable Range http://en.wikipedia.org/wiki/Heat_capacity_ratio

Equipment Base f.o.b. Cost 79,413.33$                                                                                
Material Factor 2.50
Blade Type Factor 0.60

1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 119,119.99$                                                                              

Notes/Base Case See Page 565:  Includes electric motor drive, Assuming 
Nb=0.75

EQUIPMENT COSTING

Since Seed is half Main, used 
half of Main total Flow Rate
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B-101-MainFermenterBlower

Equipment Category Fans, Blowers, Compressors
Subtype 1 Blowers
Subtype 2 Centrifugal (turbo) blower
Construction Material Cast Iron
Blade Type Cast Aluminum Blades

Inlet Volumetric Flow, Qi, ft^3/min 16082.1335
Applicable Range

Inlet Pressure, psi 17.40452856
Applicable Range

Outlet Pressure, psi 42.40452856
Applicable Range

Specific Heat Ratio, k 1.4 heat capacity ratio of CO2 at 20 degrees C
Applicable Range http://en.wikipedia.org/wiki/Heat_capacity_ratio

Equipment Base f.o.b. Cost 361,329.12$                                                                                
Material Factor 1.00
Blade Type Factor 0.60

1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 216,797.47$                                                                                

Notes/Base Case See Page 565:  Includes electric motor drive, Assuming 
Nb=0.75

EQUIPMENT COSTING
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B-102-DistillationTowerBlower

Equipment Category Fans, Blowers, Compressors
Subtype 1 Blowers
Subtype 2 Centrifugal (turbo) blower
Construction Material Cast Iron
Blade Type Cast Aluminum Blades

Inlet Volumetric Flow, Qi, ft^3/min 235153.3333
Applicable Range

Inlet Pressure, psi 0.073758
Applicable Range

Outlet Pressure, psi 0.081134
Applicable Range

Specific Heat Ratio, k 1.33 heat capacity ratio of H2O at 20 degrees C
Applicable Range http://en.wikipedia.org/wiki/Heat_capacity_ratio

Equipment Base f.o.b. Cost 6,675.26$                                                                                    
Material Factor 1.00
Blade Type Factor 0.60

1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 4,005.16$                                                                                    

Notes/Base Case See Page 565:  Includes electric motor drive, Assuming 
Nb=0.75

EQUIPMENT COSTING
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B-103-Compressor

Equipment Category Fans, Blowers, Compressors
Subtype 1 Compressors
Subtype 2 Centrifugal Compressor
Construction Material Cast Iron/Carbon-Steel
Drive Electric Motor Drive

Bare-Module Type Use Bare-Module Factor

Consumed Power, Hp 25
Applicable Range 200 - 30,000 Hp

Equipment Base f.o.b. Cost 25,721.97$                                                                                
Material Factor 1.00
Drive Factor 1.00

1.00

Bare-Module Factor 2.15

CE Index 500

Equipment Bare-Module Cost 55,302.23$                                                                                

Notes/Base Case See Page 565:  Includes drive

EQUIPMENT COSTING
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C-100-Centrifuge

Equipment Category Solid-Liquid Separators
Subtype 1 Centrifuges
Subtype 2 Continuous Reciprocating Pusher

Bare-Module Type Use Bare-Module Factor

Tons solids/hr, S 16.819
Applicable Range 1 - 20 tons solids/hr

Equipment Base f.o.b. Cost 349,809.27$                                                                              
1.00
1.00
1.00

Bare-Module Factor 2.03

CE Index 500

Equipment Bare-Module Cost 710,112.81$                                                                              

Notes/Base Case See Page 585:  Stainless steel

EQUIPMENT COSTING

Bibolet, Fernando, Shah

63



D-100-Decanter

Vessel Type Horizontal Vessel Material (Cost) Stainless Steel 304
Material Factor 1.7

Height/Length (ft) 11.8
Diameter (ft) 2.4 Vessel Cost - Eq. (22.53) 24,996.69$                                   

Platforms & Ladders Cost - Eq. 
(22.55) 2,394.83$                                     

Operating Pressure (psig) 0
Design Pressure (psig) 0 Tray/Packing? Neither

Material (Stress) Carbon Steel (SA-285 Grade C)
Design Temperature (F) -20 to 650

Maximum Allowable 
Stress (psig) 13750

Minimum Wall Thickness
Inside Diameter Range Up to 4 ft
Minimum Thickness (in.) 0.25

Weld Efficiency
Wall Thickness Range Up to 1.25 in. Total f.o.b. Purchase Cost 27,391.52$                                   
 Efficiency 0.85

Bare-Module Factor 3.05
Estimated Wall 
Thickness (in.) 0.0000
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 83,544.14$                                   

Vessel Wall Thickness (in) - Eq. 
(22.60) 0.375

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 1605

VESSEL SIZING
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D-100-Decanter-Sizing

Flow in (from ASPEN) 51.523 ft^3/hr 0.858717 ft^3/min
water viscosity (predominant continuous liquid phase) 1 cp
density of oleic acid 0.895 g/cm^3
density of water 1 g/cm^3
specific gravity difference in densities 0.105 g/cm^3

decanter residence time calculated using following equation:  3*viscosity/sp.gr difference      28.57143 min 0.47619 hrs
rounded residence time 30 mins

Volume (decanter) 25.7615 ft^3 192.7086 gallons
Container liquid percent full at operation 50%
Volume (decanter) if liquid volume at container % full 51.523 ft^3 385.4173 gallons

Assuming Aspect Ratio = L/D = 5

Vdecanter = pi*r^2*L = pi*r^2*10*r

r (radius) 1.17928 ft
D (diameter) 2.358561 ft
L (length) 11.7928 ft
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E-100-Molasses Pasteurizer HX-Sizing 

Qaspen = mmolassesCp,molassesΔT = 1,201,620 BTU/hr 

Hot - Tube (A) – steam 

Cold - Shell (B) – molasses 

Cold (B) in T = 86°F 

m = 15,746 lb/hr (or 7,142 kg/hr) 

Cold (B) out T = 266°F 

ΔTB = 180°F 

CP,molasses = 0.424 BTU/(lb*R) 

Cp,steam = 1 BTU/(lb*R) 

 

Driving Force = 45°F 

Temperature to match = 311°F 

 

Steam choice = 150 psig 

Sat temp (Hot in T) = 366°F 

 

Latent Heat of Vap = 857.5 BTU/lb 

Steam Flow Rate = 1,401.3 lb/hr 

 

Hot out T = 366.0°F 

 

LMTD = ((366 – 86) – (366 – 266))/ln((366 – 86)/(366 – 266)) = 174.8°F 

U = 45 BTU/(sqft*°F*hr) [40 – 50 for tar, as on page 488 of Seider textbook] 

Therefore, A = 152.7 sqft 
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E-100-MolassesPasteurizer

Equipment Category Heat Exchangers
Subtype 1 Shell & Tube
Subtype 2 Fixed Head
Shell/Tube Material Carbon Stell/Stainless Steel
Tube Length 20 ft
Pressure Select to use Pressure Factor
Bare-Module Type Use Bare-Module Factor

Surface Area, A, ft^2 153
Applicable Range 150 - 12,000 ft^2

Shell-Side Pressure, psig 37.8
Applicable Range 0 - 2,000 psig

Equipment Base f.o.b. Cost 9,376.56$                                                                                   
Material Factor 2.81
Tube Length Factor 1.00
Pressure Factor 1.00

Bare-Module Factor 3.17

CE Index 500

Equipment Bare-Module Cost 46,665.65$                                                                                

Notes/Base Case See Page 475, 570:  1 in. OD, 16 BWG carbon-steel tubes, 
20 ft long, square or triangular pitch

EQUIPMENT COSTING
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E-101-Distillation Feed HX-Sizing 

Qaspen = 272,789 BTU/hr 

Hot - Tube (A) – oleic + minerals 

Cold - Shell (B) – distillation feed 

Cold (B) in T = 87.5°F 

mcold = 14,284 lb/hr (or 6,479 kg/hr) 

Cold (B) out T = 119.2°F 

ΔTB = 31.7°F 

Hot (A) in T = 390.2°F 

Hot (A) out T = 120°F 

ΔTA = 270.2°F 

CP,oleic =  0.5129 BTU/(lb*R) 

Cp,distillation feedr = 0.6128415 BTU/(lb*R) 

 

Q = U*A*LMTD = 272,789.4 BTU/hr 

LMTD = ((390.2 – 87.5) – (120 – 119.2))/ln((390.2 – 87.5)/(120 – 119.2)) = 50.86°F 

U = 40 BTU/(sqft*°F*hr) [20 – 60 for organic-organic, as on page 488 of Seider textbook] 

Therefore, A = 134.09 sqft 
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E-101-DistillationFeedHX

Equipment Category Heat Exchangers
Subtype 1 Shell & Tube
Subtype 2 Fixed Head
Shell/Tube Material Carbon Stell/Stainless Steel
Tube Length 20 ft
Pressure Select to use Pressure Factor
Bare-Module Type Use Bare-Module Factor

Surface Area, A, ft^2 134
Applicable Range 150 - 12,000 ft^2

Shell-Side Pressure, psig 15.3
Applicable Range 0 - 2,000 psig

Equipment Base f.o.b. Cost 9,306.91$                                                                                   
Material Factor 2.79
Tube Length Factor 1.00
Pressure Factor 1.00

Bare-Module Factor 3.17

CE Index 500

Equipment Bare-Module Cost 46,150.92$                                                                                

Notes/Base Case See Page 475, 570:  1 in. OD, 16 BWG carbon-steel tubes, 
20 ft long, square or triangular pitch

EQUIPMENT COSTING
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E-102-Distillation Tower Condenser-Sizing 

Qcondenser = 8,006,613.7 BTU/hr 

Hot - Tube (A) – bdo + water,  

Cold - Shell (B) – cooling water 

Hot (A) in T = 227.13°F 

m = 12,010.678 lb/hr 

Hot (A) out T = 71.695°F 

ΔTA = 270.2°F 

CP,bdo+water =  .5845897 BTU/(lb*R) 

Cp,cooling water = 0.7643 BTU/(lb*R) 

 

Driving Force = 10°F 

Temperature to match = Hot out T – Driving Force = 61.7°F 

 

Cold Flow Rate = 27,626.0 lb/hr 

Cold out T = Cold in + mhot*Cp,bdo+water*ΔTA/(mcold*Cp,cooling water) = 61.7°F 

 

Q = U*A*LMTD = 8,006,613.7 BTU/hr 

LMTD = ((227.13 – 10) – (71.69 – 61.7))/ln((227.13 – 10)/(71.69 – 61.7)) = 67.3°F 

U = 100 BTU/(sqft*°F*hr) [50 – 150 for organic-water, as on page 488 of Seider textbook] 

Therefore, A = 1189.8 sqft 
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E-102-DistillationTowerCondenser

Equipment Category Heat Exchangers
Subtype 1 Shell & Tube
Subtype 2 Fixed Head
Shell/Tube Material Carbon Stell/Stainless Steel
Tube Length 20 ft
Pressure Select to use Pressure Factor
Bare-Module Type Use Bare-Module Factor

Surface Area, A, ft^2 1190
Applicable Range 150 - 12,000 ft^2

Shell-Side Pressure, psig -14.59
Applicable Range 0 - 2,000 psig

Equipment Base f.o.b. Cost 16,367.45$                                                                                
Material Factor 3.13
Tube Length Factor 1.00
Pressure Factor 1.00

Bare-Module Factor 3.17

CE Index 500

Equipment Bare-Module Cost 86,744.45$                                                                                

Notes/Base Case See Page 475, 570:  1 in. OD, 16 BWG carbon-steel tubes, 
20 ft long, square or triangular pitch

EQUIPMENT COSTING
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E-103-Distillation Tower Reboiler-Sizing 

Qaspen = 11,492,172.2 BTU/hr       

Hot - Tube (A) – steam 

Cold - Shell (B) – Oleic + minerals 

Cold (B) in  T = 321.17°F = 160.65°C 

m = 2,273.486 (lb/hr = 1,031.25 kg/hr) 

Cold (B) out T = 449.25°F = 231.81°C 

ΔTB = 71.16°C or 128.09°F 

CP,oleic&minerals = .5128926 Btu/(lb*R) 

Cp,water = 1 Btu/(lb*R) 

Reboiler Heat Duty = 11,492,172.2 BTU/hr 

 

Driving force = 45°F 

Temperature to match = Cold out T + Driving Force = 494.3°F 

 

Steam Choice:  633 psig 

Hot (A) in T = Sat temp = 494.25°F 

 

Latent Heat of Vap = 721.9 BTU/lb 

Steam Flow Rate = Heat Duty/Latent Heat of Vap = 15,919.3 lb/hr 

Hot out T = 494.3°F since steam will condense but remain at Hot in T 

 

Q = U*A*LMTD = 11,492,172.2 BTU/hr       

LMTD = ((494.25 – 321.2)-(494.3 – 449.3))/ln((494.25 – 321.2)/(494.3 – 449.3)) = 95.1°F 

U = 20.0 BTU/(sqft*°F*hr) [15 – 25 for No. 6 fuel oil, as on page 488 of Seider textbook] 

Therefore, A =  6,043.5 sqft 
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E-103-DistillationTowerReboiler

Equipment Category Heat Exchangers
Subtype 1 Shell & Tube
Subtype 2 Fixed Head
Shell/Tube Material Carbon Stell/Stainless Steel
Tube Length 20 ft
Pressure Select to use Pressure Factor
Bare-Module Type Use Bare-Module Factor

Surface Area, A, ft^2 6,043
Applicable Range 150 - 12,000 ft^2

Shell-Side Pressure, psig -14.03
Applicable Range 0 - 2,000 psig

Equipment Base f.o.b. Cost 45,865.94$                                                                                
Material Factor 3.45
Tube Length Factor 1.00
Pressure Factor 1.00

Bare-Module Factor 3.17

CE Index 500

Equipment Bare-Module Cost 257,967.64$                                                                              

Notes/Base Case See Page 475, 570:  1 in. OD, 16 BWG carbon-steel tubes, 
20 ft long, square or triangular pitch

EQUIPMENT COSTING
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E-104-Distillation Vapor Condenser-Sizing 

Qaspen = 3,502,311.4 BTU/hr       

Cold - Shell (A) – Brine 

Hot - Tube (B) – Water 

Hot (B) in T = 71.7°F = 39.83°C 

m = 3,384.06 lb/hr (m = 1,535.01 kg/hr) 

Hot (B) out T = 41°F = 22.78°C 

ΔTB = 17.05°C or 30.7°F = about 31°F 

Cp,water =  1 Btu/(lb*R) 

