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Anaerobic Fermentation of Glycerol to Ethanol

Abstract

The purpose of this design project is to examine the plant-scale economic viability of the anaerobic
fermentation of crude glycerol to ethanol by a hypothetical wild strain of Escherichia coli. The manufactured
ethanol, before being denatured with gasoline, has a purity requirement of 99.5% by weight. The capacity of
the ethanol plant, as suggested by the problem statement, is S0 MM gallons per year. The process uses crude
glycerol (a waste byproduct from the biodiesel industry) as a primary feedstock, so the manufactured ethanol
can be considered a “green” or renewable fuel source. The process energy requirements must meet the current
energy benchmark of 35,000 BT'U/gallon of ethanol, typical for a modern corn-to-ethanol process of this
scale according to the design problem statement. This goal is more than met, with an energy usage of 8,000
BTU/gallon of ethanol.

The process design consists of three main sections: upstream preparation of the glycerol feed for the E. coli,
anaerobic fermentation of this glycerol feed to ethanol and succinic acid (a valuable specialty chemical and a
side-product of fermentation), and downstream separation to recover the ethanol and succinic acid.

When performing the economic analysis, the plant was assumed to be a grass roots plant located in the Gulf
Coast region of the United States. The total capital investment is $108 million, including a working capital of
$23.6 million. In the base case scenario, with crude glycerol priced at $0.05/1b, ethanol priced at $2.50/gallon,
gasoline priced at $3.15/gallon, and succinic acid priced at $2.00/1b, the net present value (NPV) of the
project is $95 MM based on an interest rate of 15%, and the investor’s rate of return (IRR) is 32.24%. The
process profitability improves with increasing crude oil prices and decreasing crude glycerol prices, which we
believe are highly likely scenarios based on our market research.
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Professor Leonard Fabiano

Professor Warren Seider

Chemical and Biomolecular Engineering Department
University of Pennsylvania

Philadelphia, PA 19104

April 6, 2009
Dear Professor Fabiano and Professor Seider,

Contained within this report is the design of a process to convert crude glycerol to
ethanol for fuel consumption via the anaerobic fermentation of the feedstock by a wild strain of
the microorganism Escherichia coli. As suggested by industrial consultant Mr. Bruce Vrana (DuPont),
we have designed a plant to produce 50 MM gallons of denatured fuel ethanol annually using a
combination of batch fermentation and continuous processing.

The plant design that we suggest is comprised of a continuous feed preparation section, a batch
fermentation section, and a subsequent continuous separation section for the recovery of ethanol and
succinic acid (a valuable fermentation side-product). In the feed preparation section, crude glycerol, a
byproduct from the biodiesel industry, is treated to remove salts and other impurities and then mixed
with a nutrient supplement, diluted, and sterilized. In the batch fermentation section, this sterile
glycerol feed is anaerobically metabolized by the E. coli, resulting in the formation of ethanol and
succinic acid. The broth and vapor from the fermentation section are then sent to the separation section
of the plant for product recovery.

Although the design uses a hypothetical strain of Escherichia coli as per the problem statement,
researchers Dharmadi, Murarka, and Gonzalez of Rice University present a case for the same
fermentation process in existing Escherichia coli. As such, the design presented here is physically
feasible. The design has a good economic outlook, assuming that crude oil prices continue to rise and
that political support for renewable fuels continues. The process is projected to have an approximate
investor’s rate of return (IRR) of 32.24% on a total capital investment of about $108 MM. The net
present value was estimated to be $95 MM based on an interest rate of 15%. Additionally, the energy
consumption of the process was determined to be 8,000 BTU/gallon of ethanol, well below the 35,000
BTU/gallon energy benchmark provided in the problem statement.

If you have any questions, comments, or concerns regarding the report, please do not hesitate

to contact us. We want to thank you very much for your support throughout the duration of the project
and your present consideration.

Sincerely,

Chloe LeGendre Eric Logan Jordan Mendel Tamara Seedial
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Abstract

The purpose of this design project is to examine the plant-scale economic viability of the
anaerobic fermentation of crude glycerol to ethanol by a hypothetical wild strain of Escherichia coli. The
manufactured ethanol, before being denatured with gasoline, has a purity requirement of 99.5% by
weight. The capacity of the ethanol plant, as suggested by the problem statement, is 50 MM gallons per
year. The process uses crude glycerol (a waste byproduct from the biodiesel industry) as a primary
feedstock, so the manufactured ethanol can be considered a “green” or renewable fuel source. The
process energy requirements must meet the current energy benchmark of 35,000 BTU/gallon of
ethanol, typical for a modern corn-to-ethanol process of this scale according to the design problem
statement. This goal is more than met, with an energy usage of 8,000 BTU/gallon of ethanol.

The process design consists of three main sections: upstream preparation of the glycerol feed
for the E. coli, anaerobic fermentation of this glycerol feed to ethanol and succinic acid (a valuable
specialty chemical and a side-product of fermentation), and downstream separation to recover the
ethanol and succinic acid.

When performing the economic analysis, the plant was assumed to be a grass roots plant
located in the Gulf Coast region of the United States. The total capital investment is $108 million,
including a working capital of $23.6 million. In the base case scenario, with crude glycerol priced at
$0.05/1b, ethanol priced at $2.50/gallon, gasoline priced at $3.15/gallon, and succinic acid priced at
$2.00/Ib, the net present value (NPV) of the project is $95 MM based on an interest rate of 15%, and the
investor’s rate of return (IRR) is 32.24%. The process profitability improves with increasing crude oil
prices and decreasing crude glycerol prices, which we believe are highly likely scenarios based on our

market research.
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A. Process Overview

The process design for anaerobically fermenting crude glycerol to ethanol is presented in this
report. The plant proposed is divided into three main sections: the upstream preparation of the crude
glycerol fermentation feedstock, the fermentation of the glycerol to ethanol and succinic acid, and the
downstream separation of products using distillation, molecular sieves, and other separation units.

The feed preparation stage purifies, dilutes, and sterilizes the incoming crude glycerol feedstock
from biodiesel manufacturing to a glycerol feed appropriate for the microorganisms. The fermentation
section is divided into three stages: the laboratory stage (for seed fermentation volumes of under 10 L,
as specified in the problem statement), the plant-scale seed fermentation stage, and the main (large-
scale, primary) fermentation stage. The seed fermentation in total consists of two seed trains of seven
(7) seed fermenters each, which provide biomass volume for twelve (12) 2,000,000 L fermenter tanks in
the main fermentation process where the majority of the ethanol is produced. The large fermenters are
the bottleneck in the process, giving a total cycle time of 297 hours. Because biomass is recycled, this
cycle time accounts for three fermentation batches of ethanol. Fresh biomass for the 2,000,000 L
fermenters is supplied in one out of every three fermentation periods.

Once fermentation is complete, the dilute broth is sent to the separation section of the plant,
along with the fermentation off-gases. The broth is heated to deactivate the microorganisms, which are
then filtered out and removed. The filtrate proceeds to a distillation column, which brings the
ethanol/water solution to the azeotropic point. Ethanol in the vapor stream from the fermentation
section is absorbed in a column and sent to this distillation tower as well. The top product from the
tower is sent to molecular sieves for further ethanol dehydration. The 99.5% ethanol by mass stream
exiting the molecular sieves is then denatured with gasoline, and the ethanol is ready to be sold. The

bottom product from the distillation tower, containing a dilute portion of succinic acid, is sent to an
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electro-dialysis unit that concentrates this solution so that succinic acid can then be crystallized out of

solution. Succinic acid crystals are then dried and sold.

B. Importance for the Study

The demand for fuel has increased worldwide. As this demand increased, the number of oil
refineries being built has decreased, reflecting a rise in oil prices, with an all time record high in July
2008 of $147/barrel (Simpkins). This rise in price has directed an increase in research into alternative
fuel sources such as biofuels, which include ethanol, diesel, and butanol from renewable resources such
as corn fiber, biomass, and other agricultural byproducts. Bioethanol is the most widely used alternative
automotive fuel in the world. Brazil produces ethanol from sugar cane, and North America produces
ethanol from corn for use as an octane enhancer of gasoline (in a small percentage). These countries
account for more than 65% of global ethanol production (Organization for Economic Cooperation and
Development). Biodiesel is another alternative to fossil fuels. The increased production of biodiesel as an
alternative to petroleum has, however, led to a buildup of the by product, glycerol. Recently, crude
glycerol has been proposed as an alternative to corn as the starting material for the production of
ethanol for use as a fuel (Gonzalez et al. 2008). As such, this report is fueled by the need for a cheaper
source of ethanol and by the overproduction of glycerol.

Ethanol Demand:

The Energy Policy Act of 2005 established the renewable fuels standard (RFS) which directs that
gasoline sold in the United States contain a specified minimum volume of renewable fuel. Under the Act,
the total volume of renewable fuel to be utilized starts at 4 billion gallons in 2006 and increases to 7.5
billion gallons in 2012. However, the Energy Independence and Security Act of 2007, signed into law on
December 19" 2007, boosts the requirements for renewable fuel use to 36 billion gallons by 2022. The
act requires "advanced biofuels"—defined as fuels that cut greenhouse gas emissions by at least 50%—

to provide 21 billion gallons of fuel by 2022, or about 60% of the total requirement. In other words,
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cellulosic biofuels must contribute at least 0.1 billion gallons in 2010, accelerating to 10 billion gallons in
2020 and 16 billion gallons in 2022 (US Department of Energy). Such advanced biofuels could include
ethanol derived from cellulosic biomass—such as wood waste, grasses, and agricultural wastes—as well
as biodiesel, butanol, and other fuels. Title Il of the Energy Act also prohibits petroleum companies from
restricting the sale of alternative fuels under new franchise agreements, a provision that could allow gas
station owners to install more pumps for E85, a blend of 85% ethanol and 15% gasoline (US DOE-EERE).
The act also requires labeling diesel fuel pumps with their biodiesel content.

This new Energy Act was drafted at the time that oil prices were at a high. This quickened the
demand for a less expensive source of energy. However, in 2009, the price of crude oil has dropped
significantly from the summer 2008 high of $147 per barrel to $40.17 per barrel (Bloomberg). This drop
in prices is a result of the unemployment in the United States climbing in January to the highest level
since 1992. As such, oil futures in New York have traded between $38.60 and $42.68 in recent times as
the recession in the U.S., Europe and Asia has led to layoffs and reduced spending.