CP,brine = .7643 Btu/(lb*R) 

Cold (A) in T (Sat temp) = 10°F 

 

Driving Force = 10°F 

Temperature to match = ΔTB = 31°F 

 

mcold = Cold Mass Flow = 6473.08 lb/hr 

 

Cold (A) out = Cold (A) in + mhot*Cp,water*ΔTB/(mcold*Cp,brine) = 31°F 

 

Q = U*A*LMTD = 3,502,311.4 BTU/hr       

LMTD = ((71.7 – 10)-(41 – 31))/ln((71.7 – 10)/(41 – 31))= 28.4°F 

U = 325 BTU/(sqft*°F*hr) [250 – 4000 for water/water, as on page 489 of Seider textbook] 

Therefore, A =  379.4 sqft 
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E-104-DistillationVaporCondenser

Equipment Category Heat Exchangers
Subtype 1 Shell & Tube
Subtype 2 Fixed Head
Shell/Tube Material Carbon Stell/Stainless Steel
Tube Length 8 ft
Pressure Select to use Pressure Factor
Bare-Module Type Use Bare-Module Factor

Surface Area, A, ft^2 380
Applicable Range 150 - 12,000 ft^2

Shell-Side Pressure, psig -14.55
Applicable Range 0 - 2,000 psig

Equipment Base f.o.b. Cost 10,835.97$                                                                                
Material Factor 2.94
Tube Length Factor 1.25
Pressure Factor 1.00

Bare-Module Factor 3.17

CE Index 500

Equipment Bare-Module Cost 63,329.74$                                                                                

Notes/Base Case See Page 475, 570:  1 in. OD, 16 BWG carbon-steel tubes, 
20 ft long, square or triangular pitch

EQUIPMENT COSTING
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F-100-Seed Fermenter-Sizing 

 

Continuous Bench-Scale cell concentration = 4 g/L 

Continuous Bench-Scale Volume = 10 L 

Continuous Bench-Scale amount of cells = 4 g/L * 10 L = 40 g 

Calculated Continuous Scale up Factor = 3700 

Scaled up Bench-Scale cell amount = 40 g * 3700 = 148,000 g cells 

Batch Bench-Scale cell concentration = 8 g/L

Batch Bench-Scale Volume = 10 L 

Batch Bench-Scale amount of cells = 8 g/L * 10 L = 80 g cells 

Batch scale up factor = 148,000 g cells / 80 g cells = 1850 

Volume Batch Scale up factor = 1850 

Batch Bench-Scale Volume = 10 L 

Scaled up Volume = Batch Bench-Scale Volume * Batch Scale up factor = 18,500 L
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F-100-SeedFermenter-110

Vessel Type Vertical Vessel Material (Cost) Stainless Steel 304
Material Factor 1.7

Height/Length (ft) 19.53
Diameter (ft) 6.51 Vessel Cost - Eq. (22.54) 72,930.69$                                   

Platforms & Ladders Cost - Eq. 
(22.56) 11,817.16$                                   

Operating Pressure (psig) 2.7045
Design Pressure (psig) 10 Tray/Packing? Neither

Material (Stress) Carbon Steel (SA-285 Grade C)
Design Temperature (F) -20 to 650

Maximum Allowable 
Stress (psig) 13750

Minimum Wall Thickness
Inside Diameter Range 6 - 8 ft
Minimum Thickness (in.) 0.375

Weld Efficiency
Wall Thickness Range Up to 1.25 in. Total f.o.b. Purchase Cost 84,747.85$                                   
 Efficiency 0.85

Bare-Module Factor 4.16
Estimated Wall 
Thickness (in.) 0.0404
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 352,551.05$                                 

Vessel Wall Thickness (in) - Eq. 
(22.60/22.62) 0.500

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 10396

VESSEL SIZING
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F-100-SeedFermenter

Equipment Category Agitators
Subtype 1 Propeller, closed vessel
Subtype 2

Motor Hp 2
Applicable Range 1 - 8 Hp

Equipment Base f.o.b. Cost 3,712.69$                                                                                   
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 3,712.69$                                                                                   

Notes/Base Case See Page 580:  Includes motor shaft, direct coupling to 
motor, pressures up to 150 psig

EQUIPMENT COSTING
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F-101-Fermenter-Sizing 

Sugar in � 9,132.429 lb/hr 

Sugar out � 457.368 lb/hr 

 

Cout = Cin * exp(-t/tau) where t = batch time & tau = residence time 

t = 24 hours 

 

Therefore tau = 8.0158 hours 

 

tau * Utotal = Vreactor where Utotal = total volumetric flow rate to reactor (258.433 ft^3/hr) & Vreactor = 
volume of reactor  

Vreactor = 2071.55 ft^3 = 15,496.3 gallons 

 

Assuming 2 reactors operate at 70% capacity, Vreactor needs to be 2071.55/2/0.7 = 1479.69 ft^3 

 

Assuming Aspect Ratio = H/D = 3, Vreactor = pi*r^2*h = pi*r^2*6r 

 

Therefore, reactor dimensions are:  r = 4.2818 ft; D = 8.5635 ft; H = 25.6905 ft 
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F-101-Fermenter&Agitator

Vessel Type Vertical Vessel Material (Cost) Stainless Steel 304
Material Factor 1.7

Height/Length (ft) 25.7
Diameter (ft) 8.6 Vessel Cost - Eq. (22.54) 110,742.92$                                 

Platforms & Ladders Cost - Eq. 
(22.56) 17,628.72$                                   

Operating Pressure (psig) 2.709
Design Pressure (psig) 10 Tray/Packing? Neither

Material (Stress) Carbon Steel (SA-285 Grade C)
Design Temperature (F) -20 to 650

Maximum Allowable 
Stress (psig) 13750

Minimum Wall Thickness
Inside Diameter Range 8 - 10 ft
Minimum Thickness (in.) 0.4375

Weld Efficiency
Wall Thickness Range Up to 1.25 in. Total f.o.b. Purchase Cost 128,371.64$                                 
 Efficiency 0.85

Bare-Module Factor 4.16
Estimated Wall 
Thickness (in.) 0.0528
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 534,026.02$                                 

Vessel Wall Thickness (in) - Eq. 
(22.60/22.62) 0.563

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 20328

VESSEL SIZING
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F-101-MainFermenter

Equipment Category Agitators
Subtype 1 Propeller, closed vessel
Subtype 2

Motor Hp 7
Applicable Range 1 - 8 Hp

Equipment Base f.o.b. Cost 4,593.89$                                                                                   
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 4,593.89$                                                                                   

Notes/Base Case See Page 580:  Includes motor shaft, direct coupling to 
motor, pressures up to 150 psig

EQUIPMENT COSTING
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P-100-OleicFeedPump

Equipment Category Pumps water flow rate --> 1,553,400.00 gram/hr
Subtype 1 External Gear Pumps water density --> 1 gram/ml
Subtype 2 volume conversion --> 0.000264172 gallons/ml
Construction Material Cast Iron

(CSL = 1.3 gm/ml + 0.3 for gm/ml MgSO4, K3PO4, NH4Cl estimate)

Bare-Module Type Use Bare-Module Factor

Flow Rate, gpm 8.36
Applicable Range 10 - 900 gpm

Equipment Base f.o.b. Cost 3,825.07$                                                                                   
Material Factor 1.00

1.00
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 12,622.74$                                                                                 

Notes/Base Case See Page 559:  Includes base plate and driver coupling, 
but not electric motor

EQUIPMENT COSTING

Assuming Water flow operation for 2 off-
season months in addition to 9 in-season 
months
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P-101-MolassesPump

Equipment Category Pumps molasses flow rate per tank --> 2,557,037.04 gram/hr
Subtype 1 External Gear Pumps molasses density --> 1.48 gram/ml
Subtype 2 volume conversion --> 0.000264172 gallons/ml
Construction Material Stainless Steel

Bare-Module Type Use Bare-Module Factor

Flow Rate, gpm 9.3
Applicable Range 10 - 900 gpm

Equipment Base f.o.b. Cost 3,959.61$                                                                                      
Material Factor 2.00

1.00
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 17,026.34$                                                                                   

Notes/Base Case See Page 559:  Includes base plate and driver coupling, 
but not electric motor

EQUIPMENT COSTING

Assuming Molasses flow at 7.67 mio g/hr, operation 
for 2 off-season months in addition to 9 in-season 
months
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P-101-MolassesPump-Motor

Equipment Category Pumps
Subtype 1 Electric Motors
Subtype 2

Enclosure Type Totally Enclosed, fan-cooled, 1 to 250 Hp, 1800 RPM

Bare-Module Type Use Bare-Module Factor

Flow Rate, Q, gpm 27.9
Applicable Range 50 - 5,000 gpm

Head, H, ft 20
Applicable Range

Density, lb/gal 12.351129
Applicable Range

Equipment Base f.o.b. Cost 328.12$                                                                                      
1.00

Enclosure Type Factor 1.30
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 1,181.22$                                                                                   

Notes/Base Case See Page 262, 559:  

EQUIPMENT COSTING
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P-105-MediaFeedPump

Equipment Category Pumps media flow rate --> 7,463,987.58 gram/hr
Subtype 1 External Gear Pumps media density --> 1.6 gram/ml
Subtype 2 volume conversion --> 0.000264172 gallons/ml
Construction Material Stainless Steel

(CSL = 1.3 gm/ml + 0.3 for gm/ml MgSO4, K3PO4, NH4Cl estimate)

Bare-Module Type Use Bare-Module Factor

Flow Rate, gpm 25.1
Applicable Range 10 - 900 gpm

Equipment Base f.o.b. Cost 5,646.10$                                                                                  
Material Factor 2.00

1.00
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 24,278.21$                                                                                

Notes/Base Case See Page 559:  Includes base plate and driver coupling, 
but not electric motor

EQUIPMENT COSTING

Assuming Media flow operation for 2 off-season 
months in addition to 9 in-season months
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Equipment Category Pumps water flow rate --> 1,553,400.00 gram/hr
Subtype 1 External Gear Pumps water density --> 1 gram/ml
Subtype 2 volume conversion --> 0.000264172 gallons/ml
Construction Material Cast Iron

(CSL = 1.3 gm/ml + 0.3 for gm/ml MgSO4, K3PO4, NH4Cl estimate)

Bare-Module Type Use Bare-Module Factor

Flow Rate, gpm 8.36
Applicable Range 10 - 900 gpm

Equipment Base f.o.b. Cost 3,825.07$                                                                                  
Material Factor 1.00

1.00
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 12,622.74$                                                                                

Notes/Base Case See Page 559:  Includes base plate and driver coupling, 
but not electric motor

EQUIPMENT COSTING

Assuming Water flow operation for 2 off-season 
months in addition to 9 in-season months
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P-10X-GenericPump

Equipment Category Pumps average flow rate --> 3,000,000.00 gram/hr
Subtype 1 External Gear Pumps average density --> 1.3 gram/ml
Subtype 2 volume conversion --> 0.000264172 gallons/ml
Construction Material Stainless Steel

Bare-Module Type Use Bare-Module Factor

Flow Rate, gpm 12.42
Applicable Range 10 - 900 gpm

Equipment Base f.o.b. Cost 4,365.25$                                                                                      
Material Factor 2.00

1.00
1.00

Bare-Module Factor 3.3

CE Index 500

Equipment Bare-Module Cost 18,770.56$                                                                                    

Notes/Base Case See Page 559:  Includes base plate and driver coupling, 
but not electric motor

EQUIPMENT COSTING

Assuming Water flow operation for 2 off-
season months in addition to 9 in-season 
months
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T-100-Oleic Acid Distillation Tower

Vessel Type Tower Vessel Material (Cost) Monel-400
Material Factor 3.6

Height/Length (ft) 27
Diameter (ft) 15.45 Vessel Cost - Eq. (22.57) 739,194.47$                                 

Platforms & Ladders Cost - Eq. 
(22.58) 23,911.11$                                   

Operating Pressure (psig) -14.626
Design Pressure (psig) -15 Tray/Packing? Tray

Low-Alloy Steel (SA-387B) Tray Type Sieve
-20 to 650 Tray Type Factor 1

15000
Tray Material Monel

Material (Elasticity) Low-Alloy Steel - 650 F Material Factor 4.0364
Modulus of Elasticty (psi) 27000000

Number of Trays 5
Minimum Wall Thickness Tray Number Factor 9.2

Inside Diameter Range 10 - 12 ft
Minimum Thickness (in.) 0.5

Tray Cost - Eq. (22.67) 254,769.58$                                 
Weld Efficiency

Wall Thickness Range Total f.o.b. Purchase Cost 1,017,875.16$                             
 Efficiency

Bare-Module Factor 4.16
Estimated Wall 
Thickness (in.) 0.8497
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 4,234,360.65$                             

Vessel Wall Thickness (in) - Eq. 
(22.63/22.64) 0.975

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 76436

VESSEL SIZING
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T-100-Oleic Acid Distillation Tower-Sizing

A B D C

2

3 Out of Top Condenser (lb/hr) 12019 12019.157

4 Out of Bottom Reboiler (lb/hr) 2265 2264.608

5 Dist. Reflux Flow - L (lb/hr) 6906 =8632.684*D20

6 Top Vapor Flow - V (lb/hr) 3386 =3386.473

7 L_density (lb/cuft) 55.6 55.63126

8 V_density (lb/cuft) 0.00024 =2.4*10^(-4)

9 L_surf tension (dyne/cm) 130.9 130.8542

10

11 F{ST} (surf. tension) 1.46 =(D9/20)^(0.2)

12 F{LG} 0.0042 =D5/D6*(D8/D7)^(1/2)

13 C{SB} 0.39 0.39

14 F{F} (no fouling) 1 1

15 F{HA} (relative area of sieve tray) 0.1 0.1

16

17 U{flooding} (ft/s) 27.34 =D13*D11*D14*D15*((D7-D8)/D8)^(1/2)

18 U (ft/s) 23.24 =0.85*D17

19 Volum. Flow Rate of Top Vapor (cuft/s) 3920 =(D6/D8)/3600

20 Reflux Ratio 0.8 0.8

21 Column Diameter (ft) 15.45 =((4*D19)/(0.9*PI()*D18))^(0.5)

22 Number of Stages 7 7

23 Spacing between Trays (ft) 2 2

24 Height of Column (ft) 27 =(D22-2)*D23+6+4+1+6

Column Sizing Factors

Column Sizing Parameters

Column Sizing Data
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V-100-MolassesStorageTank

Equipment Category Storage Tanks
Subtype 1 Cone Roof
Subtype 2

Volume, V, gal 793152 Difference in rate of pumps, for 9 months
Applicable Range 10,000 - 1,000,000 gal Additional leeway of 20%

Require 3 such tanks to stay under 1 mio gal

Equipment Base f.o.b. Cost 270,344.57$                                                                                
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 270,344.57$                                                                                

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING
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V-101-PreDistillationStorageTank

Equipment Category Storage Tanks
Subtype 1 Cone Roof volumetric flow --> 235.816 cuft/hr
Subtype 2 volumetric flow --> 1764.026304 gal/hr

residence time --> 8 hr
70% capacity --> 20160.30062

Volume, V, gal 20,160.30
Applicable Range 10,000 - 1,000,000 gal

Equipment Base f.o.b. Cost 41,546.97$                                                                                    
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 41,546.97$                                                                                    

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING
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V-102-RefluxAccumulator

Vessel Type Vertical Vessel Material (Cost) Stainless Steel 304
Material Factor 1.7

Height/Length (ft) 4
Diameter (ft) 2 Vessel Cost - Eq. (22.54) 14,881.09$                                   

Platforms & Ladders Cost - Eq. 1,609.42$                                     
Operating Pressure (psig) -14.58857

Design Pressure (psig) -15 Tray/Packing? Neither

Material (Elasticity) Carbon Steel - 200 F
Modulus of Elasticty (psi) 29500000

Minimum Wall Thickness
Inside Diameter Range Up to 4 ft
Minimum Thickness (in.) 0.25

Weld Efficiency
Wall Thickness Range Total f.o.b. Purchase Cost 16,490.52$                                   
 Efficiency

Bare-Module Factor 4.16
Estimated Wall 
Thickness (in.) -0.0653
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 68,600.55$                                   

Vessel Wall Thickness (in) - Eq. 
(22.63/22.64) 0.375

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 547

Aspect Ratio (H/D) 2
Residence Time 5 mins

50% capacity

Reflux Rate 9608.54269 lb/hr
Reflux Density 63.771 lb/cuft

Reflux Vol 12.55605041 cuft

Diameter 1.999452346 ft

VESSEL SIZING
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V-103-FlashDrum

Vessel Type Vertical Vessel Material (Cost) Carbon Steel
Material Factor 1

Height/Length (ft) 12.66
Diameter (ft) 1.54 Vessel Cost - Eq. (22.54) 12,024.91$                                   

Platforms & Ladders Cost - Eq. 
(22.56) 2,995.04$                                     

Operating Pressure (psig) -14.55
Design Pressure (psig) -15 Tray/Packing? Neither

Material (Elasticity) Carbon Steel - -20 F
Modulus of Elasticty (psi) 30200000

Minimum Wall Thickness
Inside Diameter Range Up to 4 ft
Minimum Thickness (in.) 0.25

Weld Efficiency
Wall Thickness Range Total f.o.b. Purchase Cost 15,019.96$                                   
 Efficiency

Bare-Module Factor 4.16
Estimated Wall 
Thickness (in.) -0.0224
Corrosion Allowance (in.) 0.125 Total Bare-Module Cost 62,483.03$                                   

Vessel Wall Thickness (in) - Eq. 
(22.63/22.64) 0.375

Enter Round Thickness (in.)

Vessel Weight (lbs) - Eq. (22.59) 1050

VESSEL SIZING
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V-104-BDOProductStorageTank

Equipment Category Storage Tanks
Subtype 1 Cone Roof volumetric flow --> 133.769 cuft/hr
Subtype 2 volumetric flow --> 1000.66168 gal/hr

residence time --> 8 hr
70% capacity --> 11436.13348

Volume, V, gal 11,436.13
Applicable Range 10,000 - 1,000,000 gal

Equipment Base f.o.b. Cost 31,114.89$                                                                                
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 31,114.89$                                                                                

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING
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VZ-10X-MediaStorageTank

Equipment Category Storage Tanks
Subtype 1 Cone Roof volumetric flow --> 315.426 cuft/hr
Subtype 2 volumetric flow --> 2359.550502 gal/hr

residence time --> 168 hr
70% capacity --> 566292.1204

Volume, V, gal 566,292.12
Applicable Range 10,000 - 1,000,000 gal

Equipment Base f.o.b. Cost 227,665.14$                                                                                 
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 227,665.14$                                                                                 

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING
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VZ-10X-OleicStorageTank

Equipment Category Storage Tanks
Subtype 1 Cone Roof volumetric flow --> 3.376 cuft/hr
Subtype 2 volumetric flow --> 25.25423552 gal/hr

residence time --> 168 hr
70% capacity --> 6061.016525

Volume, V, gal 6,061.02
Applicable Range 10,000 - 1,000,000 gal

Equipment Base f.o.b. Cost 22,508.37$                                                                                
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 22,508.37$                                                                                

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING
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Equipment Category Storage Tanks
Subtype 1 Cone Roof volumetric flow --> 55.461 cuft/hr
Subtype 2 volumetric flow --> 414.8771197 gal/hr

residence time --> 24 hr
70% capacity --> 14224.35839

Volume, V, gal 14,224.36
Applicable Range 10,000 - 1,000,000 gal

Equipment Base f.o.b. Cost 34,777.03$                                                                                
1.00
1.00
1.00

Bare-Module Factor 1

CE Index 500

Equipment Bare-Module Cost 34,777.03$                                                                                

Notes/Base Case See Page 588:  Carbon steel, pressure to 3 psig

EQUIPMENT COSTING

VZ-10X-SterileWaterStorageTank Bibolet, Fernando, Shah
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Fixed-Capital Investment Summary 

Table 4Table 4. Equipment Cost Summary 

Equipment Description Type Bare Module Cost 
Name 
1x B-100 Seed Fermenter Blower Process Machinery  $                   119,000
2x B-101 Main Fermenter Blower Process Machinery  $                   434,000
1x B-102 Distillation Tower Blower Process Machinery  $                       4,000
1x B-103 Compressor Process Machinery  $                     55,000
1x C-100 Centrifuge Process Machinery  $                   710,000
1x D-100 Decanter Fabricated Equipment  $                     84,000
1x E-100 Molasses Pasteurizer Fabricated Equipment  $                     47,000
1x E-101 Distillation Feed HX Fabricated Equipment  $                     46,000
1x E-102 Distillation Tower Condenser Fabricated Equipment  $                     87,000
1x E-103 Distillation Tower Reboiler Fabricated Equipment  $                   258,000
1x E-104 Distillation Vapor Condenser Fabricated Equipment  $                     63,000
1x F-100 Seed Fermenter Vessel Fabricated Equipment  $                   353,000
1x F-100b Seed Fermenter Agitator Process Machinery  $                       4,000
2x F-101 Fermenter Vessel Fabricated Equipment  $                1,068,000
2x F-101b Fermenter Vessel Agitator Process Machinery  $                       9,000
28x P-10X Generic Pump (est.) Process Machinery  $                   526,000
34x P-10Xb Generic Pump Motor (est.) Process Machinery  $                     40,000
8x P-101,103 Molasses Feed Pump Process Machinery  $                   136,000
2x P-100 Oleic Feed Pump Process Machinery  $                     17,000
2x P-105 Media Feed Pump Process Machinery  $                     49,000
2x P-106 Water Feed Pump Process Machinery  $                     25,000
1x T-100 Oleic Acid Distillation Tower Fabricated Equipment  $                4,234,000
3x V-100 Molasses Storage tank Fabricated Equipment  $                   811,000
1x V-101 Pre-Distillation Storage Tank Fabricated Equipment  $                     42,000
1x V-102 Reflux Accumulator Drum Fabricated Equipment  $                     69,000
1x V-103 Water Vapor Flash Drum Fabricated Equipment  $                     62,000
2x V-104,105 BDO Product Storage Tank Fabricated Equipment  $                     62,000
1x VZ-10X Media Storage Tank Fabricated Equipment  $                   228,000
1x VZ-10X Sterile Water Storage Tank Fabricated Equipment  $                     35,000
1x VZ-10X Oleic Feed Storage Tank Fabricated Equipment  $                     23,000
1x Packaged Boiler Fabricated Equipment  $                       4,000
2x Water Sterilization Skid Process Machinery  $                     20,000
Total  $9,724,000
Adjusted to CE = 560.4 (Dec. 2010)  $10,899,000
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 summarizes the fixed capital investments required for this project. Cost estimates from Seider, 

et al. were used to calculate these values. The total equipment cost is estimated to be $9.7 million. 

The cost correlations used the CE Index from 2006, where CE = 500. When updated to account for 

the current CE Index from December 2010, where CE = 560.4 (Chemical Engineering, 2010), the 

total equipment cost becomes $10.9 million. 

The most expensive equipment is our vacuum distillation tower at $4.23 million. The vacuum 

distillation tower is an integral part of our process, separating the impurities from the final product. 

Moreover, the impurities contain solids and other components which have the potential to foul up 

normal material. Furthermore, the column operates at extremely high temperatures and at low 

pressures, so the tower requires special materials. 

Table 4. Equipment Cost Summary 

Equipment Description Type Bare Module Cost 
Name 
1x B-100 Seed Fermenter Blower Process Machinery  $                   119,000
2x B-101 Main Fermenter Blower Process Machinery  $                   434,000
1x B-102 Distillation Tower Blower Process Machinery  $                       4,000
1x B-103 Compressor Process Machinery  $                     55,000
1x C-100 Centrifuge Process Machinery  $                   710,000
1x D-100 Decanter Fabricated Equipment  $                     84,000
1x E-100 Molasses Pasteurizer Fabricated Equipment  $                     47,000
1x E-101 Distillation Feed HX Fabricated Equipment  $                     46,000
1x E-102 Distillation Tower Condenser Fabricated Equipment  $                     87,000
1x E-103 Distillation Tower Reboiler Fabricated Equipment  $                   258,000
1x E-104 Distillation Vapor Condenser Fabricated Equipment  $                     63,000
1x F-100 Seed Fermenter Vessel Fabricated Equipment  $                   353,000
1x F-100b Seed Fermenter Agitator Process Machinery  $                       4,000
2x F-101 Fermenter Vessel Fabricated Equipment  $                1,068,000
2x F-101b Fermenter Vessel Agitator Process Machinery  $                       9,000
28x P-10X Generic Pump (est.) Process Machinery  $                   526,000
34x P-10Xb Generic Pump Motor (est.) Process Machinery  $                     40,000
8x P-101,103 Molasses Feed Pump Process Machinery  $                   136,000
2x P-100 Oleic Feed Pump Process Machinery  $                     17,000
2x P-105 Media Feed Pump Process Machinery  $                     49,000
2x P-106 Water Feed Pump Process Machinery  $                     25,000
1x T-100 Oleic Acid Distillation Tower Fabricated Equipment  $                4,234,000
3x V-100 Molasses Storage tank Fabricated Equipment  $                   811,000
1x V-101 Pre-Distillation Storage Tank Fabricated Equipment  $                     42,000
1x V-102 Reflux Accumulator Drum Fabricated Equipment  $                     69,000
1x V-103 Water Vapor Flash Drum Fabricated Equipment  $                     62,000
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Equipment Description Type Bare Module Cost 
Name 
2x V-104,105 BDO Product Storage Tank Fabricated Equipment  $                     62,000
1x VZ-10X Media Storage Tank Fabricated Equipment  $                   228,000
1x VZ-10X Sterile Water Storage Tank Fabricated Equipment  $                     35,000
1x VZ-10X Oleic Feed Storage Tank Fabricated Equipment  $                     23,000
1x Packaged Boiler Fabricated Equipment  $                       4,000
2x Water Sterilization Skid Process Machinery  $                     20,000
Total  $9,724,000
Adjusted to CE = 560.4 (Dec. 2010)  $10,899,000
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in inappropriate weightings. We also included preferred equity in our WACC calculations. Market 

values of equity were calculated from market capitalization of the corresponding firm, and returns 

on equity were calculated based on Jack Treynor’s and William Sharpe’s Capital Asset Pricing Model 

(“CAPM”). The cost of debt was subdivided into short term and long term debt, and the credit 

ratings of BASF (A), DuPont (A), and DOW (BBB-) reflect each firm’s cost of debt. Finally, the 

cost of each source of capital was calculated using a weighted average of all firms, and then the final 

industry WACC was calculated based on this weighted average. See Appendix B for details on the 

calculations. 

Revenue 

The primary source of revenue from this project is the sales of BDO. In 2010 Q3, the market 

price for BDO in the American market ranged from $2,420 per ton to $2,480 per ton (ICIS, 2010). 

Conservative revenue estimates were calculated from the low end of this range. At 8600 pounds per 

hour, we estimate average annual revenues of $65.2 million (in real, or inflation-adjusted, terms). 

However, since our process is specialized and produces BDO in an environmentally friendly 

manner, we may even be able to charge a premium. 

We forecast that this market price will remain similar for the lifetime of the project, barring 

inflation. Due to the profitability of this bio-based process for BDO production, it may be possible 

that other firms will try to enter the market, ultimately pushing market prices of BDO further down.  

The secondary source of revenue from this project is from the sales of the co-product, vinasse. 

The vinasse will be sold back to our sister plant at a 70% discount of the current fertilizer price, or 

$142.50 per ton. At a rate of 1.31 tons of vinasse per ton of BDO, we expect additional revenue of 

$5 million per year. 
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Licensing 

We found that the profit margins for chemical intermediates produced by major chemical 

companies are about 25% (BASF, 2011). In contrast, our profit margins are an astounding 96%. 

Since our company does not have the resources to convert all existing BDO processes to this highly 

profitable method, nor does it have the resources to make lots of these plants, we will license this 

technology out to other companies interested in manufacturing BDO. Based on the profitability of 

this bio-based process and the profitability of the current process, prospective companies should be 

willing to pay as much as $1700 per ton of BDO produced. 

Operating Costs 

Raw materials amount to $205 per ton of BDO. This is an order of magnitude less than the 

selling price of BDO ($2,420 per ton). Of these, the largest cost per ton of BDO is the primary raw 

product, molasses, which costs $138 per ton of BDO produced. Utilities amount to $70 per ton of 

BDO. Most of the processing is performed by the genetically modified E. coli. However, since it is 

our company that developed this species, we assume that R&D expenditures are sunk costs. 

Moreover, since we own the patent for the bacteria, we assumed that we can acquire the bacteria for 

free. 

Working Capital 

Our calculations include 30 days’ worth of accounts receivable, cash reserves, and accounts 

payable. Four days’ worth of BDO inventory and two days’ worth of raw materials inventory are 

also factored in. 