Since the ethanol plant that is being proposed will start production in approximately two years,
the market should stabilize as OPEC is at present shutting down some oil refineries in an effort to bring
balance to the market. Even so, the production of inexpensive bioethanol is still in high demand due to
the increasing demand for cleaner transportation fuels. There are great market opportunities for
biofuels—agriculturally- derived renewable fuels such as ethanol and biodiesel. Since the new energy
act of 2007, refiners are required by law to blend a certain amount of ethanol into gasoline or buy
enough credits to balance out that amount. If ethanol supply in the United States becomes lower than
demand, the United States could be forced to import fuel from Brazilian exporters. As such, there is now

an even more pressing need for a less expensive source of ethanol than the traditional grain.
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The Glycerol Glut:

Glycerol is produced in two ways: natural glycerol is produced as a by-product in the production
of soap and in the conversion of fats and oils to fatty acids or fatty acid methyl esters, such as occurs in
biodiesel manufacturing, and synthetic glycerol is produced in various manners. Natural glycerol is
initially produced in a crude form that contains water and other impurities, which vary widely and
depend on the manufacturing process.

Asia is the largest producer and consumer of refined glycerin, accounting for 44% and 35% of
world production and consumption in 2007. Asia is expected to remain the largest market into 2012
with increasing demand in all applications as well as new markets for refined glycerin. Western Europe is
the second-largest producer and consumer of refined glycerin, accounting for nearly 35% and 28% of
world production and consumption, respectively, in 2007. North America was the third-largest market in
2007. These three regions accounted for nearly 91% of world production and 82% of world consumption
in 2007 (SRI).

World Conguwmption of Refined Glycerin—2007
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Fig IS-1: Consumption of Refined Glycerol by Country(SRI)
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The increased use of biofuels as alternative to petroleum has lead to a buildup up of the
biodiesel manufacturing byproduct, crude glycerol. In general, for every 1000 kilograms of biodiesel
made from vegetable oil, 100 kilograms of glycerol is produced as a byproduct (McCaoy). Since the
previous glycerol supply and demand market was tight, recent increases in glycerol production from
biodiesel refineries have created a glut in the glycerol market. As a result, the price of glycerol has fallen
significantly, and biodiesel refineries are having difficulty in managing the glycerol by product which has
become a waste stream. According to the National Biodiesel Board, U.S. companies produced about 450
million gallons of biodiesel in 2007, and about 60 new plants with a production capacity of 1.2 billion
gallons are slated to open by 2010 (Voegele).

Purified glycerol has historically been a fairly high valued commercial chemical, usually valued at
$0.60-$0.90 / Ib and was primarily used in the pharmaceutical and food and beverage industry. At this
time the price of glycerol as a feedstock was too high to pursue other uses for it. However, as of 2006
the price of glycerol had fallen to as low as $ 0.05- $0.15 /1b. This low price positions glycerol as a
favorable feedstock for chemical processes (Voegele).

The Department of Energy estimated that if enough biodiesel was produced to replace 2% of
petroleum diesel use, around 800 million pounds of glycerol would be produced. Since the US market
for crude glycerol is around 600 million pounds, the increasing biodiesel production is producing a
glycerol glut, and new markets for the excess glycerol need to be examined (US DOE-EERE).

Jerry Patak, director of commodities for Massachusetts-based World Energy Solutions Inc., says
the U.S. crude glycerin market is being inundated with imports. Southeast Asia and Europe are exporting
glycerin to the United States in large volumes at low prices. “The market is depressed as a result of
that,” he says. Patak expects those depressed prices to continue through the end of 2008, and possibly
into 2009 (Voegele).

The market is also experiencing reduced demand from Asia. Dave Elsenbast, Renewable Energy
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Group Inc.’s vice president of procurement says his company has exported glycerin to Asia in the past.
“The Asian demand that we were selling into seems to have dramatically slowed,” he says. “They may
have started buying more of their supplies out of the Argentinean biodiesel market as that market has
developed.” (Voegele)

With increased fuel production from the biodiesel industry and the lack of exports of glycerol,
the price of crude glycerol can be expected to remain low for at least a few years.

Crude glyceraol sells at a price comparable to that of sugars typically used in fermentation
processes, and it has a higher reduced state than that of sugars such as glucose and xylose. This property
of glycerol promises to increase the yield of chemicals from fermentation such as ethanol, succinic acid
and propanediols. Previously, researchers did not believe that that Escherichia coli bacteria could
anearobically metabolize glycerol. However, recent research done by researchers Gonzales and
Dharmadi of Rice University on the lab scale has shown that this microorganism is capable of this
process under certain pH and other external condition, producing a mixture of ethanol and a small
quantity of succinic acid. Gonzales and Dharmadi found the process to be very efficient, with operational
costs estimated to be about 40 percent less than those of producing ethanol from corn. Gonzalez has
said that new fermentation technologies that produce high-value chemicals like succinate hold even
more promise for biodiesel refiners because those chemicals are more profitable than ethanol (Boyd).
Succinate is a high-demand chemical feedstock that is used to make everything from noncorrosive
airport deicers and nontoxic solvents to plastics, drugs and food additives. Most succinate today comes
from nonrenewable fossil fuels (Yazdani).

Our project seeks to scale up the fermentation of glycerol to ethanol by Escherichia coli bacteria

and determine if it is economically feasible on the plant scale.
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C. Initial Project Charter

Project Name Anaerobic Fermentation of Glycerol to Ethanol

Project Champion The biodiesel manufacturing industry, “Green” energy
Proponents

Project Leader Chloe LeGendre, Eric Logan, Jordan Mendel, and Tamara
Seedial

Specific Goals Design an economically viable chemical process with a low

energy requirement to produce 50 MM gallons per year of
ethanol by fermenting crude waste glycerol using E. Coli

Project Scope In Scope:
Full process design of a plant that produces ethanol to be
blended with gasoline for use in vehicles
Use crude glycerol as feedstock to reduce waste from the
biodiesel industry
Small scale production of high valued specialty chemical
Succinic Acid
Design a process more energy-efficient than the current
corn-to-ethanol production method

- Determine profitability of proposed process

Out of Scope:
Specific biochemistry of E.Coli

Deliverables - Full plant design
Economic analysis of process
Chemical cost sensitivity assessment

Timeline Deliverables completed by April 14, 2009
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Market and
Competitive Analysis

Section Il
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Market and Competitive Analysis
Ethanol

The worldwide demand for fuel has prompted a rise in the biofuels production, especially after
the fluctuation in oil prices in 2008. The most common biofuels are alcohols such as ethanol, butanol
and propanol, along with vegetable mass oil or biodiesel. These are all produced from biomass and are
beginning to infiltrate the world markets.

As a result of the Energy Independence and Security Act of 2007, signed into law on December
19™ 2007, which boosts the requirements for renewable fuel use to 36 billion gallons by 2022, ethanol
production in the United States is expected to increase. This act also states that there is to be more
production of E85, a blend of 85% ethanol and 15% gasoline. (US Department of Energy-EERE). As such
the price of ethanol is related to the price of gasoline and by extension crude oil.

According to OECD (Organization for Economic Cooperation and Development) figures,
production of fuel ethanol on a global scale tripled to 52 billion liters (13.73 billion gallons) from 2000 to
2007, and by 2017 that number is expected to increase to 127 billion liters (33.54 billion gallons) per
annum. As production of ethanol increases, the amount that is traded on the open market as opposed
to being used domestically is expected to increase also, to 6 billion liters (1.58 billion gallons) in 2010
and further to more than 10 billion liters (2.64+ billion gallons) in 2017 (OECD).

Certain nations have a comparative advantage over others, in terms of necessary feed stocks
and transportation costs, so it is first useful to examine the global ethanol market. According to the
(international) OECD 2007 report, the global price of fuel ethanol is expected to hit a high of $55 per
hectoliter ($2.082 per gallon) by 2009 and to level off to $52 per hectoliter by 2017 ($1.969 per gallon)

(OECD).This global data is shown in Figure MA-1, along with comparative pricing data for biodiesel.
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Figure MA-1. Global Prices of Ethanol and Biodiesel (USD)/gallon over the next 8 years (OECD data).

However, it is to be noted that this data that examines global markets ignores the influence of
policy support and legislature within individual countries. For example, policies such as the US Energy
Independence and Security Act (EISA) are not taken into account. Therefore one must look at nation-
wide market analyses in addition to global figures. The global data shows an ethanol price leveling off at
$1.97 per gallon at around 2017(OECD), which is significantly lower than the value predicted by data
from the United States Department of Energy.

Data from the DOE and current market data show direct correlations between the price of gas
and the price of ethanol within the United States (See Sensitivity Analysis Fig. SA-1). This correlation
could be a result of the Energy Policy Act of 2005 which established the renewable fuels standard (RFS).
This standard states that gasoline sold in the United States must contain a specified minimum volume of
renewable fuel. In Fig. MA-2 below, the actual prices of oil and gas as recorded from the New York Stock
Exchange by Interactive Data Corporation are used to create correlations between these prices and the

price of ethanol. (See the Sensitivity Analysis for a summary of the correlation.)
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Figure MA-2. Actual price of ethanol compared with prices generated by linear correlations with actual oil and
actual gas prices.

Since the ethanol prices predicted by actual oil and actual gas prices seem to correspond well to
the actual prices of ethanol, the correlation between ethanol prices and oil prices can be validated. This

correlation also allows the prediction of future ethanol prices based on future oil prices.

Predicted Gas and Ethanol Prices from
Correlations
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Figure MA-3. Predicted gasoline and ethanol prices from correlations with predicted crude oil values from the
U.S. DOE. For details of correlation see the Sensitivity Analysis section.

The validated correlations were used to predict future gas and ethanol prices from future oil

price data from the US Department of Energy. As seen in Fig. MA-3, the data predicts the price of
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ethanol to steadily increase until a cost of $ 2.58/gallon. This value is slightly higher than that predicted
from the global data, and closer to the predicted value of ethanol in the design problem statement
($2.50/gallon) (See page 269).

Glycerol

Looking at the global OECD fuel production data from 2000 to 2007, biodiesel production saw an
even more pronounced expansion, from less than 1 billion liters (0.26 billion gallons) annually to about
11 billion liters (2.91 billion gallons). For every 1000 kg of biodiesel produced, roughly 100 kg of glycerol
is produced as a byproduct. When global production of biodiesel reaches its stable peak at 2.91 billion
gallons, or 9.69 billion metric tons (21.4 billion lbs) per year, roughly 2.91 billion gallons of glycerol per
year will be produced as a waste product (The Glycerol Challenge). The price of biodiesel in the same
period that production is increasing is expected to reach a steady value of $105.49 per hectoliter ($3.99
per gallon). This global data predicts that the crude glycerol bulk prices will be at or around the $0.05
per pound ($0.00475 per gallon) floor that prices have been hovering around in the last few years
(Lefebvre).