Taxes and Depreciation 

The Brazilian corporate income tax is 34%, which is made up of a 15% basic tax, a surtax of 

10% on income over BRL 240,000, and an additional 9% for social contribution. For tax purposes, 
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depreciation is normally straight-line, but for companies working three shifts, such as our plant, 

200% of the standard rates, also called double declining balance (WorldWide-Tax, 2010).  

Sensitivity Analysis 

The most IRR-sensitive variable is the product price since the BDO product is our primary 

revenue source. High fluctuations in this price, although unlikely, will result in high variations in 

sales due to our large production rate.  

Additional sensitivity analysis data can be found within the profitability analysis tables. 
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General Information
Process Title: Renewable 1,4 Butanediol from Molasses

Product: 1,4 Butanediol
Plant Site Location: São Paulo, Brazil

Site Factor: 0.92
CE Index: 560.40

Operating Hours per Year: 6960
Operating Days Per Year: 290

Operating Factor: 0.7945

Product Information
This Process will Yield

4 ton of 1,4 Butanediol per hour
103 ton of 1,4 Butanediol per day

29,931 ton of 1,4 Butanediol per year

Price $2,420.00 per ton

Chronology
Production Depreciation Product Price

Year Action Capacity 15 yr Double-Declining
2012 Design 0.0%
2013 Design 0.0%
2014 Design 0.0%
2015 Construction 0.0%
2016 Production 45.0% $2,420
2017 Production 67.5% $2,562
2018 Production 90.0% $2,713
2019 Production 90.0% $2,872
2020 Production 90.0% $3,041
2021 Production 90.0% $3,220
2022 Production 90.0% $3,410
2023 Production 90.0% $3,610
2024 Production 90.0% $3,822
2025 Production 90.0% $4,047
2026 Production 90.0% $4,285
2027 Production 90.0% $4,537
2028 Production 90.0% $4,804
2029 Production 90.0% $5,086
2030 Production 90.0% $5,385

Distribution of
Permanent Investment

100%
0%
0%
0%
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Equipment Costs

Equipment Description Bare Module Cost

1x B-100 Seed Fermenter Blower Process Machinery $119,120
2x B-101 Main Fermenter Blower Process Machinery $433,595
1x B-102 Distillation Tower Blower Process Machinery $4,005
1x B-103 Compressor Process Machinery $55,302
1x C-100 Centrifuge Process Machinery $710,113
1x D-100 Decanter Fabricated Equipment $83,544
1x E-100 Molasses Pasteurizer Fabricated Equipment $46,666
1x E-101 Distillation Feed HX Fabricated Equipment $46,151
1x E-102 Distillation Tower Condenser Fabricated Equipment $86,744
1x E-103 Distillation Tower Reboiler Fabricated Equipment $257,968
1x E-104 Distillation Vapor Condenser Fabricated Equipment $63,330
1x F-100 Seed Fermenter Vessel Fabricated Equipment $352,551
1x F-100b Seed Fermenter Agitator Process Machinery $3,713
2x F-101 Fermenter Vessel Fabricated Equipment $1,068,052
2x F-101b Fermenter Vessel Agitator Process Machinery $9,188
28x P-10X Generic Pump (est.) Process Machinery $525,576
34x P-10Xb Generic Pump Motor (est.) Process Machinery $40,161
8x P-101, P-103 Molasses Feed Pump Process Machinery $136,211
2x P-100 Oleic Feed Pump Process Machinery $16,775
2x P-105 Media Feed Pump Process Machinery $48,556
2x P-106 Water Feed Pump Process Machinery $25,245
1x T-100 Oleic Acid Distillation Tower Fabricated Equipment $4,234,361
3x V-100 Molasses Storage tank Fabricated Equipment $811,034
1x V-101 Pre-Distillation Storage Tank Fabricated Equipment $41,547
1x V-102 Reflux Accumulator Drum Fabricated Equipment $68,601
1x V-103 Water Vapor Flash Drum Fabricated Equipment $62,483
2x V-104,105 BDO Product Storage Tank Fabricated Equipment $62,230
1x VZ-10X Media Storage Tank Fabricated Equipment $227,665
1x VZ-10X Sterile Water Storage Tank Fabricated Equipment $34,777
1x VZ-10X Oleic Feed Storage Tank Fabricated Equipment $22,508
1x Packaged Boiler Fabricated Equipment $4,000
2x Water Sterilization Skid Process Machinery $20,000

Total $9,721,771
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Raw Materials
Raw Material: Unit: Required Ratio: Cost of Raw Material:

1 Molasses ton 1.966283 ton per ton of 1,4 Butanediol $70.000 per ton
2 Oleic Acid ton 0.0216254 ton per ton of 1,4 Butanediol $1,270.00 per ton
3 Cornsteep Liquor ton 0.7946053 ton per ton of 1,4 Butanediol $50.00 per ton
4 Water ton 0.0707592 ton per ton of 1,4 Butanediol $0.00 per ton

Total Weighted Average: $204.834 per ton of 1,4 Butanediol

Byproducts
Byproduct: Unit: Ratio to Product Byproduct Selling Price

1 Vinasse ton 1.3149634 ton per ton of 1,4 Butanediol $142.500 per ton

Total Weighted Average: $187.382 per ton of 1,4 Butanediol

Utilities
Utility: Unit: Required Ratio Utility Cost

1 High Pressure Steam (633 lb 3701.7324 lb per ton of 1,4 Butanediol $5.489E-03 per lb
2 Low Pressure Steam (150 lb 365.47137 lb per ton of 1,4 Butanediol $3.504E-03 per lb
3 Refrigeration, 10degF ton 1.9822753 ton per ton of 1,4 Butanediol $6.926 per ton

#REF! #REF! #REF! #REF! #REF! #REF! #REF!
5 Electricity kWh 26.130217 kWh per ton of 1,4 Butanediol $0.044 per kWh
6 Treatment of Waste Oleic ton 0.093 ton per ton of 1,4 Butanediol $60.000 per ton
7 Sterilization of Water ton 0.4708755 ton per ton of 1,4 Butanediol $60.00 per ton

Total Weighted Average: $70.375 per ton of 1,4 Butanediol

Variable Costs
General Expenses:

Selling / Transfer Expenses: 3.00% of Sales
Direct Research: 4.80% of Sales

Allocated Research: 0.50% of Sales
Administrative Expense: 2.00% of Sales

Management Incentive Compensation: 1.25% of Sales

Working Capital

Accounts Receivable � 30 Days
Cash Reserves (excluding Raw Materials) � 30 Days
Accounts Payable � 30 Days
1,4 Butanediol Inventory � 4 Days
Raw Materials � 2 Days
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Total Permanent Investment

Cost of Site Preparations: 5.00% of Total Bare Module Costs
Cost of Service Facilities: 5.00% of Total Bare Module Costs

Allocated Costs for utility plants and related facilities: $0
Cost of Contingencies and Contractor Fees: 18.00% of Direct Permanent Investment

Cost of Land: 2.00% of Total Depreciable Capital
Cost of Royalties: $0

Cost of Plant Start-Up: 10.00% of Total Depreciable Capital

Fixed Costs
Operations

Operators per Shift: 5 (assuming 5 shifts)
Direct Wages and Benefits: $25 /operator hour

Direct Salaries and Benefits: 15% of Direct Wages and Benefits
Operating Supplies and Services: 6% of Direct Wages and Benefits

Technical Assistance to Manufacturing: $0.00 per year, for each Operator per Shift
Control Laboratory: $0.00 per year, for each Operator per Shift

Maintenance
Wages and Benefits: 4.50% of Total Depreciable Capital

Salaries and Benefits: 25% of Maintenance Wages and Benefits
Materials and Services: 100% of Maintenance Wages and Benefits
Maintenance Overhead: 5% of Maintenance Wages and Benefits

Operating Overhead

General Plant Overhead: 7.10% of Maintenance and Operations Wages and Benefits
Mechanical Department Services: 2.40% of Maintenance and Operations Wages and Benefits
Employee Relations Department: 5.90% of Maintenance and Operations Wages and Benefits

Business Services: 7.40% of Maintenance and Operations Wages and Benefits

Property Taxes and Insurance
Property Taxes and Insurance: 2% of Total Depreciable Capital

Straight Line Depreciation
Direct Plant: 8.00% of Total Depreciable Capital, less 1.18 times the Allocated Costs 

for Utility Plants and Related Facilities
Allocated Plant: 6.00% of 1.18 times the Allocated Costs for Utility Plants and Related Facilities

Other Annual Expenses
Rental Fees (Office and Laboratory Space): $0

Licensing Fees: $0
Miscellaneous: $0

Depletion Allowance
Annual Depletion Allowance: $0
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Variable Cost Summary
Variable Costs at 100% Capacity:

General Expenses

Selling / Transfer Expenses: 2,173,025$
Direct Research: 3,476,841$
Allocated Research: 362,171$
Administrative Expense: 1,448,684$
Management Incentive Compensation: 905,427$

Total General Expenses 8,366,148$

Raw Materials $204.83 per ton of 1,4 Butanediol $6,130,998

Byproducts $187.38 per ton of 1,4 Butanediol ($5,608,629)

Utilities $70.38 per ton of 1,4 Butanediol $2,106,442

Total Variable Costs 10,994,960$

Fixed Cost Summary

Operations

Direct Wages and Benefits 1,313,407$
Direct Salaries and Benefits 197,011$
Operating Supplies and Services 78,804$
Technical Assistance to Manufacturing -$
Control Laboratory -$

Total Operations 1,589,222$

Maintenance
Wages and Benefits 567,979$
Salaries and Benefits 141,995$
Materials and Services 567,979$
Maintenance Overhead 28,399$

Total Maintenance 1,306,351$

Operating Overhead

General Plant Overhead: 157,648$
Mechanical Department Services: 53,289$
Employee Relations Department: 131,003$
Business Services: 164,309$

Total Operating Overhead 506,249$

Property Taxes and Insurance

Property Taxes and Insurance: 252,435$

Other Annual Expenses

Rental Fees (Office and Laboratory Space): -$
Licensing Fees: -$
Miscellaneous: -$

Total Other Annual Expenses -$

Total Fixed Costs 3,654,258$

Bibolet, Fernando, Shah

114



Investment Summary

Bare Module Costs
Fabricated Equipment 7,576,000$
Process Machinery 2,148,000$
Spares -$
Storage -$
Other Equipment -$
Catalysts -$
Computers, Software, Etc. -$

Total Bare Module Costs: 9,724,000$

Direct Permanent Investment

Cost of Site Preparations: 486,200$
Cost of Service Facilities: 486,200$
Allocated Costs for utility plants and related facilities: -$

Direct Permanent Investment 10,696,400$

Total Depreciable Capital

Cost of Contingencies & Contractor Fees 1,925,352$

Total Depreciable Capital 12,621,752$

Total Permanent Investment

Cost of Land: 252,435$
Cost of Royalties: -$
Cost of Plant Start-Up: 1,262,175$

Total Permanent Investment - Unadjusted 14,136,362$
Site Factor 0.92
CE Index Adjustment (over CE [2006] = 500) 1.12
Total Permanent Investment 14,576,512$

Working Capital

2015 2016 2017
Accounts Receivable 2,679,072$ 1,339,536$ 1,339,536$
Cash Reserves 213,067$ 106,534$ 106,534$
Accounts Payable (304,672)$ (152,336)$ (152,336)$
1,4 Butanediol Inventory 357,210$ 178,605$ 178,605$
Raw Materials 15,118$ 7,559$ 7,559$
Total 2,959,794$ 1,479,897$ 1,479,897$

Present Value at 11.88% 2,113,509$ 944,543$ 844,246$

Total Capital Investment 18,478,811$
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Process Title: Renewable 1,4 Butanediol from Molasses
Product: 1,4 Butanediol

Plant Site Location: São Paulo, Brazil

Timeline:
Number of Years for Design 3 (must be whole number)
Number of Years for Construction 1 (must be whole number)
Number of Years for Production 15
Total Number of Years for Project 19
Start Year 2012
Site Factor 0.92 for Brazil
CE Index 560.40 Dec. 2010 Prelim

Continuous Operation:
Days per Year 290
OR
Hours per Year 0
OR
Operating Factor 0.0000 (if multiple entries, "Operating Factor" is used)

Production Capacity 90% of Design Capacity
Start production at 50% of Production Capacity
Years to achieve full capacity 2

Number of Shifts 5

Asset Life 15 years
Depreciation Schedule Double-Declining

Brazilian Real / US Dollar 1.6581
Income Tax Rate Lower Tier 24% Brazil Corporate Income Tax
Income Tax Rate Upper Tier 34%
Income Tax Rate Tier Threshhold $2,600,000 BRL
Income Tax Rate Tier Threshhold $1,568,060 USD
Cost of Capital (for the NPV Calculation) 11.9% (discount rate)
General Inflation Rate 5.9%

Product Inflation Rate

Product Information:
Enter Product Units ton
(i.e. lb, gram, gal, etc)
Price Per Unit $2,420.00 per ton

Number of units per: (Specify ONE of the three.  If multiple entries, "Year" is used.)
Year - ton per Year
OR
Day - ton per Day
OR
Hour 4.30 ton per Hour
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Raw Materials
Raw Material: Unit: Required Ratio: Cost of Raw Material:

1 Molasses ton 1.97 ton per ton of 1,4 Butanediol $70.000 per ton
2 Oleic Acid ton 0.02 ton per ton of 1,4 Butanediol $1270.000 per ton
3 Cornsteep Liquor ton 0.79 ton per ton of 1,4 Butanediol $50.000 per ton
4 Water ton 0.07 ton per ton of 1,4 Butanediol $1.800E-03 per ton
5
6
7
8
9

10
Total Weighted Average: $204.834 per ton of 1,4 Butanediol

Byproducts
Byproduct: Unit: Ratio to Product Byproduct Selling Price

1 Vinasse ton 1.31 ton per ton of 1,4 Butanediol $142.500 per ton
2
3
4
5
6
7
8
9

10
Total Weighted Average: $187.382 per ton of 1,4 Butanediol

Utilities
Utility: Unit: Required Ratio Utility Cost

1 High Pressure Steam (63lb 3,701.73             lb per ton of 1,4 Butanediol $5.489E-03 per lb 90 Off/10 On
2 Low Pressure Steam (15lb 365.47 lb per ton of 1,4 Butanediol $3.504E-03 per lb 90 Off/10 On
3 Refrigeration, 10degF ton 1.98 ton per ton of 1,4 Butanediol $6.926 per ton 90 Off/10 On
4 Brine Cooling Water 1000 gal 0.95 1000 gal per ton of 1,4 Butanediol $0.075 per 1000 gal On
5 Electricity kWh 2.61E+01 kWh per ton of 1,4 Butanediol $0.044 per kWh 90 Off/10 On
6 Treatment of Waste Olei ton 0.093 ton per ton of 1,4 Butanediol $60.000 per ton On
7 Sterilization of Water ton 0.47 ton per ton of 1,4 Butanediol $60.000 per ton On
8
9

10
Total Weighted Average: $70.375 per ton of 1,4 Butanediol

Bibolet, Fernando, Shah

117



Selling Price Worksheet
This worksheet is optional.  It may be used to adjust the product selling prices each year.  Your inputs
for the product prices, adjusted using the inflation rates, are entered as default values.  To change,
enter a price into the "Manual Input Price" column.

Year Calculated Unit Price Manual Input Price Price to Be Used
2016 $2,420.00 $2,420.00
2017 $2,562.30 $2,562.30
2018 $2,712.96 $2,712.96
2019 $2,872.48 $2,872.48
2020 $3,041.38 $3,041.38
2021 $3,220.22 $3,220.22
2022 $3,409.56 $3,409.56
2023 $3,610.05 $3,610.05
2024 $3,822.32 $3,822.32
2025 $4,047.07 $4,047.07
2026 $4,285.04 $4,285.04
2027 $4,537.00 $4,537.00
2028 $4,803.77 $4,803.77
2029 $5,086.24 $5,086.24
2030 $5,385.31 $5,385.31
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Other Variable Costs
General Expenses

Selling / Transfer Expenses: 3.00% of Sales
Direct Research: 4.80% of Sales

Allocated Research: 0.50% of Sales
Administrative Expense: 2.00% of Sales

Management Incentive Compensation: 1.25% of Sales

Working Capital

Accounts Receivable � 30 Days
Cash Reserves (excluding Raw Materials) � 30 Days
Accounts Payable � 30 Days
1,4 Butanediol Inventory � 4 Days
Raw Materials � 2 Days
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Total Permanent Investment

% of Total Permanent Investment
Year: 2015 100% (default is first year of Construction,

2016 0% otherwise over-ride this year)
2017 0%
2018 0%

Cost of Site Preparations: 5.00% of Total Bare Module Costs
Cost of Service Facilities: 5.00% of Total Bare Module Costs

Allocated Costs for utility plants and related facilities: $0
Cost of Contingencies and Contractor Fees: 18.00% of Direct Permanent Investment

Cost of Land: 2.00% of Total Depreciable Capital
Cost of Royalties: $0

Cost of Plant Start-Up: 10.00% of Total Depreciable Capital
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Equipment Costs

Equipment Description Type Bare Module Cost
Name
1x B-100 Seed Fermenter Blower Process Machinery 119,000$
2x B-101 Main Fermenter Blower Process Machinery 434,000$
1x B-102 Distillation Tower Blower Process Machinery 4,000$
1x B-103 Compressor Process Machinery 55,000$
1x C-100 Centrifuge Process Machinery 710,000$
1x D-100 Decanter Fabricated Equipment 84,000$
1x E-100 Molasses Pasteurizer Fabricated Equipment 47,000$
1x E-101 Distillation Feed HX Fabricated Equipment 46,000$
1x E-102 Distillation Tower Condenser Fabricated Equipment 87,000$
1x E-103 Distillation Tower Reboiler Fabricated Equipment 258,000$
1x E-104 Distillation Vapor Condenser Fabricated Equipment 63,000$
1x F-100 Seed Fermenter Vessel Fabricated Equipment 353,000$
1x F-100b Seed Fermenter Agitator Process Machinery 4,000$
2x F-101 Fermenter Vessel Fabricated Equipment 1,068,000$
2x F-101b Fermenter Vessel Agitator Process Machinery 9,000$
28x P-10X Generic Pump (est.) Process Machinery 526,000$
34x P-10Xb Generic Pump Motor (est.) Process Machinery 40,000$
8x P-101, P-103 Molasses Feed Pump Process Machinery 136,000$
2x P-100 Oleic Feed Pump Process Machinery 17,000$
2x P-105 Media Feed Pump Process Machinery 49,000$
2x P-106 Water Feed Pump Process Machinery 25,000$
1x T-100 Oleic Acid Distillation Tower Fabricated Equipment 4,234,000$
3x V-100 Molasses Storage tank Fabricated Equipment 811,000$
1x V-101 Pre-Distillation Storage Tank Fabricated Equipment 42,000$
1x V-102 Reflux Accumulator Drum Fabricated Equipment 69,000$
1x V-103 Water Vapor Flash Drum Fabricated Equipment 62,000$
2x V-104,105 BDO Product Storage Tank Fabricated Equipment 62,000$
1x VZ-10X Media Storage Tank Fabricated Equipment 228,000$
1x VZ-10X Sterile Water Storage Tank Fabricated Equipment 35,000$
1x VZ-10X Oleic Feed Storage Tank Fabricated Equipment 23,000$
1x Packaged Boiler Fabricated Equipment 4,000$
2x Water Sterilization Skid Process Machinery 20,000$
Total 9,724,000$
Adjusted to CE = 560.4 (Dec. 2010) 10,899,000$
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Fixed Costs
Operations

Operators per Shift: 5 (assuming 5 shifts)
Direct Wages and Benefits: $25 /operator hour

Direct Salaries and Benefits: 15% of Direct Wages and Benefits
Operating Supplies and Services: 6% of Direct Wages and Benefits

Technical Assistance to Manufacturing: $0.00 per year, for each Operator per Shift
Control Laboratory: $0.00 per year, for each Operator per Shift

Maintenance
Wages and Benefits: 4.50% of Total Depreciable Capital

Salaries and Benefits: 25.00% of Maintenance Wages and Benefits
Materials and Services: 100.00% of Maintenance Wages and Benefits
Maintenance Overhead: 5.00% of Maintenance Wages and Benefits

Operating Overhead

General Plant Overhead: 7.10% of Maintenance and Operations Wages and Benefits
Mechanical Department Services: 2.40% of Maintenance and Operations Wages and Benefits

Employee Relations Department 5.90% of Maintenance and Operations Wages and Benefits
Business Services 7.40% of Maintenance and Operations Wages and Benefits

Property Taxes and Insurance
Property Taxes and Insurance: 2.00% of Total Depreciable Capital

Straight Line Depreciation
Direct Plant: 8.00% of Total Depreciable Capital, less 1.18 times the Allocated Costs 

for Utility Plants and Related Facilities
Allocated Plant: 6.00% of 1.18 times the Allocated Costs for Utility Plants and Related Facilities
Other Annual Expenses

Rental Fees (Office and Laboratory Space): $0
Licensing Fees: $0
Miscellaneous: $0

Depletion Allowance
Annual Depletion Allowance: $0
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Other Important Considerations 

Startup 

The plant will be shut down once a year, and therefore, will incur startup costs at the beginning 

of the year. The plant startup procedure is estimated to take 35.5 hours. Startup costs amount to 

approximately $51,000 per year. Further details on startup costs can be found in Appendix B.  

Packaged Boiler 

During our nine months of continuous operation, we will be provided steam from our sister 

sugar and ethanol production facility as a byproduct of their process at a discounted rate.  In order 

to supply steam during the one month in the Brazil rainy season when our sister sugar and ethanol 

facility ceases operation and our facility will continue to run, we will need to purchase a packaged 

boiler, as advised by Mr. Tieri. The specific device we chose is a Burnham Electronic Ignition Model 

from Ingram’s Water & Air Equipment for $4,195.00.  This model is a traditional insulated cast iron 

heat exchanger that runs at 173,000 BTU.  It will provide steam at an I=B=R Net Steam Rating of 

542 square feet.   
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Conclusions and Recommendations

The innovative, environmentally-friendly technology we developed will convert renewable 

feedstocks into BDO in fewer steps than traditional petrochemical routes, with no toxic byproducts 

and low greenhouse gas emissions. Upon completing the design of our BDO production facility, a 

profitability analysis determined our process to be highly profitable. Despite being limited to 290 

days of operation in our São Paulo, Brazil location, our plant is able to produce 50 million pounds of 

BDO per year with a low total permanent investment of $13.5 million. An economic analysis shows 

that the NPV of our facility 15 years after construction will be $283 million with an IRR of 157% at 

a BDO selling price of $2,420 per ton. Future research may need to be conducted to find out if 

additional equipment is needed in the actual plant, or if we were too optimistic on our pricing for 

the raw materials and utilities. The selling price of our BDO is at the low range of the U.S. market 

pricing of $2,420 to $2,840 per ton, obtained from the third quarter ICIS market report of 2010. We 

also manufacture vinasse as a co-product alongside our BDO, which will be sold back to our sister 

sugar and ethanol facility for their use as fertilizer. The additional revenues from selling this product 

at a 70% discounted price will offset the majority of our raw material expenses. The raw materials 

required, which are blackstrap molasses, oleic acid, CSL, and water, will cost us about $200 per ton 

of BDO produced, whereas our vinasse will return about $190 per ton of BDO produced. The 

utilities required in our facility, such as steam, refrigeration, cooling water, electricity, and waste 

treatment, will result in an additional cost of $70 per ton of BDO produced.  

Although our design is economically feasible, it is highly contingent on the passing of the patent 

application of Genomatica, Inc., who genetically engineered the E. coli cells. Further research may 

need to be performed on the specific E. coli cells in order to verify the BDO yields measured by 

Genomatica, Inc., as reported in their patent application. Any variations in these results will require 
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alterations in our design process and profitability analysis. However, due to our current profit 

margins, we are still confident that this design will remain economically attractive. In addition, we 

recommend building a pilot plant in order to determine whether additional equipment or utilities will 

be required. Finally, additional research on vendors may be performed to optimize the cost of raw 

materials, while still maintaining sufficient quality.   
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Appendix B: Calculations
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Viscosity 

 

Viscosity of Blends
http://profmaster.blogspot.com/2007/12/how-to-calculate-viscosity-of-liquid.html
"Refutas Equation"

Water Molasses Glucose
Thermodynamic Viscosity (cP=0.001kg/ms) 1.002 7500 480 sugar 40 g
Density (g/L) 1000 1430 1378 molasses 74.07407 g
Kinematic Viscosity (centistokes=100cm2/s) 1.002 5244.755 348.3309 water (in CSL) 15 g
Viscosity Blending Index 3.279193 42.18967 36.66199 water (in molasses) 14.81481 g

Weight Fraction 0.508449 0.491551 xxx

Viscosity Blending Equation 22.40568
Blended Viscosity 8.185849

3.384481 g Water added to 3.272 g Molassses
per gram of corn steep liquor

320.7547 g molasses
331.7812 g water for a 5 L broth

1.034377 grams water per gram molasses added

Water Molasses Glucose
Thermodynamic Viscosity (cP=0.001kg/ms) 1.002 7500 480 sugar 40 g
Density (g/L) 1000 1430 1378 molasses 74.07407 g
Kinematic Viscosity (centistokes=100cm2/s) 1.002 5244.755 348.3309 water (in CSL) 15 g
Viscosity Blending Index 3.279193 42.18967 36.66199 water (in molasses) 14.81481 g

Weight Fraction 0.427056 xxx 0.572944

Viscosity Blending Equation 22.40568
Blended Viscosity 8.185844

0.4025 grams water per gram molasses added

BY VISCOSITY
Bench-Scale testing (at 1 L/hr flow)

BY CONCENTRATION
Bench-Scale testing (at 1 L/hr flow)
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Materials Costing 

 

 

Material Inputs
All prices in Thousands

Feed Streams grams/hr lbs/hr tons/hr tons/yr Price/ton Cost
Molasses

Continuous 7671111 16911.9 8.4560 58853 0.070000$      4,120$         
Seed 7212.79 3.6064 866 0.070000$      61$             

Oleic Acid
Continuous 186 0.0930 647 1.270059$      822$           

Cornsteep Liquor
Continuous 3.10E+06 6.83E+03 3.4172 23783 0.050000$      1,189$         
Seed 608.58 0.3043 73 0.050000$      4$               

Carbon Dioxide
Continuous Negligible Negligible -$               -$            
Seed Negligible Negligible -$               -$            

Water
Continuous 3425.247 1.7126 11920 0.000018$      0$               
Seed Negligible Negligible 0.00$             -$            

Startup Cost
Molasses 16911.9 8.455952 299.4816 0.070000$      21$             
Oleic Acid 186 0.093 3.29375 1.270059$      4$               
Cornsteep Liquor 6.83E+03 3.417165 121.0246 0$                  6$               
Carbon Dioxide Negligible -$               -$     
Water 3425.247 1.712624 60.65542 0$                  0$               

Annual Feed Stream Cost 6,195$         

Utilities
Cooling Water
Steam
Electricity
Annual Utilities Cost

Other
Cost for Initial GMO Cells
Treatment of Waste Oleic Acid 186 0.093 647 0.06$             38.84$         
Treatment of Unsterile Water 4050 2.025 14094 0.0600$          845.64$       
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Cost of Capital 

Industry WACC         
(millions) BASF DuPont DOW Industry (%) 
Market Cap 73290.03 45737.91 39848.79 158876.7 73.11%
ST Debt 4503.01 133 3222 7858.01 3.62%
LT Debt 15598.12 10137 20605 46340.12 21.32%
Pref Equity 237 4000 4237 1.95%
Total 93391.16 56244.91 67675.79 217311.9 100.00%

kE 17.19% 12.16% 14.25% 15.00%   
kDST 1.99% 0.73% 1.79%   
kDLT 4.34% 4.46% 5.38%   
TaxRate 31.18% 17.76% 17.17%   
kDST_Taxed 1.37% 0.60% 1.48% 1.40%   
kDLT_Taxed 2.99% 3.67% 4.46% 3.79%   
kPE 0.00% 8.40% 2.13% 2.48%   
WACC 14.05% 10.59% 9.94% 11.88%
Financial Data from Bloomberg 
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Appendix C: Emails with Consultants 

Email Correspondence #1

Outgoing Email on Thu, Feb. 17, 2011 at 1:28 AM

Dear Mr. Tieri,

Thank you again for meeting with us on Tuesday. We were wondering if you had the information on the 
nutrients required for the E. coli, and what the best source for them would be.

We will email Mr. Vrana regarding the decanter as well.

Thank you again!

Sincerely,

Gabe Fernando
Somil Shah
Erinn Bibolet

Email Response on Sat, Feb 19, 2011 at 8:51 AM

Gabe, Somil, & Erinn,

I apologize for delayed response.  I spoke with some colleagues about
potential nutrient sources which could be used to support the bacterial
nutritional requirements, in place of Corn Steep Liquor, as we discussed on
Tuesday.  Yeast extract was suggested by several  resources, as a
reasonable alternative to CSL, and available in Brazil.  If you have
difficulty finding commercial pricing for yeast extract, in the US or
Brazil, you can assume a price of ~$4/kg in 2008, and index/adjust
appropriately.