There is again a slight discrepancy between the global and domestic data since crude glycerol
prices seem to be dropping even lower than $0.05/1b in the United States. In January 2006, Dow
Chemical closed a glycerol-producing plant in Freeport, Texas due to the global glut of glycerol as a
byproduct created by the rise in production of biodiesel. This event signaled that the world had entered
into a new period in the market of crude glycerol. Whereas refined glycerol, mostly from Asia, is still a
market commodity with an adequate demand for its supply, and therefore subject to market influences,
crude glycerol is a chemical that few processes can or want to touch. This glycerol glut creates significant
opportunities for a plant, such as this one, that can use glycerol in its crude form (McCoy 7).

While demand for biodiesel is certainly rising, as signaled by the large predicted rate of growth

until the year 2017, demand for crude glycerol is not nearly rising as quickly. This will lead to a long
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period, until innovation can catch up with favorable market conditions, of crude glycerol prices being
determined almost exclusively by the production rate of biodiesel. Since this rate is rising, there is a
direct relationship between the production of biodiesel and glycerol. The higher the supply of crude
glycerol, the lower its price falls. There should be an inverse relationship between production of
biodiesel and cost of glycerol (Voegele).

This inverse relationship is further corroborated by some of the limited data available on
glycerol prices since the expansion of the biodiesel industry. This data is illustrated in the Fig. MA-4,
which is quoted from “Anaerobic fermentation of glycerol: a path to economic viability for the biofuels

industry." (Gonzales 2009)
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Figure MA-4. Prices of Crude Glycerol in relation to biodiesel production since 2004 (Gonzales 2009)

This data illustrates that glycerol prices may drop even lower than the 5 cents per pound that
was quoted as global data. If the price of ethanol increases until 2030, as predicted by the correlation in
Fig. MA-3, and the price of glycerol decreases, as seen in Fig. MA-4, the process of fermenting glycerol

into ethanol should be a profitable investment.
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Succinic Acid

The anaerobic fermentation of glycerol to ethanol also produces succinic acid. Succinic acid is
used as a starting material for many important chemicals in the food, chemical and pharmaceutical
industries. Industrial succinic acid is usually produced from butane through maleic anhydride, and food
grade succinic acid is produced through older fermentation and separation technology (Paster et al).
These methods are costly, and succinic acid use remains limited. The current worldwide usage of
succinic acid is around 20,000 to 30,000 tons per year, but this will increase by around 10% per year in
light of new technologies (such as this fermentation process) that may decrease the price of succinic
acid production (Kidwell).

At present, succinic acid is mostly produced by the chemical process from n-butane through
maleic anhydride. In 2005, succinic acid was sold for $5.90-$9.00/kg ($2.68-$4.00 per pound) depending
on its purity (Song et al).This high cost was a result of expensive feed materials and a costly separation
process. The use of glycerol as a starting point should drop the price of production. In 2006, maleic
anhydride made from n-butane was sold for $0.977/kg ($0.45 per pound) (Song et al.), while the price of
glycerol was a little more than a tenth of that price ($0.05 per pound) (Yazdani). As such, it is reasonable
to assume that the price of succinic acid will be $2.00- $3.00/pound, as fermentation technologies cause
the price of production to decrease. At the price of $2.00/pound, the succinic acid revenue will increase

the profitability of the plant.
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Feed Preparation Stage Material Balance Block (1 of 2

Stream number S-FP-101  |S-FP-102 |S-FP-103 [S-FP-104 |S-FP-105 S-FP-106  |S-FP-107
Temperature °C 25.00 25.00 25.00 25.00 25.00 25.00 25.00
Pressure (psi) 14.60 14.60 14.60 14.60 14.60 14.60 14.60
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/hr) 43370.09 4832.32 6567.13| 39900.49| 151104.77 927.42] 191932.67
Mole (kmol/hr) - 268.24]-- 569.20 8387.72 9.27 8966.20
Volume (L/hr) 35169.79 4832.32 4832.32| 32356.21| 151104.77 927.42] 185192.86
State Solution Liquid Solution Solution Liquid Solution Solution
Molar components (kmol/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 0.00 0.00 0.00 0.00 0.00 9.27 9.27
Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 400.20 0.00 0.00 400.20 0.00 0.00 400.20
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 169.00 268.24 268.24 169.00 8387.72 0.00 8556.72
Wastes (Salts, MONG) 0.00 0.00 0.00 0.00 0.00
Mass components (kg/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 0.00 0.00 0.00 0.00 0.00 927.42 927.42
Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol| 36855.87 0.00 0.00] 36855.87 0.00 0.00| 36855.87
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 3044.62 4832.32 4832.32 3044.62| 151104.77 0.00] 154149.38
Wastes (Salts, MONG) 3469.61 0.00 1734.80 0.00 0.00 0.00 0.00
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Feed Preparation Sta

ge Material Balance Block (2 of 2)

Stream number S-FP-108 S-FP-109 S-FP-110 S-FP-111 |[S-FP-112 S-FP-113 [S-FP-114
Temperature °C 111.04 121.00 186.11 179.97 37.00 25.00 25.00
Pressure (psi) 40.00 35.00 150.00 145.00 30.00 14.60 45.00
Vapor Fraction 0.00 0.00 1.00 0.01 0.00 0.00 0.00
Mass (kg/hr) 191932.67| 191932.67 4044.94] 4044.94| 191932.67 1734.80| 191932.67
Mole (kmol/hr) 8966.20 8966.20 224.53 224.53 8966.20[n/a 8966.20
Volume (L/hr) 185192.86] 185192.86| 755015.75 9646.96] 185192.86[n/a 185192.86
State Solution Solution Vapor Liquid Solution Cake Solution
Molar components (kmol/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 9.27 9.27 0.00 0.00 9.27 0.00 9.27
Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 400.20 400.20 0.00 0.00 400.20 0.00 400.20
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 8556.72 8556.72 224.53 224.53 8556.72 0.00 8556.72
Wastes (Salts, MONG) 0.00 0.00 0.00 0.00 0.00|n/a 0.00
Mass components (kg/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 927.42 927.42 0.00 0.00 927.42 0.00 927.42
Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol| 36855.87| 36855.87 0.00 0.00] 36855.87 0.00|{ 36855.87
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water| 154149.38| 154149.38 4044.94] 4044.94| 154149.38 0.00| 154149.38
Wastes (Salts, MONG) 0.00 0.00 0.00 0.00 0.00 1734.80 0.00
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Lab Scale Material Balance Block

Stream number SL-1 SL-2 SL-3 SL-4 SL-5 SL-6 SL-7 SL-8 SL-9 SL-10
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00] 37.00)0 37.00] 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80] 14.80] 14.80] 14.80
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00
Mass (g/batch) 1.05 18.81| 381.33| 7630.03 19.89| 403.54| 8073.46 2.12| 41.29| 824.06
Mole (mol/batch) 0.04 0.96 19.71| 394.76 0.92 18.85] 377.16 0.09 1.78] 35.59
Volume (mL/batch) 1.00 19.44| 395.30| 7911.00 19.15] 389.42| 7790.00]-- -- --
Ethanol Conc. (g/L) 0.00 95.70 96.28 96.19 0.00 0.00 0.00]-- -- --

State Slurry  |Solution|Solution|Solution |Solution|Solution |Solution |Vapor [Vapor |Vapor

Molar components (mol/batch)

Biomass 0.04 0.04 0.07 0.58 0.00 0.00 0.00 0.00 0.00 0.00

Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.82] 16.33

Corn Steep Liquor 0.00 0.00 0.02 0.41 0.00 0.02 0.39 0.00 0.00 0.00

Ethanol 0.00 0.04 0.83 16.51 0.00 0.00 0.00 0.00 0.04 0.80

Glycerol 0.00 0.00 0.00 0.00 0.04 0.84 16.83 0.00 0.00 0.00

Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.82] 16.50

Succinic Acid 0.00 0.00 0.01 0.18 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 0.87 18.79] 377.08 0.88 17.99] 359.93 0.00 0.09 1.96

Mass components (g/batch)

Biomass 1.05 1.08 1.70 14.16 0.00 0.00 0.00 0.00 0.00 0.00

Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.84] 36.13| 718.64

Corn Steep Liquor 0.00 0.10 2.05 41.06 0.10 1.95 39.01 0.00 0.00 0.00

Ethanol 0.00 1.86 38.06| 760.73 0.00 0.00 0.00 0.10 1.80] 36.86

Glycerol 0.00 0.00 0.00 0.00 4.00 77.50] 1550.32 0.00 0.00 0.00

Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 1.66] 33.26

Succinic Acid 0.00 0.05 1.05 20.92 0.00 0.00 0.00 0.00 0.00 0.00

Water 0.00 15.72] 338.47| 6793.16 15.79] 324.09] 6484.14 0.09 1.70] 35.30
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Plant Scale Seed Fermentation Train Material Balance Block (Batch) (1 of 2)

Stream number S-101 S-102 S-103 S-104 S-105 S-106 S-107
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/batch) 160.92 3230.44 64593.22|  423410.27 7.63 152.12 3052.67
Mole (mol/batch) 7517.65| 150910.97) 3017493.24| 19779746.86] 394.76| 7870.57| 157943.69
Volume (L/batch) 156.00 3117.00 62325.00] 408542.00 7.91 157.71 3164.95
Ethanol Conc. (g/L) |-- -- -- -- 96.19 96.16 96.17
State Solution |Solution Solution Solution Solution |Solution |Solution
Molar components (mol/batch)
Biomass 0.00 0.00 0.00 0.00 0.58 10.67 213.25
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 7.78 156.09 3121.14 20459.18 0.41 8.19 164.28
Ethanol 0.00 0.00 0.00 0.00 16.51 329.22 6606.64
Glycerol 335.54 6735.78] 134683.19] 882851.83 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.18 3.53 70.89
Water| 7174.33] 144019.10] 2879688.90| 18876435.84] 377.08| 7518.97| 150888.64
Mass components (kg/batch)
Biomass 0.00 0.00 0.00 0.00 0.01 0.26 5.25
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 0.78 15.61 312.11 2045.92 0.04 0.82 16.43
Ethanol 0.00 0.00 0.00 0.00 0.76 15.17 304.36
Glycerol 30.90 620.32 12403.51 81305.36 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.02 0.42 8.37
Water 129.25 2594.50 51877.60]  340058.99 6.79 135.45 2718.26

31




LeGendre, Logan, Mendel, Seedial

Plant Scale Seed Fermentation Train Material Balance Block (Batch) (2 of 2)

Stream number S-108 S-109 S-110 S-111 S-112 S-113 S-114
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80
Vapor Fraction 0.00 1.00 1.00 1.00 1.00 1.00 0.00
Mass (kg/batch) 61047.80 16.44 329.89 6598.10 43596.29] 50540.72] 440861.80
Mole (mol/batch) 3158605.38 709.59 14242.56] 284861.20| 1879984.19| 2179797.55] 22815309.40
Volume (L/batch) 63293.21|-- -- -- -- -- 457030.26
Ethanol Conc. (g/L) 96.16|-- -- -- -- -- 95.82
State Solution Vapor Vapor Vapor Vapor Vapor Solution
Molar components (mol/batch)