I will continue to pursue information about E.coli nutrient requirements,
but wanted you to have this info.  Do any of the patents or other
information (white papers, journal articles, etc.) reference a specific
quantity of CSL or other nutrients added to the fermentations, even if it
did not specify the nutrients consumed?  Do any of the patent examples
reference fermentation broth nutrient loading or addition rate and relate
the condition to fermentation productivity?

Please do not hesitate to contact me with any additional questions.

Steve
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Email Correspondence #2

Outgoing Email on Thu, Feb. 17, 2011 at 1:59 AM

Dear Mr. Vrana,

Our senior design team met with you last Tuesday (the 8th) to discuss our Renewable 1,4 Butanediol project. 
This week, Mr. Tieri referred us to you for information about decanters and Liquid-Liquid Extraction. We 
modified our process from the last time we met, and now we are using Oleic Acid to carry away minerals and 
other solutes that would affect the purity of our product (while the rest—water and BDO—are boiled and 
distilled). I have attached a draft of our process for your convenience.

However, we want to recover as much of the Oleic Acid as possible while using water to carry away the 
solutes. In doing so, we hope to minimize the amount of Oleic Acid we have to feed the system, as well as 
minimize the amount of Oleic Acid-nutrient mixture we are releasing to the environment. Rather, we would 
prefer to make it a water-nutrient mixture that could be recycled or utilized elsewhere. We tried using a 
Liquid-Liquid extractor in ASPEN, but it seems that the solutes are staying within the Oleic Acid phase and 
not transferring over to the water phase. Would you have any recommendations for us? We picked Oleic 
Acid since it had a high boiling point and would be able to separate well from water. Are there other 
compounds we should be using, or are there other operations we should be using?

Thank you very much!

Sincerely,

Gabe Fernando
Somil Shah
Erinn Bibolet

Email Response on Thu, Feb 17, 2011 at 8:21 AM

Well, my first suggestion would be to not believe everything that Aspen (or any other computer software) 
tells you.  Despite Watson's performance on Jeopardy, most computers are fast ... but stupid.  They do not 
understand engineering, only how to do calculations fast.  For the extraction, the salts will obviously go with 
the aqueous phase and not the organic phase.  Unless you use electrolyte thermodynamics in Aspen, it will do 
a terrible job of predicting how electrolyte components partition between the phases.  And I do not 
recommend using electrolyte thermo in Aspen if you can avoid it.  So I would use a black box separation 
(SEP2) in Aspen to do the mass balance of the decanter.  (I suspect you do not need an expensive counter-
current extractor, as oleic and water are pretty immiscible, I believe.  A decanter will be much more cost 
effective)  You'd tell the SEP2 block where each component goes, using the solubility of water in oleic and 
vice versa at your operating temperature, and telling it where you know the ions will go.  (Prof. Fabiano can 
help you with a SEP2 block if you need it, but you can probably figure out how to make it work.)  There are 
rules of thumb to use for sizing decanters that deal with the velocity of droplets and allowing them enough 
time to separate based on the density difference between the two phases, etc.  If you can't find anything, feel 
free to ask again for a specific reference.

A question for you - do you really want to boil the entire fermentation broth in the first distillation column, 
leaving the salts and oleic behind?  How much energy will be used in that operation, how much will the 
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column cost, and can you afford it?  You will likely want to run the column at vacuum so the reboiler 
temperature is reasonable, based on the steam pressure available to you, which of course makes the column 
even bigger.  I don't necessarily know the answer to those questions, but suggest you think about them.  If 
distillation is too expensive, are there other less energy- or capital-intensive ways to do the separation?  I see 
you're boiling all the water from the fermentation broth again in the BDO column - again, can you afford 
that?  If not, what options might you have to reduce the energy consumption between the two columns, 
rather than boiling all the water twice?

Hope this helps more than it confuses the matter.  Please let Steve or me know if you have other questions or 
if something in this doesn't make sense.

Bruce

Email Response on Sat, Feb 19, 2011 at 2:37 PM

Gabe, Somil, & Erinn,

In addition to the suggestions Bruce provided with respect to reconsidering
taking all of the water overhead in the 1st distillation column, I wanted
to suggest the use of live steam addition to the first column as the heat
source.  In addition to eliminating the column reboiler (hopefully), it may
be possible to have a two phase bottoms product oleic and water, which you
can decant directly (possibly using a Flash3 block & Sep if that doesn't
work) to recycle the oleic phase and produce the aqueous nutrients/minerals
stream we discussed.

Hope this helps,

Steve
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Appendix D: MSDS 
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Sigma - C4648 Page 1 of  5

SIGMA-ALDRICH sigma-aldrich.com

Material Safety Data Sheet
Version 4.0

Revision Date 07/21/2010 
Print Date 04/04/2011 

1. PRODUCT AND COMPANY IDENTIFICATION 

Product name : Corn steep liquor

Product Number : C4648
Brand : Sigma

Company : Sigma-Aldrich
3050 Spruce Street
SAINT LOUIS MO  63103
USA

Telephone : +1 800-325-5832
Fax : +1 800-325-5052
Emergency Phone # : (314) 776-6555

2. HAZARDS IDENTIFICATION 

Emergency Overview 

OSHA Hazards
No known OSHA hazards 

HMIS Classification 
Health hazard: 0
Flammability: 0
Physical hazards: 0

NFPA Rating 
Health hazard: 0
Fire: 0
Reactivity Hazard: 0

Potential Health Effects 

Inhalation May be harmful if inhaled. May cause respiratory tract irritation.
Skin May be harmful if absorbed through skin. May cause skin irritation.
Eyes May cause eye irritation.
Ingestion May be harmful if swallowed.

3. COMPOSITION/INFORMATION ON INGREDIENTS 

CAS-No. EC-No. Index-No. Concentration

Corn steep liquor
66071-94-1 266-113-4 - -

4. FIRST AID MEASURES 

If inhaled 
If breathed in, move person into fresh air. If not breathing, give artificial respiration. 

In case of skin contact 
Wash off with soap and plenty of water. 

In case of eye contact 
Flush eyes with water as a precaution. 
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If swallowed 
Never give anything by mouth to an unconscious person. Rinse mouth with water. 

5. FIRE-FIGHTING MEASURES 

Suitable extinguishing media 
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide. 

Special protective equipment for fire-fighters 
Wear self contained breathing apparatus for fire fighting if necessary. 

6. ACCIDENTAL RELEASE MEASURES 

Personal precautions 
Avoid breathing vapors, mist or gas. 

Environmental precautions 
Do not let product enter drains. 

Methods and materials for containment and cleaning up 
Keep in suitable, closed containers for disposal. 

7. HANDLING AND STORAGE 

Precautions for safe handling 
Normal measures for preventive fire protection. 

Conditions for safe storage 
Keep container tightly closed in a dry and well-ventilated place. Containers which are opened must be carefully resealed 
and kept upright to prevent leakage.  

8. EXPOSURE CONTROLS/PERSONAL PROTECTION 

Contains no substances with occupational exposure limit values. 

Personal protective equipment 

Respiratory protection 
Respiratory protection not required. For nuisance exposures use type OV/AG (US) or type ABEK (EU EN 14387) 
respirator cartridges. Use respirators and components tested and approved under appropriate government 
standards such as NIOSH (US) or CEN (EU).

Hand protection 
Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without touching 
glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves after use in 
accordance with applicable laws and good laboratory practices. Wash and dry hands. 

Eye protection 
Use equipment for eye protection tested and approved under appropriate government standards such as NIOSH 
(US) or EN 166(EU).

Skin and body protection 
impervious clothing, The type of protective equipment must be selected according to the concentration and amount 
of the dangerous substance at the specific workplace.

Hygiene measures 
General industrial hygiene practice. 

9. PHYSICAL AND CHEMICAL PROPERTIES 

Appearance 

Form liquid

Safety data 

pH no data available

Melting point no data available
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Boiling point no data available

Flash point no data available

Ignition temperature no data available

Lower explosion limit no data available

Upper explosion limit no data available

Water solubility no data available

10. STABILITY AND REACTIVITY 

Chemical stability 
Stable under recommended storage conditions.  

Conditions to avoid 
no data available 

Materials to avoid 
Strong oxidizing agents 

Hazardous decomposition products 
Hazardous decomposition products formed under fire conditions. - Nature of decomposition products not known. 

11. TOXICOLOGICAL INFORMATION 

Acute toxicity 
no data available 

Skin corrosion/irritation 
no data available 

Serious eye damage/eye irritation 
no data available 

Respiratory or skin sensitization 
no data available 

Germ cell mutagenicity 
no data available 

Carcinogenicity 

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as probable, 
possible or confirmed human carcinogen by IARC.

ACGIH: No component of this product present at levels greater than or equal to 0.1% is identified as a 
carcinogen or potential carcinogen by ACGIH.

NTP: No component of this product present at levels greater than or equal to 0.1% is identified as a known or 
anticipated carcinogen by NTP.

OSHA: No component of this product present at levels greater than or equal to 0.1% is identified as a 
carcinogen or potential carcinogen by OSHA.

Reproductive toxicity 
no data available 

Specific target organ toxicity - single exposure (GHS) 
no data available 

Specific target organ toxicity - repeated exposure (GHS) 
no data available 

Aspiration hazard 
no data available 

Potential health effects 

Inhalation May be harmful if inhaled. May cause respiratory tract irritation.
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Ingestion May be harmful if swallowed.
Skin May be harmful if absorbed through skin. May cause skin irritation.
Eyes May cause eye irritation.

Additional Information 

12. ECOLOGICAL INFORMATION 

Toxicity 
no data available 

Persistence and degradability 
no data available 

Bioaccumulative potential 
no data available 

Mobility in soil 
no data available 

PBT and vPvB assessment 
no data available 

Other adverse effects 

no data available 

13. DISPOSAL CONSIDERATIONS 

Product 
Offer surplus and non-recyclable solutions to a licensed disposal company.  

Contaminated packaging 
Dispose of as unused product.  

14. TRANSPORT INFORMATION 

DOT (US)
Not dangerous goods 

IMDG
Not dangerous goods 

IATA
Not dangerous goods 

15. REGULATORY INFORMATION 

OSHA Hazards 
No known OSHA hazards 

DSL Status 
All components of this product are on the Canadian DSL list. 

SARA 302 Components 
SARA 302: No chemicals in this material are subject to the reporting requirements of SARA Title III, Section 302. 

SARA 313 Components 
SARA 313: This material does not contain any chemical components with known CAS numbers that exceed the threshold 
(De Minimis) reporting levels established by SARA Title III, Section 313. 

SARA 311/312 Hazards 
No SARA Hazards 

Massachusetts Right To Know Components 
No components are subject to the Massachusetts Right to Know Act. 
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Pennsylvania Right To Know Components 

Corn steep liquor
CAS-No.
66071-94-1

Revision Date

New Jersey Right To Know Components 

Corn steep liquor
CAS-No.
66071-94-1

Revision Date

California Prop. 65 Components 
This product does not contain any chemicals known to State of California to cause cancer, birth defects, or any other 
reproductive harm. 

16. OTHER INFORMATION 

Further information 
Copyright 2010 Sigma-Aldrich Co. License granted to make unlimited paper copies for internal use only. 
The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a 
guide. The information in this document is based on the present state of our knowledge and is applicable to the 
product with regard to appropriate safety precautions. It does not represent any guarantee of the properties of the 
product. Sigma-Aldrich Co., shall not be held liable for any damage resulting from handling or from contact with the 
above product. See reverse side of invoice or packing slip for additional terms and conditions of sale. 
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Agrifeeds Limited  Ph:. +64 7 574 0840 

PO Box 4180  Fax: +64 7 575 8714 

Mount Maunganui  July 2008 

 

 

MATERIAL SAFETY DATA SHEET 

 

SECTION I - PRODUCT IDENTIFICATION 
Product name:  

BLACKSTRAP MOLASSES  

FEEDGRADE MOLASSES  

BBO MOLASSES 
Manufacturer's 
Name:  Australian Molasses Trading Limited, Brisbane, Queensland 
Imported By:  Agri-feeds Ltd, Tasman Quay, Mt Maunganui 
Phone: +64 7 574 0840 
  
Chemical Name & Synonyms:  Inverted syrup from the juice of sugar cane. 
Chemical family:  Sugars 
SECTION II – HAZARDOUS INGREDIENTS 
None 
WHMIS RATING Rating: 0 = None - - - 4 = Extreme 
Health 0 Flammability 1 Reactivity 0 
Product is generally considered safe for human consumption. (GRAS) 
SECTION III - PHYSICAL DATA 
Physical state  Viscous liquid Odours & Appearance: Fruity sweet,  
Vapour pressure Not determined brown, clear viscous liquid. 
pH 5.1 Vapour density Not applicable 

Evaporation rate 
Not 
determined Specific gravity 1.4 

Freezing point 

Less than 
minus 
18°C Boiling point 107° C 

Solubility in water Highly soluble 
SECTION IV - FIRE & EXPLOSION HAZARD DATA 
Flammability Will burn only under conditions of extreme heat. 
Means of extinction Water 

Flashpoint 
Not 
determined Auto-ignition temperature 60° C 

Flammable limits Not determined 
Special fire fighting procedures Use NIOH approved self-contained breathing apparatus 
Unusual fire 7 explosion hazards Material may spontaneously decompose at temperatures >60°C 
 
SECTION 5 - REACTIVITY DATA 
Product is stable 
Incompatibility with other 
substances None 

Conditions to avoid 
Heat over 60° C. Keep container vented, too allow release of CO2 
produced by natural yeast in product 
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Agrifeeds Limited  Ph:. +64 7 574 0840 

PO Box 4180  Fax: +64 7 575 8714 

Mount Maunganui  July 2008 

 

SECTION 6 - TOXICOLOGICAL PROPERTIES 
None 
SECTION 7 - PREVENTIVE MEASURES 

Storage  
Keep container vented, to allow release of CO2 produced by natural 
yeast in product. 

Personal protective equipment  Not required 
Product is generally considered as safe for human consumption. (GRAS) 
SECTION 8 - SPILL OR LEAK PROCEDURES 
Wash with hot water. If large quantities are to be flushed into drains follow local regulations. 
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Material Safety Data Sheet
Oleic acid MSDS

Section 1: Chemical Product and Company Identification

Product Name: Oleic acid

Catalog Codes: SLO1078, SLO1318

CAS#: 112-80-1

RTECS: RG2275000

TSCA: TSCA 8(b) inventory: Oleic acid

CI#: Not available.

Synonym:   9-Octadecenoic acid

Chemical Name: (Z)-9-Octadecenoic Acid

Chemical Formula: C18H34O2

Contact Information:
Sciencelab.com, Inc.
14025 Smith Rd.
Houston, Texas 77396
US Sales: 1-800-901-7247
International Sales: 1-281-441-4400
Order Online: ScienceLab.com

CHEMTREC (24HR Emergency Telephone), call:
1-800-424-9300

International CHEMTREC, call: 1-703-527-3887

For non-emergency assistance, call: 1-281-441-4400

Section 2: Composition and Information on Ingredients

Composition:

Name CAS # % by Weight

Oleic acid 112-80-1 100

Toxicological Data on Ingredients: Oleic acid: ORAL (LD50): Acute: 25000 mg/kg [Rat]. 28000 mg/kg [Mouse].

Section 3: Hazards Identification

Potential Acute Health Effects: Slightly hazardous in case of skin contact (irritant, permeator), of eye contact (irritant), of
ingestion, of inhalation.

Potential Chronic Health Effects:
CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available. TERATOGENIC EFFECTS: Not available.
DEVELOPMENTAL TOXICITY: Not available. Repeated or prolonged exposure is not known to aggravate medical condition.

Section 4: First Aid Measures

Eye Contact:
Check for and remove any contact lenses. In case of contact, immediately flush eyes with plenty of water for at least 15
minutes. Get medical attention.

Skin Contact:
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In case of contact, immediately flush skin with plenty of water. Cover the irritated skin with an emollient. Remove contaminated
clothing and shoes. Wash clothing before reuse. Thoroughly clean shoes before reuse. Get medical attention.

Serious Skin Contact:
Wash with a disinfectant soap and cover the contaminated skin with an anti-bacterial cream. Seek medical attention.

Inhalation:
If inhaled, remove to fresh air. If not breathing, give artificial respiration. If breathing is difficult, give oxygen. Get medical
attention.

Serious Inhalation: Not available.

Ingestion:
Do NOT induce vomiting unless directed to do so by medical personnel. Never give anything by mouth to an unconscious
person. Loosen tight clothing such as a collar, tie, belt or waistband. Get medical attention if symptoms appear.

Serious Ingestion: Not available.

Section 5: Fire and Explosion Data

Flammability of the Product: May be combustible at high temperature.

Auto-Ignition Temperature: 363°C (685.4°F)

Flash Points: CLOSED CUP: 188.89°C (372°F). OPEN CUP: 198.89°C (390°F) - 218.33 C (425 F).

Flammable Limits: Not available.

Products of Combustion: These products are carbon oxides (CO, CO2).

Fire Hazards in Presence of Various Substances:
Slightly flammable to flammable in presence of heat. Non-flammable in presence of shocks.

Explosion Hazards in Presence of Various Substances:
Risks of explosion of the product in presence of mechanical impact: Not available. Risks of explosion of the product in
presence of static discharge: Not available.

Fire Fighting Media and Instructions:
SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water jet.

Special Remarks on Fire Hazards: Not available.

Special Remarks on Explosion Hazards: Not available.

Section 6: Accidental Release Measures

Small Spill: Absorb with an inert material and put the spilled material in an appropriate waste disposal.

Large Spill:
If the product is in its solid form: Use a shovel to put the material into a convenient waste disposal container. If the product is
in its liquid form: Absorb with an inert material and put the spilled material in an appropriate waste disposal. Finish cleaning by
spreading water on the contaminated surface and allow to evacuate through the sanitary system.

Section 7: Handling and Storage

Precautions:
Keep away from heat. Keep away from sources of ignition. Empty containers pose a fire risk, evaporate the residue under a
fume hood. Ground all equipment containing material. Do not ingest. Do not breathe gas/fumes/ vapor/spray. Wear suitable
protective clothing. If ingested, seek medical advice immediately and show the container or the label. Avoid contact with skin
and eyes. Keep away from incompatibles such as oxidizing agents.
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Storage:
Keep container tightly closed. Keep container in a cool, well-ventilated area. Sensitive to light. Store in light-resistant
containers. Air Sensitive

Section 8: Exposure Controls/Personal Protection

Engineering Controls:
Provide exhaust ventilation or other engineering controls to keep the airborne concentrations of vapors below their respective
threshold limit value. Ensure that eyewash stations and safety showers are proximal to the work-station location.

Personal Protection: Splash goggles. Lab coat. Gloves.

Personal Protection in Case of a Large Spill:
Splash goggles. Full suit. Boots. Gloves. Suggested protective clothing might not be sufficient; consult a specialist BEFORE
handling this product.

Exposure Limits: Not available.

Section 9: Physical and Chemical Properties

Physical state and appearance: Liquid.

Odor: Peculiar Lard-Like odor

Taste: Not available.

Molecular Weight: 282.47 g/mole

Color: Colorless to light yellow.

pH (1% soln/water): Not applicable.

Boiling Point: 286.11°C (547°F)

Melting Point: 16.3°C (61.3°F)

Critical Temperature: Not available.

Specific Gravity: 0.895 (Water = 1)

Vapor Pressure: Not available.

Vapor Density: 9.7(Air = 1)

Volatility: Not available.

Odor Threshold: Not available.

Water/Oil Dist. Coeff.: Not available.

Ionicity (in Water): Not available.

Dispersion Properties: See solubility in water, methanol, diethyl ether, acetone.

Solubility:
Soluble in methanol, diethyl ether, acetone. Insoluble in cold water. Soluble in chloroform, most organic solvents, benzene,
alcohol, carbon tetrachloride, and fixed and volatile oils.

Section 10: Stability and Reactivity Data

Stability: The product is stable.

Instability Temperature: Not available.
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Conditions of Instability: Excess heat

Incompatibility with various substances: Reactive with oxidizing agents.

Corrosivity: Non-corrosive in presence of glass.

Special Remarks on Reactivity:
Air and light sensitive. On exposure to air, especially when impure, it oxidizes and acquires a yellow to brown color and rancid
odor. Also incompatible with perchloric acid, and powdered aluminum.

Special Remarks on Corrosivity: Not available.

Polymerization: Will not occur.

Section 11: Toxicological Information

Routes of Entry: Absorbed through skin. Eye contact.

Toxicity to Animals: Acute oral toxicity (LD50): 25000 mg/kg [Rat].

Chronic Effects on Humans: Not available.

Other Toxic Effects on Humans: Slightly hazardous in case of skin contact (irritant, permeator), of ingestion, of inhalation.

Special Remarks on Toxicity to Animals: Not available.

Special Remarks on Chronic Effects on Humans:
Human: passes the placental barrier, detected in maternal milk. May cause cancer based on animal test data. No human data
found. May affect genetic material (mutagenic).

Special Remarks on other Toxic Effects on Humans:
Acute Potential Health Effects: Skin: Causes skin irritation. Eyes: May cause eye irritation. Ingestion: May cause digestive tract
irritation. It is expected to be a low hazard for usual industrial handling. Inhalation: May cause respiratory tract irritation. It is
expected to be a low hazard to usual industrial handling. Note: According the Registery of Toxic Effects of Chemicals, when
Oleic acid was administered to rats and mice through intravenous injection, behavior and respiration were affected.

Section 12: Ecological Information

Ecotoxicity: Not available.

BOD5 and COD: Not available.

Products of Biodegradation:
Possibly hazardous short term degradation products are not likely. However, long term degradation products may arise.

Toxicity of the Products of Biodegradation: The product itself and its products of degradation are not toxic.

Special Remarks on the Products of Biodegradation: Not available.

Section 13: Disposal Considerations

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

Section 14: Transport Information

DOT Classification: Not a DOT controlled material (United States).

Identification: Not applicable.
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Special Provisions for Transport: Not applicable.

Section 15: Other Regulatory Information

Federal and State Regulations:
Rhode Island RTK hazardous substances: Oleic acid Pennsylvania RTK: Oleic acid TSCA 8(b) inventory: Oleic acid

Other Regulations: EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances.

Other Classifications:

WHMIS (Canada): Not controlled under WHMIS (Canada).

DSCL (EEC):
R36/38- Irritating to eyes and skin. S24/25- Avoid contact with skin and eyes. S28- After contact with skin, wash immediately
with plenty of water. S35- This material and its container must be disposed of in a safe way. S37- Wear suitable gloves.

HMIS (U.S.A.):

Health Hazard: 1

Fire Hazard: 1

Reactivity: 0

Personal Protection: j

National Fire Protection Association (U.S.A.):

Health: 0

Flammability: 1

Reactivity: 0

Specific hazard:

Protective Equipment:
Gloves. Lab coat. Not applicable. Splash goggles.

Section 16: Other Information

References: Not available.

Other Special Considerations: Not available.

Created: 10/11/2005 01:35 PM

Last Updated: 11/01/2010 12:00 PM

The information above is believed to be accurate and represents the best information currently available to us. However, we
make no warranty of merchantability or any other warranty, express or implied, with respect to such information, and we assume
no liability resulting from its use. Users should make their own investigations to determine the suitability of the information for
their particular purposes. In no event shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for
lost profits or any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if ScienceLab.com
has been advised of the possibility of such damages.
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MSDS Reference: MSDS-005 DOCUMENT CONTROL:  Document No.: G-3.2-FM-001 (template);  Issue 

Date: 07/07/10;   Review Date: July 2015;  Approved By:  Quality & 
Technical Manager; Date Issued: 28 July 2010 

   

 

MATERIAL SAFETY DATA SHEET 
BioDunder 

 
SECTION 1:  IDENTIFICATION OF THE MATERIAL AND SUPPLIER 

Product Name: BioDunder 

Other Names: Molasses Dunder, Dunder, Vinasse 

Product Codes/Trade Names: Suplamite, DunDust, Suplaflo, BioDunder™ 

Recommended Use: BioDunder co-products are licensed by the Department of 
Environmental Resource Management (Queensland) for beneficial re-
use as a fertiliser, animal feed and dust suppressant purposes. 

Applicable In: Australia 

Supplier: Sucrogen BioEthanol Pty Ltd (ABN 85 009 660 191) 

Address: Bruce Highway, Sarina, QLD, 4737, Australia 

Telephone: +61 7 4940 9822 

Email Address: agservices@sucrogen.com 

Web Site: www.sucrogen.com 

Facsimile: +61 7 4956 2147 

Emergency Phone Number:  000 Fire Brigade and Police (available in Australia only) 

Poisons Information Centre:  13 11 26 (available in Australia only) 

This Material Safety Data Sheet (MSDS) is issued by the Supplier in accordance with National Standards 
and Guidelines from Safe Work Australia (SWA – formerly ASCC/NOHSC).  The information in it must not be 
altered, deleted or added to.  The Supplier will not accept any responsibility for any changes made to its 
MSDS by any other person or organization.  The Supplier will issue a new MSDS when there is a change in 
product specifications and/or Standards, Codes, Guidelines, or Regulations. 

SECTION 2:  HAZARD IDENTIFICATION 

STATEMENT OF HAZARDOUS NATURE:  Classified as Non Hazardous according to the Approved 
Criteria For Classifying Hazardous Substances [NOHSC:1008] 3rd Edition. 

BioDunder is classified as Non Dangerous according to the Australian Code for the Transport of 
Dangerous Goods by Road and Rail. 
 

SECTION 3:  COMPOSITION / INFORMATION ON INGREDIENTS 

Chemical Name: Synonyms Proportion: CAS Number: 

Protein 
Ash 
Carbohydrates 
Glycerol 
Water 

- 
- 
- 
- 
- 

5% - 35% (DWB) 
11% - 65% (DWB) 
5 - 25% w/v 
1 - 6 % w/v 
30 - 80% w/v 

- 
- 
- 
56-81-5 
7732-18-5 

BioDunder is a co-product of the molasses based ethanol manufacturing process and contains vegetable matter with 
traces of potassium, sodium, nitrogen, calcium, magnesium, phosphorus and sulphur. 
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MSDS for BioDunder  Page 2 of 6 

MSDS Reference: MSDS-005  

 

Date Issued: 28 July 2010  

 

SECTION 4:  FIRST AID MEASURES 

Swallowed: Unlikely in the industrial situation.  Give water to drink to dilute stomach contents.  
Do not induce vomiting. 

Eyes: Flush thoroughly with flowing water for at least 15 minutes.  If symptoms/irritation 
persist, seek medical attention. 

Skin: Wash with soap and water. 

Inhaled: Remove to fresh air. 

First Aid 
Facilities: 

No special requirements. 

Advice to Doctor: Treat symptomatically. 

SECTION 5:  FIRE FIGHTING MEASURES 

Flammability: Product will not burn.  No specific requirements. 

Suitable extinguishing media: Product will not burn.  If there is a fire in the surrounding area use 
suitable extinguishing media for the surrounding material. 

Hazards from combustion 
products: 

None - product will not burn. 

Special protective precautions 
and equipment for fire 
fighters: 

As required for fire in surrounding materials. 

HAZCHEM Code: Not applicable 

SECTION 6:  ACCIDENTAL RELEASE MEASURES 

Emergency Procedure: See Disposal Considerations. 

Containment Procedure: Bund and pump into suitable drum for re-use. 
For dust suppressant applications, refer to permit number 
ENBU00824808 for BioDunder issued by the Department of 
Environment and Resource Management in Queensland (approval of 
resource for beneficial use). 

Clean Up Procedure: Large spills - hose down but avoid this product getting into drains, 
sewers and waterways because of high BOD load and low pH. 
For dust suppressant applications, refer to permit number 
ENBU00824808 for BioDunder issued by the Department of 
Environment and Resource Management in Queensland (approval of 
resource for beneficial use). 

SECTION 7:  HANDLING AND STORAGE 

Handling: Transported by bulk tanker. 
For dust suppressant applications, refer to permit number 
ENBU00824808 for BioDunder issued by the Department of 
Environment and Resource Management in Queensland (approval of 
resource for beneficial use). 

Storage: For dust suppressant applications, refer to permit number 
ENBU00824808 for BioDunder issued by the Department of 
Environment and Resource Management in Queensland (approval of 
resource for beneficial use). 

Incompatibilities: None 
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SECTION 8:  EXPOSURE CONTROLS / PERSONAL PROTECTION 

Exposure Standards: National Occupational Exposure Standard (NES), Safe Work 
Australia (formerly ASCC/NOHSC). 

No exposure standard is applicable to this non-hazardous 
product. 

Notes: Sucrogen AgServices recommendation:  Keep exposure to aerosols 
and mists as low as practicable and avoid skin contact. 

Biological Limit Values: No biological limit allocated. 