Biomass 4263.84 0.00 0.00 0.00 0.00 0.00 30815.61
Carbon Dioxide 0.00 325.48 6533.71] 130642.69] 856366.25| 993868.13 0.00
Corn Steep Liquor 3285.43 0.00 0.00 0.00 0.00 0.00 23744.61
Ethanol 132109.86 16.13 323.64 6486.30 46673.86] 53499.93] 950630.80
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 328.83 6601.06] 131989.53| 865194.82| 1004114.24 0.00
Succinic Acid 1417.72 0.00 0.00 0.00 0.00 0.00 10246.24
Water 3017528.53 39.15 784.15 15742.68| 111749.27| 128315.25| 21799872.14
Mass components (kg/batch)

Biomass 104.89 0.00 0.00 0.00 0.00 0.00 758.06
Carbon Dioxide 0.00 14.32 287.55 5749.58 37688.68] 43740.14 0.00
Corn Steep Liquor 328.54 0.00 0.00 0.00 0.00 0.00 2374.46
Ethanol 6086.17 0.74 14.91 298.82 2150.22 2464.69 43794.61
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.66 13.31 266.09 1744.23 2024.29 0.00
Succinic Acid 167.42 0.00 0.00 0.00 0.00 0.00 1209.97
Water 54360.78 0.71 14.13 283.60 2013.16 2311.60] 392724.70
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Main Fermentation Section (Batch) (1 of 4)
Stream number |S-114 S-115 S-116 S-117 S-118 S-119 S-120 S-121 S-122
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00 37.00 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80 14.80 14.80
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/batch) 440861.80] 1556144.82] 1556144.82] 1556144.82] 1556144.82| 1556144.82| 1556144.82 7344758 73447.58
Mole (kmol/batch 22815.31 72695.81 72695.81 72695.81 72695.81)  72695.81 72695.81 3801.03 3801.03
Volume (L/batch) 457030.26] 1501500.00]  1501501.00] 1501502.00] 1501503.00] 1501504.00|  1501505.00 76141.62[ 76141.62
Ethanol Conc. (g/ 95.82|-- -- -- -- -- -- 95.82 95.82
State Solution Solution Solution Solution Solution Solution Solution Solution Solution
Molar components (kmol/batch
Biomass 30.82 0.00 0.00 0.00 0.00 0.00 0.00 5.13 5.13
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 23.74 75.19 75.19 75.19 75.19 75.19 75.19 3.96 3.96
Ethanol 950.63 0.00 0.00 0.00 0.00 0.00 0.00 158.38, 158.38
Glycerol 0.00 3244.71 3244.71 3244.71 3244.71 3244.71 3244.71 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 10.25 0.00 0.00 0.00 0.00 0.00 0.00 1.71] 1.71
Water 21799.87 69375.90 69375.90 69375.90 69375.90]  69375.90 69375.90 3631.86 3631.86
Mass components (kg/batch)
Biomass 758.06) 0.00 0.00 0.00 0.00 0.00 0.00 126.29 126.29
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 2374.46 7519.29 7519.29 7519.29 7519.29 7519.29 7519.29 395.59 395.59
Ethanol 43794.61 0.00 0.00 0.00 0.00 0.00 0.00 7296.18 7296.18
Glycerol 0.00[ 298818.71 298818.71) 298818.71) 298818.71] 298818.71 298818.71] 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 1209.97 0.00 0.00 0.00 0.00 0.00 0.00 201.58, 201.58
Water 392724.70] 1249806.82]  1249806.82] 1249806.82| 1249806.82| 1249806.82|  1249806.82 65427.93[ 65427.93

Main Fermentation Section (Batch) (2 of 4)
Stream number  |S-123 S-124 S-125 S-126 S-127 S-128 S-129 S-130 S-131
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00 37.00 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80 14.80 14.80
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/batch) 73447.58 73447.58| 73447.58| 7344758 158271.24] 158271.24] 158271.24| 158271.24] 158271.24
Mole (kmol/batch) 3801.03 3801.03 3801.03 3801.03 6824.67 6824.67 6824.67 6824.67 6824.67
Volume (L/batch) 76141.62 76141.62] 76141.62| 76141.62|-- -- -- -- --
Ethanol Conc. (g/L) 95.82 95.82 95.82 95.82|-- -- -- -- --
State Solution Solution Solution Solution Vapor Vapor Vapor Vapor Vapor
Molar components (kmol/batch)
Biomass 5.13 5.13 5.13 5.13 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 3147.37 3147.37 3147.37 3147.37 3147.37
Corn Steep Liquor 3.96 3.96 3.96 3.96 0.00 0.00 0.00 0.00 0.00
Ethanol 158.38 158.38 158.38 158.38 156.23 156.23 156.23 156.23 156.23
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 3179.82 3179.82 3179.82 3179.82 3179.82
Succinic Acid 1.71 1.71 1.71 1.71 0.00 0.00 0.00 0.00 0.00
Water 3631.86 3631.86 3631.86 3631.86 341.25 341.25 341.25 341.25 341.25
Mass components (kg/batch)
Biomass 126.29 126.29 126.29 126.29 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00] 138515.88] 138515.88] 138515.88| 138515.88] 138515.88
Corn Steep Liquor 395.59 395.59 395.59 395.59 0.00 0.00 0.00 0.00 0.00
Ethanol 7296.18 7296.18 7296.18 7296.18 7197.25 7197.25 7197.25 7197.25 7197.25
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 6410.52 6410.52 6410.52 6410.52 6410.52
Succinic Acid 201.58 201.58 201.58 201.58 0.00 0.00 0.00 0.00 0.00
Water 65427.93 65427.93] 65427.93|  65427.93 6147.61 6147.61 6147.61 6147.61 6147.61
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Main Fermentation Section (Batch) (3 of 4)

Stream number  |S-132 S-133 S-134 S-135 S-136 S-137 S-138
Temperature °C 37.00 37.00 37.00 37.00 37.00 37.00 37.00
Pressure (psi) 14.80 14.80 14.80 14.80 14.80 14.80 14.80
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/batch) 1471321.26] 1471321.26| 1471321.26| 1471321.26] 1471321.26| 1471321.26] 158271.24
Mole (kmol/batch 76129.39 76129.39] 76129.39] 76129.39 76129.39] 76129.39 6824.67
Volume (L/batch) | 1525403.90| 1525403.90| 1525403.90| 1525403.90] 1525403.90| 1525403.90|--
Ethanol Conc. (g/L 96.01 96.01 96.01 96.01 96.01 96.01f--
State Solution Solution Solution Solution Solution Solution Vapor
Molar components (kmol/batch
Biomass 102.72 102.72 102.72 102.72 102.72 102.72 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 3147.37
Corn Steep Liquor 79.15 79.15 79.15 79.15 79.15 79.15 0.00
Ethanol 3181.97 3181.97 3181.97 3181.97 3181.97 3181.97 156.23
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 3179.82
Succinic Acid 34.15 34.15 34.15 34.15 34.15 34.15 0.00
Water 72731.40 72731.40| 72731.40| 72731.40 72731.40] 72731.40 341.25
Mass components (kg/batch)
Biomass 2526.88 2526.88 2526.88 2526.88 2526.88 2526.88 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00] 138515.88
Corn Steep Liquor 7914.88 7914.88 7914.88 7914.88 7914.88 7914.88 0.00
Ethanol 146590.06| 146590.06] 146590.06| 146590.06] 146590.06] 146590.06 7197.25
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 6410.52
Succinic Acid 4033.23 4033.23 4033.23 4033.23 4033.23 4033.23 0.00
Water| 1310256.21f 1310256.21| 1310256.21| 1310256.21] 1310256.21] 1310256.21 6147.61
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Main Fermentation Section (Continuous*) (4 of 4)

Stream number |S-139* S-140* S-141* S-142* S-143* S-144*
Temperature °C 37.00 37.00 42.72 37.00 31.44 36.60
Pressure (psi) 19.00 14.80 14.80 14.80 14.60 14.60
Vapor Fraction 1.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/hr) 19524.73| 172397.24| 24522.02|  24522.02 22063.00f 22063.00
Mole (kmol/hr) 841.91 8920.21 1268.82 1268.82 1224.70 1224.70
Volume (L/hr) 21275721.11] 178734.19] 25423.40] 25423.40 22063.00f 22063.00
Ethanol Conc. (g/L) 96.01)-- -- -- --
State \|Vapor Solution Solution Solution Liquid Liquid
Molar components (kmol/hr)
Biomass 0.00 12.04 171 1.71 0.00 0.00
Carbon Dioxide 388.19 0.00 0.00 1.00 0.00 0.00
Corn Steep Liquor 0.00 9.27 1.32 1.32 0.00 0.00
Ethanol 19.30 372.84 53.03 53.03 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 392.19 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 4.00 0.57 0.57 0.00 0.00
Water 42.23 8522.06 1212.19 1212.19 1224.70 1224.70
Mass components (kg/hr)
Biomass 0.00 296.08 42.11 42.11 0.00 0.00
Carbon Dioxide 17084.35 0.00 0.00 1.00 0.00 0.00
Corn Steep Liquor 0.00 927.40 131.91 131.91 0.00 0.00
Ethanol 888.99 17176.21 2443.17 2443.17 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 790.66 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 472.58 67.22 67.22 0.00 0.00
Water 760.73| 153524.97] 21837.60[ 21837.60 22063.00f 22063.00
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Separation Section Material Balance Block (1 of 4)

Stream number $-S-101 $-5-102 $-5-103 S-5-104 S-5-105 S-5-106 $-§-107 S-5-108 $-5-109 S-$-110
Temperature °C 25.00 37.00 28.98 41.22 32.22 48.89 147.70 147.70 37.00 92.22
Pressure (psi) 14.60 16.00) 16.00 20.00 14.60| 14.60) 64.70 64.70 14.80) 14.80|
Vapor Fraction 0.00 1.00) 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/hr) 27,022.50 19,524.80 18,362.04] 28,185.64| 1,087,869.82] 1,087,869.82| 16,775.34| 16,775.34| 172,397.24| 172,397.24
Mole (kmol/hr) 1,500.00 841.91 807.41 1,534.51 60,386.89 60,386.89 931.19 931.19 8,920.21 8,920.21
Volume (L/hr) 27,022.50] 21275721.11] 17,090,746.03| 28,423.42] 1,087,869.82| 1,087,869.82|-- 16,775.34] 175,294.56] 175,294.56
State Liquid Vapor Vapor Liquid Liquid Liquid Vapor Liquid Solution Solution
Molar components (kmol/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.04] 12.04]
Carbon Dioxide 0.00 388.19 388.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor| 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.27 9.27
Ethanol 0.00 19.30] 0.00 19.30] 0.00 0.00 0.00 0.00 372.84 372.84
Gasoline - - - - - - - - - -
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 392.19 392.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.00 4.00
Water 1,500.00 42.23 27.03 1,515.21 60,386.89 60,386.89 931.19 931.19 8,522.06 8,522.06
Mass components (kg/hr)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 296.08 296.08
Carbon Dioxide 0.00 17,084.24 17,084.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor| 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 927.40 927.40
Ethanol 0.00 889.13 0.22 889.13 0.00 0.00 0.00 0.00] 17,176.21] 17,176.21
Gasoline 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 790.66 790.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 472.58 472.58
Water|  27,022.50 760.77 486.92] 27,296.51| 1,087,869.82) 1,087,869.82| 16,775.34| 16,775.34| 153,524.97| 153,524.97
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Separation Section Material Balance Block (2 of 4)