ENGINEERING CONTROLS   

� Ventilation: All work with BioDunder should be carried out in such a way as to 
minimise skin contact with the product and avoid generation of liquid 
aerosol (mist) where persons can inhale it. 
For applications where there is a risk of exposure to mists, please 
refer to Respiratory Protection requirements below. 

� Special Consideration for 
Repair &/or Maintenance 
of Contaminated 
Equipment: 

Recommendations on exposure control and Personal Protection 
should be followed. 

PERSONAL PROTECTION 

� Personal Hygiene Wash hands before eating, drinking, using the toilet or smoking. 

� Skin Protection: Wear Loose comfortable clothing.  Wear PVC or rubber gloves AS 
2161.  Wash work clothes regularly. 

� Eye Protection: Goggles or safety glasses (AS 1336 and AS/NZS 1337) and a face 
shield should be worn if there is a risk of splash. 

� Respiratory Protection: If an aerosol or mist is generated, wear a respirator for acid gases 
conforming to AS/NZS 1715 and 1716. 

� Thermal Protection: None should be needed under normal circumstances. 

� Smoking & Other Dusts Inhalation of airborne particles from other sources, including those 
from cigarette smoke, may increase the risk of lung disease. 
Sucrogen AgServices recommends that all storage and work areas 
should be non-smoking zones, and other airborne contaminants be 
kept to a minimum. 

SECTION 9:  PHYSICAL AND CHEMICAL PROPERTIES 

Appearance: Dark brown-black, viscous liquid 

Odour: Sharp organic odour like molasses 

pH, at stated concentration: 4.0 - 4.5 

Vapour Pressure: Not applicable - does not vapourise 

Vapour Density: Not applicable - does not vapourise 

Boiling Point/range (°C): ~ 100°C 

Freezing/Melting Point (°C): Not determined 

Solubility: Partially soluble in water. 

Specific Gravity (H2O = 1): 1.15 (typical) 

FLAMMABLE MATERIALS 

� Flash Point: Not applicable 

Bibolet, Fernando, Shah

188



MSDS for BioDunder  Page 4 of 6 

MSDS Reference: MSDS-005  

 

Date Issued: 28 July 2010  

 

� Flash Point Method: Not applicable 

� Flammable (Explosive) 
Limit - Upper: 

Not applicable 

� Flammable (Explosive) 
Limit - Lower: 

Not applicable 

� Autoignition 
Temperature: 

Does not auto-ignite 

ADDITIONAL PROPERTIES 

� Evaporation Rate: Not determined 

� Molecular Weight: Not determined 

� Volatile Organic 
Compounds Content 
(VOC): 
(as specified by the Green 
Building Council of Australia) 

Nil 

� % Volatiles: 0% 

SECTION 10:  STABILITY AND REACTIVITY 

Chemical Stability: Product is stable and will not polymerize. 

Incompatible Materials: None known. 

Conditions to avoid: None known. 

Hazardous Decomposition 
Products: 

None known. 

Hazardous Reactions: None known. 

SECTION 11:  TOXICOLOGICAL INFORMATION 

Toxicological Data:  
The health effects listed below are related to the acid pH of the product (3.3 - 4.0) and potential for mild 
irritation of skin and mucous membranes. 

 
Health effects information is based on reported effects in use from overseas and Australian reports. 

Effects:  Acute 
Swallowed: Unlikely under normal conditions of use, but could cause abdominal discomfort and 

nausea, and throat irritation. 

Eyes: Can irritate the eyes and cause watering and redness. 

Skin: Can cause skin irritation if in repeated or prolonged contact with the skin. 

Inhaled: Can be temporarily irritating to the respiratory system if aerosol mist breathed in. 

Effects:  Chronic 
Repeated skin contact may result in chronic dermatitis with redness and dryness of the skin. 
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SECTION 12:  ECOLOGICAL INFORMATION 

Eco-toxicity: Product has no significant ecotoxicity. 

Persistence and 
Degradability: 

Biodegradeable. 

Mobility: Biodegradeable. 

SECTION 13:  DISPOSAL CONSIDERATIONS 

Large spills - hose down but avoid this product getting into drains, sewers and waterways because of 
high BOD load and low pH.  Bund and pump into suitable drum for reuse. 
For dust suppressant applications, refer to permit number ENBU00824808 for BioDunder issued by the 
Department of Environment and Resource Management in Queensland (approval of resource for beneficial 
use). 

SECTION 14:  TRANSPORT INFORMATION 

Proper Shipping 
Name: 

Niot applicable 

UN number: Not applicable 

DG Class: Not applicable 

Subsidiary Risk 1: Not applicable 

Packaging Group: Not applicable 

HAZCHEM code: Not applicable 

Marine Pollutant: No 

Special 
Precautions for 
User: 

None 

ADDITIONAL TRANSPORT REQUIREMENTS: 

For dust suppressant applications, refer to permit number ENBU00824808 for BioDunder issued by the 
Department of Environment and Resource Management in Queensland (approval of resource for 
beneficial use). 

SECTION 15:  REGULATORY INFORMATION 

Poisons 
Schedule: 

Not scheduled 

Other: Approval for BioDunder for beneficial use by Department of Environmental 
Resource Management Queensland Government including as a dust 
suppressant, stock feed and a fertiliser.  Permit Number ENBU00824808. 

SECTION 16:  OTHER INFORMATION  

For further information on this product, please contact: 
Sucrogen BioEthanol Pty Ltd (ABN 85 009 660 191) 
Bruce Highway, Sarina, QLD, 4737, Australia 

Phone: 

Fax:       

+61 7 4940 9822 
+61 7 4956 2147 
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ADDITIONAL INFORMATION 

Australian Standards References: 

AS 1020  The Control of Undesirable Static Electricity. 

AS 1076  Code of Practice for selection, installation and maintenance of electrical apparatus 
and associated equipment for use in explosive atmospheres (other than mining 
applications) – Parts 1 to 13 

AS/NZS 1336 Recommended Practices for Occupational Eye Protection 

AS/NZS 1715 Selection, Use and Maintenance of Respiratory Protective Devices 

AS/NZS 1716 Respiratory Protective Devices 

AS 1940 The Storage and Handling of Flammable and Combustible Liquids 

AS 2161 Industrial Safety Gloves and Mittens (excluding electrical and medical gloves) 

AS 2380  Electrical equipment for explosive atmospheres – Explosion Protection Techniques 
(Parts 1 to 9) 

AS 3000  Electrical installations (known as the Australian/New Zealand Wiring Rules). 

Other References: 

NOHSC:2011(2003) National Code of Practice for the Preparation of Material Safety Data Sheets 2nd 
Edition, April 2003, National Occupational Health and Safety Commission. 

NOHSC; 2012 
(1994) 

National Code of Practice for the Labelling of Workplace Substances, March 1994, 
Australian Government Publishing Service, Canberra. 

NES National Occupational Exposure Standards for Workplace Atmospheric 
Contaminants (NES), Safe Work Australia (formerly ASCC/NOHSC) 1995 as 
amended. 

ADG Code Australian Dangerous Goods Code 7th Edition. 

Permit 
ENBU00824808 

Approval of resource for beneficial use for BioDunder issued by the Department of 
Environment and Resource Management in Queensland. 
A copy of this permit can be obtained by contacting Sucrogen BioEthanol. 

AUTHORISATION 

Reason for Issue: New Sucrogen format & 5 Yearly Review 

Authorised by: Quality & Technical Manager and Sucrogen Legal 

Date of Issue: 28 July 2010 

Whilst the information contained in this document is based on data which, to the best of our knowledge, was accurate 
and reliable at the time of preparation, no responsibility can be accepted by us for errors and omissions.  The provision of 
this information should not be construed as a recommendation to use any of our products in violation of any patent rights 
or in breach of any statute or regulation.  Users are advised to make their own determination as to the suitability of this 
information in relation to their particular purposes and specific circumstances.  Since the information contained in this 
document may be applied under conditions beyond our control, no responsibility can be accepted by us for any loss or 
damage caused by any person acting or refraining from action as a result of this information. 

END OF MSDS
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Material Safety Data Sheet
Water MSDS

Section 1: Chemical Product and Company Identification

Product Name: Water

Catalog Codes: SLW1063

CAS#: 7732-18-5

RTECS: ZC0110000

TSCA: TSCA 8(b) inventory: Water

CI#: Not available.

Synonym:   Dihydrogen oxide

Chemical Name: Water

Chemical Formula: H2O

Contact Information:
Sciencelab.com, Inc.
14025 Smith Rd.
Houston, Texas 77396
US Sales: 1-800-901-7247
International Sales: 1-281-441-4400
Order Online: ScienceLab.com

CHEMTREC (24HR Emergency Telephone), call:
1-800-424-9300

International CHEMTREC, call: 1-703-527-3887

For non-emergency assistance, call: 1-281-441-4400

Section 2: Composition and Information on Ingredients

Composition:

Name CAS # % by Weight

Water 7732-18-5 100

Toxicological Data on Ingredients: Not applicable.

Section 3: Hazards Identification

Potential Acute Health Effects:
Non-corrosive for skin. Non-irritant for skin. Non-sensitizer for skin. Non-permeator by skin. Non-irritating to the eyes. Non-
hazardous in case of ingestion. Non-hazardous in case of inhalation. Non-irritant for lungs. Non-sensitizer for lungs. Non-
corrosive to the eyes. Non-corrosive for lungs.

Potential Chronic Health Effects:
Non-corrosive for skin. Non-irritant for skin. Non-sensitizer for skin. Non-permeator by skin. Non-irritating to the eyes.
Non-hazardous in case of ingestion. Non-hazardous in case of inhalation. Non-irritant for lungs. Non-sensitizer for lungs.
CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available. TERATOGENIC EFFECTS: Not available.
DEVELOPMENTAL TOXICITY: Not available.

Section 4: First Aid Measures

Eye Contact: Not applicable.
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Skin Contact: Not applicable.

Serious Skin Contact: Not available.

Inhalation: Not applicable.

Serious Inhalation: Not available.

Ingestion: Not Applicable

Serious Ingestion: Not available.

Section 5: Fire and Explosion Data

Flammability of the Product: Non-flammable.

Auto-Ignition Temperature: Not applicable.

Flash Points: Not applicable.

Flammable Limits: Not applicable.

Products of Combustion: Not available.

Fire Hazards in Presence of Various Substances: Not applicable.

Explosion Hazards in Presence of Various Substances: Not Applicable

Fire Fighting Media and Instructions: Not applicable.

Special Remarks on Fire Hazards: Not available.

Special Remarks on Explosion Hazards: Not available.

Section 6: Accidental Release Measures

Small Spill: Mop up, or absorb with an inert dry material and place in an appropriate waste disposal container.

Large Spill: Absorb with an inert material and put the spilled material in an appropriate waste disposal.

Section 7: Handling and Storage

Precautions: No specific safety phrase has been found applicable for this product.

Storage: Not applicable.

Section 8: Exposure Controls/Personal Protection

Engineering Controls: Not Applicable

Personal Protection: Safety glasses. Lab coat.

Personal Protection in Case of a Large Spill: Not Applicable

Exposure Limits: Not available.

Section 9: Physical and Chemical Properties

Physical state and appearance: Liquid.
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Odor: Odorless.

Taste: Not available.

Molecular Weight: 18.02 g/mole

Color: Colorless.

pH (1% soln/water): 7 [Neutral.]

Boiling Point: 100°C (212°F)

Melting Point: Not available.

Critical Temperature: Not available.

Specific Gravity: 1 (Water = 1)

Vapor Pressure: 2.3 kPa (@ 20°C)

Vapor Density: 0.62 (Air = 1)

Volatility: Not available.

Odor Threshold: Not available.

Water/Oil Dist. Coeff.: Not available.

Ionicity (in Water): Not available.

Dispersion Properties: Not applicable

Solubility: Not Applicable

Section 10: Stability and Reactivity Data

Stability: The product is stable.

Instability Temperature: Not available.

Conditions of Instability: Not available.

Incompatibility with various substances: Not available.

Corrosivity: Not available.

Special Remarks on Reactivity: Not available.

Special Remarks on Corrosivity: Not available.

Polymerization: Will not occur.

Section 11: Toxicological Information

Routes of Entry: Absorbed through skin. Eye contact.

Toxicity to Animals:
LD50: [Rat] - Route: oral; Dose: > 90 ml/kg LC50: Not available.

Chronic Effects on Humans: Not available.

Other Toxic Effects on Humans:
Non-corrosive for skin. Non-irritant for skin. Non-sensitizer for skin. Non-permeator by skin. Non-hazardous in case of
ingestion. Non-hazardous in case of inhalation. Non-irritant for lungs. Non-sensitizer for lungs. Non-corrosive to the eyes. Non-
corrosive for lungs.

Special Remarks on Toxicity to Animals: Not available.
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Special Remarks on Chronic Effects on Humans: Not available.

Special Remarks on other Toxic Effects on Humans: Not available.

Section 12: Ecological Information

Ecotoxicity: Not available.

BOD5 and COD: Not available.

Products of Biodegradation:
Possibly hazardous short term degradation products are not likely. However, long term degradation products may arise.

Toxicity of the Products of Biodegradation: The product itself and its products of degradation are not toxic.

Special Remarks on the Products of Biodegradation: Not available.

Section 13: Disposal Considerations

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

Section 14: Transport Information

DOT Classification: Not a DOT controlled material (United States).

Identification: Not applicable.

Special Provisions for Transport: Not applicable.

Section 15: Other Regulatory Information

Federal and State Regulations: TSCA 8(b) inventory: Water

Other Regulations: EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances.

Other Classifications:

WHMIS (Canada): Not controlled under WHMIS (Canada).

DSCL (EEC):
This product is not classified according to the EU regulations. Not applicable.

HMIS (U.S.A.):

Health Hazard: 0

Fire Hazard: 0

Reactivity: 0

Personal Protection: a

National Fire Protection Association (U.S.A.):

Health: 0

Flammability: 0

Reactivity: 0

Specific hazard:
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Protective Equipment:
Not applicable. Lab coat. Not applicable. Safety glasses.

Section 16: Other Information

References: Not available.

Other Special Considerations: Not available.

Created: 10/10/2005 08:33 PM

Last Updated: 11/01/2010 12:00 PM

The information above is believed to be accurate and represents the best information currently available to us. However, we
make no warranty of merchantability or any other warranty, express or implied, with respect to such information, and we assume
no liability resulting from its use. Users should make their own investigations to determine the suitability of the information for
their particular purposes. In no event shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for
lost profits or any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if ScienceLab.com
has been advised of the possibility of such damages.

Bibolet, Fernando, Shah

196
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