Stream number $-§-111 §-8-112 $-5-113 $-5-114 §-8-115 S-5-116 $-§-117 §-5-118  [S-S-119 $-5-120
Temperature °C 92.22 92.22 37.00 108.89 81.96 108.81 121.00] 40.00 40.00 40.00
Pressure (psi) 14.60 14.60 14.70 21.50 14.70 21.50 17.00 14.70 14.70 14.70
Vapor Fraction 0.00 0.00 1.00 0.16 1.00 0.00 1.00 0.00 0.00 0.00
Mass (kg/hr) 977.20]  171,420.74 135,234.48| 233,698.14 24,372.05| 181,540.75 153,597.31] 50,826.80] 45,331.18 5,495.61
Mole (kmol/hr) 30.23 8,890.00 4,687.45] 12,927.02 590.80] 10,031.80 5,298.77] 2,561.64 2,301.98 259.66
Volume (L/hr) - 174,995.04] 119,294,100.00] 232,716.50] 12,041,435.90] 180,559.12| 171,375,000.00] 45,139.78] 40,625.80 4,513.98
State Cake Solution Vapor Liquid Vapor Solution Solution  |Liquid Liquid
Molar components (kmol/hr)
Biomass| 10.83] 1.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 388.20 0.00 0.00 0.00
Corn Steep Liquor| 4.18 5.09 0.00 5.09 0.00 5.09 0.00 50.93 45.84 5.09
Ethanol 0.64 372.20 0.00 0.00 489.37 0.00 0.00 0.00 0.00 0.00
Gasoline -- - --|-- - - - - - -
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 984.36 0.00 0.00 0.00 788.25 0.00 0.00 0.00
Nitrogen 0.00 0.00 3,703.09 0.00 0.00 0.00 3,703.09 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.01 4.00 0.00 4.00 0.00 4.00 0.00 5.03 1.03 4.00
Water 14.57 8,507.50 0.00] 12,917.93] 101.43] 10,022.71 419.23] 2,505.68 2,255.11 250.57
Mass components (kg/hr)
Biomass| 266.47 29.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 17,084.68 0.00 0.00 0.00
Corn Steep Liquor| 418.12 509.28 0.00 509.28| 0.00 509.28 0.00] 5,092.78 4,583.50 509.28
Ethanol 29.36 17,146.88 0.00 0.01 22,544.79 0.00 0.00 0.00 0.00 0.00
Gasoline 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 31,498.34] 0.00 0.00 0.00 25,223.05) 0.00 0.00 0.00
Nitrogen 0.00 0.00 103,736.14 0.00 0.00 0.00 103,736.14 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 0.81 472.36 0.00 472.36) 0.00 472.36 0.00 594.23 121.88| 472.36
Water 262.44]  153,262.61 0.00] 232,716.49 1,827.26] 180,559.12 7,552.43] 45,139.78] 40,625.80 4,513.98
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Separation Section Material Balance Block (3 of 4)

Stream number S-S-121 S-S-122 $-5-123 S-S-124 S-S-125 S-S-126 S-S-127 S-S-128 S-8-129 $-S-130
Temperature °C 40.00 78.40 81.95 50.00 25.00 50.00 33.00 81.95 81.95 81.95
Pressure (psi) 14.70 14.70 14.70 14.70 14.70 14.70 14.70 17.00 17.00 17.00
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 1.00
Mass (kg/hr) 458.81 18,035.83 6,336.03] 18,035.83 360.72 18,396.55| 4,513.98] 165,301.18| 189,673.23] 189,673.23
Mole (kmol/hr) 3.89 391.50 199.30 391.50]-- - 250.57 4,046.71 4,637.51 4,637.51
Volume (L/hr) 22,859.10 7,541.80] 22,859.10 457.18 22,859.10] 4,513.98| 205,879.09] 236,280.23| 236,280.23
State Solid Liquid Liquid Liquid Liquid Liquid Liquid Liquid Mixed Vapor
Molar components (kmol/batch)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor| 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethanol 0.00 391.50 97.87 391.50 0.00 391.50 0.00 3,293.63 3,783.00 3,783.00
Gasoline -- -- -- -- -- -- -- -- -- --
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 3.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water| 0.00 0.00 101.43 0.00 0.00 0.00 250.57 753.08 854.51 854.51
Mass components (kg/batch)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor| 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethanol 0.00 18,035.83 4,508.77| 18,035.83 0.00 18,035.83 0.00] 151,734.45] 174,279.23| 174,279.23
Gasoline 0.00 0.00 0.00 0.00 360.72 360.72 0.00 0.00 0.00 0.00
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 458.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water| 0.00 0.00 1,827.26 0.00 0.00 0.00] 4,513.98 13,566.74] 15,394.00] 15,394.00
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Separation Section Material Balance Block (4 of 4)
Stream number $-5-131 $-5-132 S-5-133 $-5-134 S-5-135 S-5-136 $-§-137 $-5-138 $-5-139
Temperature °C 108.89 108.89 108.89 40.00 108.89 32.22 48.89 42.56 108.89
Pressure (psi) 21.50 21.50 21.50 14.70 21.50 14.70 14.70 14.70 14.70
Vapor Fraction 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
Mass (kg/hr) 233,698.14] 233,698.14 52,157.39 5,036.80] 180,559.12 23,766.11| 23,766.11] 180,559.12 29.61
Mole (kmol/hr) 12,927.02 12,927.02 2,895.22 255.78] 10,022.71 1,319.24] 1,319.24] 10,022.71 1.20
Volume (L/hr) 232,716.50]  232,716.50 197,424.53 23,766.11| 23,766.11] 197,424.53
State Liquid Liquid Vapor Liquid Liquid Liquid Liquid Liquid Cake
Molar components (kmol/batch)
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.20
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Corn Steep Liquor 5.09 5.09 0.00 5.09 0.00 0.00 0.00 0.00 0.00
Ethanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gasoline -- -- -- -- -- -- -- -- --
Methane 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Succinic Acid 4.00 4.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00
Water| 12,917.93 12,917.93 2,895.22 250.57| 10,022.71 1,319.24] 1,319.24] 10,022.71 0.00
Mass components (kg/batch)
Biomass 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 29.61
Carbon Dioxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corn Steep Liquor 509.28 509.28 0.00 509.28 0.00 0.00 0.00 0.00 0.00
Ethanol 0.01 0.01 0.01 0.00 0.00, 0.00 0.00 0.00 0.00
Gasoline 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Methane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Glycerol 0.00 0.00 0.00 0.00 0.00, 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Succinic Acid 472.36 472.36 0.01 13.54 0.00 0.00 0.00 0.00 0.00
Water| 232,716.49] 232,716.49 52,157.37 4,513.98| 180,559.12 23,766.11| 23,766.11] 180,559.12 0.00
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Process Description

Section V
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Process Description
Fermentation Feed Preparation Section

In the continuous feed preparation section, crude glycerol is processed and diluted in
preparation for subsequent fermentation of glycerol to ethanol by Escherichia coli in the fermentation
plant sections.

A three day supply of crude glycerol is kept in stock in a storage tank. This glycerol feedstock is a
byproduct of biodiesel manufacturing, and its exact composition will differ based on the type of oil
(soybean, rape-seed, others) used in the upstream biodiesel process, the type of caustic solution used in
the biodiesel process, and the degree of methanol removal processing in the biodiesel plant. Methanol
is typically separated from the crude glycerol for recycle back into the biodiesel process, so the
assumption that there is no methanol in the incoming feed for the material balance calculations is
sound. However, the crude feedstock purification system is designed to remove methanol in the worst
case scenario that a small amount of methanol is contained in the feedstock and not previously
removed by the biodiesel manufacturing process. Crude glycerol feedstock is highly variable in
composition, but a typical composition according to EET Corporation (supplier of the crude glycerol
purification system) is summarized in Table PD-1, where MONG refers to Matter: Organic, Non-Glycerol,
which includes free fatty acids, monoglycerides, and diglycerides. This typical composition is in
agreement with a technical data sheet on a crude glycerol product from industrial glycerol supplier

Emergent Industrial Solutions.

Material Weight Percent
Glycerol 85

Water 7

NaCl 4

MONG 4

Table PD-1. Typical composition of crude glycerol feedstock.

The crude glycerol feedstock is purified so that it contains only water and glycerol. This

purification takes place in a patent-pending, fully-contained, and licensed glycerol purification system
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sold by company EET Corporation. The purification takes place by a parallel combination of reverse
osmosis, electro-pressure membrane technology, and electro-dialysis. The process requires an input of
process water and yields a cake of MONG and a concentrated brine stream. The MONG, at the
suggestion of industrial consultant Mr. Bruce Vrana, may be distributed to farmers as a nutrient.

The concentration of salts in the crude glycerol, although specified in the problem statement as
helpful for the E. coli, is high enough in actuality that any 304 stainless steel processing equipment
would be easily corroded according to Mr. Bruce Vrana. Additionally, it is likely that any potentially
higher quantity of salts would kill microorganisms such as E. coli. As such, the crude glycerol salts and
impurities are removed, and then a nutrient supplement, Corn Steep Liquor (CSL), an inexpensive
nutrient-rich byproduct of the wet-milling of corn, is added. A three day supply of the CSL nutrient is
stored in T-103, and it is mixed with a 10 minutes residence time with the purified glycerol and water in
mixing tank T-105 to prepare a feed with a concentration of 5 g/L CSL as suggested by Agarwal et al. CSL
is typically 50% solids and 50% water by weight. It contains variable concentrations of salts, minerals,
and amino acids to promote microorganism metabolism. The glycerol is diluted with additional process
water at this step so that the ethanol concentration in the downstream batch fermenters does not
exceed 100 g/L, as specified in the problem statement (see page 269).

The mixed glycerol feedstock solution at this point consists of 80.3% water, 19.2 % glycerol, and
0.5 % CSL (percentages by weight) at room temperature. This feedstock must be sterilized to a
temperature of 121°C (sterilization temperature for all microorganisms, including heat-resistant spores)
before it can be sent to the fermentation section of the plant. In order to minimize both hot and cold
utility requirements, the feed is sterilized in a network of two heat exchangers, HX-1 and HX-2. In the
first heat exchanger, the cold feed is pre-heated to 111 °C, using already sterilized feed at 121 °C on the
hot side of the exchanger. This sterilized feed is cooled to 37 °C, the optimal temperature for

fermentation. The second exchanger requires a 150 psig steam utility, at 4045 kg/hr, to heat the pre-
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heated feed from 111 °C to 121 °C. The sterilized and cooled feed is then stored in the sterilized feed
holding tank, T-106, from which batch portions of sterilized feed will be fed to the seed fermentation

and main fermentation sections of the plant.
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Laboratory Section

A batch seed fermentation process is designed to account for the fact that a 1 mL aliquot of cells
cannot be added to fermenter tanks of the large required volume for the 50 MM gallon/year ethanol
production rate. This seed fermentation occurs first in a laboratory, and then in the plant, before
significant enough volumes of seed fermentation broth have been produced for charging the main
fermentation section of the plant. There are two seed fermentation trains, each of which will provide
the appropriate cell volumes for six of the twelve full-scale fermenters in the main fermentation section.
These two trains are labeled as A and B on the process flow diagrams. The laboratory process flow
diagram shows only one of these two fermentation seed trains. They occur in the process in a staggered
manner to be later described.

The laboratory section begins with a 1 mL aliquot or inoculum of E. coli, which is a hypothetical
naturally occurring strain of the microorganism that has been shown to anaerobically ferment glycerol
to ethanol (as per the problem statement). It is stored frozen in the laboratory. The reactions and
conversions of glycerol by the organism (given in the problem statement) are summarized below:

Glycerol & CO, + H, + Ethanol (98%)
CO; + Glycerol & Succinic Acid + H,0 (1%)
Glycerol & 3.0075(Biomass) + H,0 (1%)

The problem statement specifies that a sample volume of E. coli may be grown to a volume
equal to 20 times that of the original sample in each successive scale-up step. The problem statement
additionally specifies a desired end ethanol titer of 100 g/L, and an ethanol production rate of 1.6 grams
ethanol formed per liter of reaction volume per hour. Dimensional analysis reveals that 62.5 hours are
required for the first scale-up, in which the 1 mL aliquot is added to ~19 mL of sterilized glycerol feed in

a vapor-locked 25 mL test tube (Seed Ferm 1A/1B) to provide a working volume of 20 mL. The volume of
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the reaction changes over time, so the volume requirements are approximations. The optimal pH of 7,
temperature of 37 °C, and anaerobic conditions are maintained.

The 20 mL portion is then transferred to a second vapor-locked seed fermenter (Seed Ferm
2A/2B) with a volume of 500 mL. Sterilized glycerol feed is added to create a working volume of about
400 mL. The time for reaction is reduced to 60 hours, as the sample added to Seed Ferm 2A/2B already
contains a small portion of ethanol. This 400 mL sample is then charged to the last laboratory stage
fermenter (Seed Ferm 3A/3B), with a working volume of 8 L and an actual volume of 10 L and 304
stainless steel construction. The volume difference is made up with the sterilized glycerol feed. Another
60 hour reaction period follows. Then, the 8 L volumes of prepared cells are taken to the plant seed

fermentation section, where they are added to the first plant seed fermenters (Seed Ferm 4A/4B).

47



LeGendre, Logan, Mendel, Seedial

Plant Seed Fermentation Section

The 8 L samples from the largest lab scale fermenters (Seed Ferm 3A/3B) provide the E. coli
source for the first plant scale fermenters (Seed Ferm 4A/4B), with working volumes of 160 L. Pumped
into these 200 L, 304 stainless steel vessels, is a ~152 L portion of the sterilized glycerol feed from the
feed preparation section. The reaction proceeds for 60 hours. In this and all subsequent fermenter units,
the optimal pH of 7, temperature of 37 °C, and anaerobic conditions are maintained. A slight positive
pressure (14.8 psia) as suggested in the problem statement maintains the anaerobic condition required
for the reaction.

The total volume from Seed Ferm 4A/4B is then pumped to Seed Ferm 5A/5B, which are 4,500 L
vessels of 304 stainless steel construction. Sterilized glycerol feed from the feed preparation section is
pumped to the fermenters to provide a working volume of ~3,200 L. The reaction proceeds for 60 hours.
Then, the total volume from Seed Ferm 5A/5B is pumped to Seed Ferm 6A/6B, which are 85,000 L
vessels of 304 stainless steel construction. Sterilized glycerol feed from the feed preparation section is
pumped to the fermenters to provide a working volume of ~64,000 L. The reaction proceeds for 60
hours. The volume from Seed Ferm 6A/6B is then pumped to Seed Ferm 7A/7B, which are 650,000 L
vessels of 304 stainless steel construction. Sterilized glycerol feed from the feed preparation section is
pumped to the fermenters to provide a working volume of ~460,000 L. This volume is not a multiple of
twenty from the previous scale fermenter, but rather it is determined by the portion of E. coli solution
required for charging the twelve fermenters in the main fermentation section. After the 60 hour
fermentation period, one sixth of the solution contained in Seed Ferm 7A/7B (~77,090 L) is pumped to
one of the large fermenter (FERM1-12) units in the main fermentation section. This volume corresponds
to 1/20 of the working volume required in the large scale fermenters, which have an initial working

volume of 1,577,624 and an end working volume of 1,525,404 L.
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The hydrogen and carbon dioxide gas evolved from these fermenters, along with the small
portions of ethanol and water vaporized (4.9% and 0.49% by mass respectively) are sent through a

blower (B-101) to the Absorber column (AB-1) in the separation section.
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Twelve 2,000,000 L fermenter tanks of 304 stainless steel construction are the most important

part of the process, where the majority of the ethanol and succinic acid are produced in a fully staggered

batch processing mode. These fermenters also represent the bottleneck in the process schedule. The

schedule of charging, fermenting, and draining in these fermenters is presented in Table PD-2.

Cycle based on largest fermenters (bottleneck): time (hr)
Charge with biomass from Seed 7A/B 27 (stagger time)
Charge with glycerol feed from T-106 5
Ferment/React 60
Drainto T-107 (95%) 5
Charge with glycerol feed 5
Ferment/React 60
Drain to T-107 (95%) 5
Charge with glycerol feed 5
Ferment/React 60
Drain to T-107 (100%) 5
Clean-in-Place 60
Total 297 hours

Table PD-2. Schedule for Batch Operation in Main Fermentation Section

One cycle consists of three fermentation/ reaction periods or batches, as seen above. All flow

rate values in the batch material balance blocks refer to the flow requirements for one batch within

each three-batch cycle.

Before the first fermentation period, each FERM-1 through FERM-12 tank is charged with a

volume from the smaller reactor Seed Ferm 7A/B (this volume corresponding to 1/20 of total FERM1

working volume), and then charged with sterilized glycerol feed from T-106 to reach the full working

volume of ~1,525,404 L. The fermentation proceeds for 60 hours.

After the first fermentation period, however, in FERM1 — FERM12, 5% (1/20) of the volume is

saved in the fermenter tank rather than drained to T-107. This portion remains as the seed from which

the next reaction period begins. Therefore only 95% of the material proceeds to the continuous process
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at this point. After the second 60-hour fermentation period in FERM1-FERM12, 5% of the volume is
again retained. After the third fermentation, 100% is drained so that the tank can be cleaned.

Shuler & Kargi outline the process of cell/biomass recycle and warn against it only in the case of
genetically modified cells. Oftentimes in industrial processes, new E. coli cells are provided for every
fermentation step (all grown from separate seed trains). However, the E. coli cells are not genetically
modified, and are a wild strain, so there is little risk for genetic mutations. By recycling biomass, the cost
for the landfill of solids is greatly reduced, and the number of seed fermenters is minimized. Due to the
95% draining for the first and second fermentation periods, to convert from batch to continuous in the
mass balances, a multiplying factor of 2.9 (rather than 3) must be used, for determining the total liquid
flow rate leaving the batch section over the 297 hour cycle time.

Cleanliness dictates that eventually new biomass is used, however, as the sterilization of the
equipment and incoming feed may not have been 100% effective. The number of fermentation periods
before cleaning, three, was suggested by industrial consultant Mr. Bruce Vrana, along with the 60 hour
duration of the cleaning period. The cleaning system is designed as a clean-in-place system with a series
of spray nozzles which will apply a dilute caustic solution to the inside of the fermentation units.

The slightly exothermic fermentation reaction corresponds to an adiabatic temperature rise of
about 10.4 °F in each FERM1-12 unit, so a pump and heat exchanger (HX-FERM) are designed to
maintain the optimal temperature of 37 °C (98.6 °F) by recirculating the material in the fermentation
units for the duration of the fermentation periods.

At the end of each fermentation period, the fermentation broth in each reactor contains about
10% ethanol by mass. The “beer” or broth is pumped from each fermenter unit to the fermentation

broth holding tank, T-107. From this tank, broth is fed to the separation section, starting at HX-3.
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The hydrogen and carbon dioxide gases evolved from these fermenters, along with the small
portions of ethanol and water vaporized (4.9% and 0.49% by mass respectively) are sent through a
blower (B-101) to the Absorber column (AB-1) in the separation section for further ethanol recovery.

A visualization of the staggered schedule time is provided in Figure PD-1. Three separate 3-
batch, 297 hour cycles are displayed in the Gantt chart. The top bands of the Gantt chart represent the
two seed fermentation trains, with seed fermenter 7A/7B represented by the bands with the gray
portions, and the bottom bands represent the twelve 2,000,000 L fermentation tanks, with three 60

hour reaction times and one 60 hour cleaning time.
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Figure PD-1. Gantt Chart: Schedule for Batch Operation in Main Fermentation Section
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Separation Section

The separation section serves several purposes: recovering ethanol from the vapor phase
leaving the fermenters, separating biomass from the fermentation broth, separating ethanol from water
and succinic acid, and finally separating succinic acid from water.

The biomass is separated in two steps, first through a rotary drum filter (RDF-1) which removes
266.5 kg/hr of biomass. The remaining 29.6 kg/hr is removed through a hopper in the bottom of the
distillation tower.

There are two ethanol feeds to the separations section of the plant. First and mainly, ethanol is
fed from the fermenters through stream S-S-109. First, HX-3 heats up the fermentation broth to 92°C,
past the deactivation temperature of E. coli, by utilizing the heat from the bottoms stream of the
distillation tower to reduce the re-boiler heat duty. After filtering out the biomass, this stream is fed
into the distillation column (D-1). The second feed comes from the vapor released from the fermenters
during the reaction period. This feed is supplied to the absorber tower AB-1 which absorbs the ethanol
from the vapor. This stream is then fed into the distillation tower. The remaining vapor from AB-1,
which contains a significant quantity of hydrogen, is fed into the furnace which supplies part of the
reboiler heat duty.

The distillation tower (D-1) is the main ethanol separation section. According to the molecular
sieve specification information from Mr. Bruce Vrana, the column top product must be at least 92% by
weight ethanol. The third feed to the tower is a recycle stream from the molecular sieves, which is used
to purge the water extracted from the azeotropic feed. There are 32 theoretical stages which correlate
to 79 internal actual stages plus the reboiler and condenser. The reboiler has a heat duty of
110.7MMBtu/hr, of which, 76.9MMBtu/hr is provided by the furnace (FN-1) which is fed by the
hydrogen from the fermenters, while the remaining 33.8MMBtu/hr is provided by steam through a

kettle vaporizer heat exchanger (HX-6). The condenser is a partial condenser because the feed to the
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molecular sieve must be vapor. The condenser heat duty is -68.1MMBtu/hr, which is provided by cooling
water through a heat exchanger (HX-4).

The molecular sieves (MS-1) produce a stream of pure ethanol (>99.5% by weight) (S-S-112).
However, in order to desorb the water from the molecular sieves, 20% of the ethanol produced must be
used to flush the water out of the system, resulting in a steam with 37% by weight water (the remainder
ethanol) that must be recycled to the distillation column in stream S-S-123. Stream S-S-123 can vary in
composition according to the problem statement, so the distillation column was designed to produce
92.5% by weight Ethanol as the distillate so that small fluctuations do not result in lower than 92% by
weight ethanol concentrations fed to the molecular sieves.

The pure ethanol is then cooled to reduce its volatility in heat exchanger HX-5, which uses a
cooling water utility. The ethanol is then denatured with Gasoline to 5% by volume before being stored
to be sold.

The bottoms product from the distillation column feeds into the section where succinic acid is
separated. Here the feed contains water, succinic acid, and some remnants of corn steep liquor (mostly
water and any salts not consumed by growing E. coli). Succinic acid is minimally soluble in water, while
the salts in corn steep liquor are highly soluble. All solids that were part of the corn steep liquor have
already been filtered out by RDF-1 and the hopper in the distillation column. In stream S-S-116 the
concentration of succinic acid is 2.62 g/L, just below the solubility point of about 3 g/L. Electrodialysis
can increase the concentration of succinic acid by at least four times according to Meynial-Salles et al.
At 10.4 g/L or more, the succinic acid and corn steep liquor is fed into the crystallizer where the succinic
acid precipitates to 3 g/L. The liquid is then re-circulated to the concentrated steam of the electro-
dialysis unit to reduce the loss of succinic acid. 10% by volume of the electro-dialysis solution is
replenished by stream S-S-127, while 10% by volume is purged in S-S-134 to provide an outlet for the

corn steep liquor. As the exact manner in which the corn steep liquor and succinic acid will precipitate is
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more difficult to model, excessive quantities of purging and low increases in concentration through the
electro-dialysis have been assumed to ensure the cost is lower than calculated. The specifics of this
portion will need to be found through direct experimentation with the system. The succinic acid crystals

are then dried in DR-1 before being stored and sold.
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Energy Balance
and Benchmark

Section V
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Energy Balance and Benchmark

According to the problem statement, a current energy benchmark for a corn-based ethanol
plant is 35,000 BTU/gallon of product. This includes all heat and electricity required by the process,
excluding fuel required for the main distillation tower reboiler (as suggested in the problem statement,
page 266). The bulk of this energy is likely used for processing corn solids. The glycerol to ethanol
process has heating feeds of low pressure steam and high pressure steam, as well as electricity
consumption. The total energy usage is 8,002 BTU/gallon ethanol, well below the benchmark number,

broken down as follows:

$/year |$/kg kg/year BTU/year BTU/gallon ethanol

50 psig Steam 914,652 0.0066] 138,583,668 279,523,258,356 5,552
$/year |$/kg kg/year BTU/year BTU/gallon ethanol

150 psig Steam | 336,377 0.0105] 32,035,925 60,611,969,722 1,204
$/year |$/kW-hr |kW-hr/year |BTU/year BTU/gallon ethanol

Electricity 1,103,316 0.0600] 18,388,608 62,760,317,398 1,247
BTU/gallon ethanol

Total: 8,002

Table E-2. Energy consumption in BTU/gallon of Ethanol for Energy Benchmark Comparison.

Energy use has been reduced significantly by two means. First, the hydrogen produced in the
fermenters is fed to a furnace which provides most of the heat duty required for the reboiler. This
reduces the amount of steam required for the plant. Second, the water from the bottoms product of
the distillation column is fed back into a heat exchanger (HX-3) to heat sterilize the feed to the column
and to reduce the energy requirement on the reboiler. The distillation column was also designed with
minimal reflux, which reduces the heat requirement of the reboiler even further.

In the glycerol feed preparation stage, continuous sterilization of the fermentation medium is

performed using heat exchangers HX-1 and HX-2. HX-1 is used to reduce energy requirements of the

57



LeGendre, Logan, Mendel, Seedial

plant. Glycerol is fed at 25°C and heated to 111°C by the sterilized glycerol, which enters at 121°C and
exits at 37°C and transfers 59.6 MMBTU/hr. See calculations on page 226.

As the broth from the fermenter is fed to the distillation column, HX-3 heats the feed to reduce
the heat requirement of the re-boiler and deactivate the E. coli in the fermentation broth. This is done
by using the water from the bottoms product of the tower. Feed enters at 37°C and is heated to 92.2°C
while cooling the water from 109°C to 43.3°C. Both HX-1 and HX-3 save the energy required to heat the
stream and the cooling water that would have been necessary to cool the other stream.

Furnace FN-1 is used to take advantage of the hydrogen energy source produced in the
fermenters. Hydrogen would be expensive to isolate and package, however the process takes
advantage of the hydrogen energy content by using it to supply heat to the reboiler. By combusting the
hydrogen, 76.9 MMBTU/hr is able to be transferred to the reboiler at no cost.

In addition to the balances discussed above, additional energy requirements are necessary to
provide cooling, heating and power during the process. Cooling is needed in the condenser of the
distillation column, in HX-5 to cool the ethanol to reduce volatility, and in HX-FERM (1-12) to cool the
fermenters during reaction times. A portion of chilled water is mixed with the cooling water to cool the
fermenters.

Low pressure steam is used in the distillation tower reboiler (HX-6) and for the molecular sieves
(MS-1). High pressure steam is used to heat the glycerol sterilizer (HX-2) due to the high temperature
required. Electricity is used to run all the agitators, pumps, blowers, rotary drum filter, electro-dialysis
system, and molecular sieves.

Shown below are the energy requirements of our process broken down by utility type. Utilities

which remove heat have been included here, such as cooling water and chilled water.
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150 psig Steam

Equipment kg/hr cost( $/1000 kg) Cost/hour Cost/year
HX-2 4045 $10.50 $42.47 $336,377.21
Total: $336,377.21
50 psig Steam
Equipment kg/hr cost( $/1000 kg) cost/hr  cost/yr
HX-6 16775 $6.60 $110.72 $876,862.80
MS-1 723 $6.60 $4.77 $37,789.41
Total: $914,652.21
Cooling Water
Equipment I/hr m~"3/hr $/m~3 cost/hr
HX-4 1087870 1087.87 $0.02 $21.76 $172,318.61
HX-5 23766 23.77 $0.02 $0.48 $3,764.55
MS-1 447318 447.32 $0.02 $8.95 $70,855.17
HX-FERM 21003 21.00 $0.02 $0.42 $2,015.78
Total: $248,954.11
Chilled Water
Equipment BTU/HR BTU/day $/btu $/day $/yr
HX-FERM 298540 7164949.62  $0.0000041667 $29.85 $9,851.81
Total: $9,851.81
Electricity
Equipment HP Kw cost($/ kW-hr) cost/hr  cost/yr
P-S-101 68 50.67 $0.06 $3.04 $24,078.53
P-S-102 37 27.82 $0.06 $1.67 $13,221.04
P-S-104 10 7.81 $0.06 $0.47 $3,710.11
P-S-105 15 11.12 $0.06 $0.67 $5,283.46
P-S-106 68 50.92 $0.06 $3.05 $24,195.47
P-S-107 47 34.91 $0.06 $2.09 $16,587.43
P-S-108 7 5.30 $0.06 $0.32 $2,516.47
CB-1 1 0.75 $0.06 $0.04 $354.36
RDF-1 12 8.78 $0.06 $0.53 $4,173.26
Agitator for T-108 4 2.98 $0.06 $0.18 $1,417.43
ED-1 $190,200.00
B-102 1603 1195.09 $0.06 $71.71 $567,908.07
MS-1 $4.77 $37,789.41
P-FAA 67 50.13 $0.06 $3.01 $1,202.75
P-FAB 67 50.13 $0.06 $3.01 $1,202.75
P-FB A 2 1.72 $0.06 $0.10 $445.47
P-FBB 2 1.72 $0.06 $0.10 $445.47
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P-FCA
P-FCB
P-FD
B-101

Agitators Ferm 1-12
Agitator for T-107

P-FE(1-12)
P-101A
P-101B
P-102A
P-102B
P-103A
P-103B
P-104A
P-104B
P-105A
P-105B
P-106A
P-106B
P-107A
P-107B

Agitator for Ferm6A
Agitator for Ferm6B
Agitator for Ferm7A
Agitator for Ferm7B

P-FP-01
P-FP-02
P-FP-03
P-FP-04
P-FP-05
P-FP-06

Agitator for T-105

43
43
37
416
240
20
44
1
1
7
7
11
11
20
20
1
1
9
9
14
14
2
2
17
17
9
34
0
5
2
45
33

31.89
31.89
27.55
310.51
178.97
14.91
32.66
0.83
0.83
5.59
5.59
8.03
8.03
15.10
15.10
0.91
0.91
6.91
6.91
10.20
10.20
1.67
1.67
12.80
12.80
6.96
25.11
0.11
3.75
1.14
33.88
24.31

LeGendre, Logan, Mendel, Seedial

$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06
$0.06

$1.91
$1.91
$1.65
$18.63
$10.74
$0.89"
$1.96
$0.05
$0.05
$0.34
$0.34
$0.48
$0.48
$0.91
$0.91
$0.05
$0.05
$0.41
$0.41
$0.61
$0.61
$0.10
$0.10
$0.77
$0.77
$0.42
$1.51
$0.01
$0.22
$0.07
$2.03
$1.46

$4,591.53
$4,591.53
$13,089.93
$89,404.36
$51,529.89
$7,087.13
$9,404.20
$0.13
$0.13
$8.93
$8.93
$12.84
$12.84
$96.62
$96.62
$0.15
$0.15
$1.10
$1.10
$16.32
$16.32
$482.12
$482.12
$3,686.79
$3,686.79
$3,308.48
$11,934.38
$51.66
$1,780.29
$542.02
$16,099.56
$11,552.02

Total:

$1,103,316.45

Table E-2. Energy Utility Requirements for the Process.
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Feed Preparation Section

Storage Tanks:
Crude Glycerol Storage Tank T-101
Base Purchase Cost: $ 564,600

T-101 is a floating roof storage vessel constructed of 304 stainless steel with a volume of
3,165,300 L. This tank holds the crude glycerol feedstock that comes as the byproduct of the biodiesel
industry. The feed is assumed to be at standard temperature and pressure conditions of 25°C and 1 atm
and will be stored at these conditions. This storage tank holds three days worth of feed and has a
working volume of 80%. Stream S-FP-101 leaves this holding tank at a flow rate of 35,170 L/hr and flows
through pump P-FP-01 then to the Glycerol Purification System, R-101. The composition of the crude
glycerol feedstock is assumed to be 85% glycerol, 7% water, 4% salts, and 4% MONG (Matter Organic,
Non-Glycerol) by weight, as per the suggested average crude glycerol feed (EET Corporation). These
percentages were used for completing the material balance, however, it should be noted that crude
glycerol is characterized by an unpredictable composition. The process has been designed to be flexible
regarding the glycerol feedstock composition. The vessel has a floating roof due the possible presence of
methanol or other volatiles in the crude glycerol feedstock.

Calculations on page 242.
Cornsteep Liquor Storage Tank T-103
Base Purchase Cost: $49,600

T-103 is a cone roof storage vessel constructed of 304 stainless steel with a volume of 83,500 L.
This vessel stores three days worth of corn steep liquor, a material that provides minerals and amino

acids for the E. Coli. Stream S-FP-106 leaves this tank at a flow rate of 927 L/hr and flows through pump

62



LeGendre, Logan, Mendel, Seedial

P-FP-03 then into mixing tank, T-105.The corn steep liquor will be stored at a temperature of 25 °C and
a pressure of 1 atm. The storage tank is assumed to have a working volume of 80%.
Calculations on page 225.
Brine Storage Tank T-104
Base Purchase Cost: $65,700

T-104 is a cone roof storage vessel constructed of 304 stainless steel with a volume of 145,000 L.
This is one day’s worth of salt solution (brine 36% by weight) extracted from the glycerol feed. It will be
stored at a temperature of 25°C and a pressure of 1 atm. Stream S-FP-103 flows into this tank via pump
P-FP-05, from the Glycerol Purification System at a flow rate of 4,832 L/hr. The storage tank is assumed
to have a working volume of 80%. Salt water will leave the process from this tank to be sent to the
ocean.

Calculations on page 242.
Mixing Tank T-105
Base Purchase Cost: $ 42,500

T-105 is a cone roof storage vessel constructed of 304 stainless steel with a volume of 61,730 L.
Streams S-FP-115 (fresh water), S-P-104 (purified glycerol/water mixture), S-FP-105 (recycle water) and
S-FP-106 (corn steep liquor) all flow into this tank for mixing. The tank is assumed to have a working
volume of 50% and a residence time of 10 minutes. It is assumed to operate at 25 °C and 1 atm. The
tank has an agitator (turbine, closed tank) for mixing that is priced at $29,900 (see page 210) including
the motor and shaft costs.

Calculations on page 242.
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Sterilized Feed Holding Tank T-106
Base Purchase Cost: $ 338,000

T-106 is a floating roof storage vessel constructed of 304 stainless steel with a volume of
1,157,500 L. This tank is the transition point between the continuous feed preparation section and the
batch fermentation sections. Sterilized feed in stream S-FP-112 flows into this tank at a flow rate of
185,192 L/hr then out to the fermentation stage section. The sterilized feed is stored at a temperature
of 25 °C and a pressure of 1 atm. This storage tank is assumed to have a working volume of 80%.

Calculations on page 242.
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Heat Exchangers:
HX-1
Base Purchase Cost: $132,300

HX-1 is a floating head shell and tube heat exchanger that preheats the feed from mixing tank T-
105 before it enters HX-2. This preheating reduces the amount of steam needed in HX-2 to bring the
feed to the sterilization temperature 121°C (250 °F) and cools the sterilized feed to the required
fermentation temperature. Stream S-FP-114 is heated from 25°C to 111°C (or 77 °F to 231.86 °F) by the
hot sterile feed from HX-2, S-FP-109 that is cooled from 121 °C to 37 °C (or 250 °F to 98.6 °F). The heat
duty is 59,665,811 BTU /hr. The heat exchanger is 304 stainless steel shell side/ 304 stainless steel tube
side since both sides are in contact with feed.

Calculations on page 226.
HX-2
Base Purchase Cost: $22,100

Pre heated stream Feed (S-FP-108) is heated further by steam from 111°C to 121°C (or from
231.86°F to 250° F). This is the sterilization temperature (for all organisms, spores). This is a floating
head shell and tube heat exchanger.. The heat duty is 7,738,512 BTU/hr. This exchanger is a carbon
steel shell side / 304 stainless steel tube side because the shell side material is steam.

Calculations on page 226.
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Pumps:
P-FP-01
Base Purchase Cost: $ 4,500

This is a centrifugal pump constructed of 304 stainless steel that pumps crude glycerol from tank
T-101 to the Glycerol Purification System. The flow rate through the pump is 35,170 L/hr. The energy
requirement for the pump is 9.34 Hp and the pump operates at an efficiency of 0.59 while the motor
operates at an efficiency of 0.82. A pressure change of 50 psia (344 kPa) was assumed as a result of
frictional forces of the fluid flow.

Calculations on page 233.
P-FP-02
Base Purchase Cost: $ 8,400

This is a centrifugal pump constructed of 304 stainless steel that pumps process water to the
mixing tank T-105 for dilution of the glycerol feed. The flow rate through the pump is 151,105 L/ hr. The
energy requirement for the pump is 33.68 Hp and the pump operates at an efficiency of 0.74 while the
motor operates at an efficiency of 0.83. An additional pressure change of 25 psia (172.5 kPa) was
assumed as a result of the frictional forces of the fluid flow.

Calculations on page 233.

P-FP-03
Base Purchase Cost: $ 4,100

This is a centrifugal pump constructed of 304 stainless steel that pumps corn steep liquor from
tank T-103 to the mixing tank T-105. The flow rate through the pump is 927 L/ hr. The energy

requirement for the pump is 0.15 Hp and the pump operates at an efficiency of 0.60 while the motor
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operates at an efficiency of 0.76. An additional pressure change of 25 psia (172.5 kPa) was assumed as a
result of the frictional forces of fluid flow.

Calculations on page 233.
P-FP-04
Base Purchase Cost: $ 3,900

This is a centrifugal pump constructed of 304 stainless steel that pumps a glycerol/water
solution from the Glycerol Purification System R-101 to the mixing tank T-105. The flow rate through the
pump is 32,356 L/ hr. The energy requirement for the pump is 5.02 Hp and the pump operates at an
efficiency of 0.58 while the motor operates at an efficiency of 0.82. An additional pressure change of 25
psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-FP-05
Base Purchase Cost: $ 3,500

This is a centrifugal pump constructed of 304 stainless steel that pumps a salt solution from the
Glycerol Purification System R-101 to the Brine Storage Tank T-104. The flow rate through the pump is
4,832 L/ hr. The energy requirement for the pump is 1.53 Hp and the pump operates at an efficiency of
0.31 while the motor operates at an efficiency of 0.80. An additional pressure change of 25 psia (172.5
kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-FP-06
Base Purchase Cost: $ 10,100

This is a centrifugal pump constructed of 304 stainless steel that pumps mixed feed solution
from the mixing tank T-105 through the sterilization heat exchangers and then to the Sterilized Feed

Storage Tank T-106. The flow rate through the pump is 185,192 L/ hr. The energy requirement for the
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pump is 45.53 Hp and the pump operates at an efficiency of 0.76 while the motor operates at an
efficiency of 0.83. An additional pressure change of 25 psia (172.5 kPa) was assumed as a result of the
frictional forces of fluid flow .

Calculations on page 233.
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Miscellaneous:
Glycerol Purification System R-101
Estimated Purchase Cost: $ 430,800

The Glycerol Purification System is a licensed unit purchased from EET Corporation that has the
ability to purify a variety of incoming crude glycerol feeds from the biodiesel industry. It removes MONG
(Matter Organic Non-Glycerol, typically monoglycerides, diglycerides, and free fatty acids), any
methanol present, chloride or phosphate salts, and any solids. The glycerol purification system uses the
patent pending (See Appendix C for patent application) HEED® (High-Efficiency Electro-Dialysis) and
HEEPM® (High-Efficiency Electro-Pressure Membrane) technologies, in parallel with reverse osmosis, to
purify the crude glycerol stream S-FP-101. The output from the process is a cake of MONG that, at the
suggestion of industrial consultant Mr. Bruce Vrana can be given to farmers for use as a nutrient (S-FP-
113), a concentrated salt water solution (S-S-103) that can be sent to the ocean, and a glycerol/water
solution (S-FP-104) that is sent to the mixing tank T-105 to be combined with water and corn steep
liquor for feed preparation. The quantity of crude glycerol purified by the system will depend on the
feed, but at the average value of 85 % by weight glycerol in the crude glycerol feed, the system will
handle 43,370 kg solution per hour, removing 1,735 kg/hr of MONG and 1,735 kg/hr of salts. Although
precise technical information was not available from EET Corporation, extensive information from the
EET Corporation website is provided in Appendix D. Operating costs for the glycerol purification system
were not estimated because technical specifications were not available.

Calculations on page 225.
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Seed Fermentation Train (Plant and Lab)

Fermenters:
Laboratory Scale Fermenters (Seed Ferm 1A/1B, Seed Ferm 2A/2B, Seed Ferm 3A/3B) (2 each)

Every 297 hour cycle starts with two 1mL aliquots of E. Coli cells, one for seed fermentation train
A, and one for seed fermentation train B. The cells are grown to larger volumes in a train of fermenters,
where each successive fermenter working volume is 20 times the size of the initial, because 2,000,000 L
tanks cannot be charged with 1 mL portions of cells (too much dilution). Each cell aliquot is charged first
to either Seed Ferm 1A or 1B (test tubes with volumes of 25 mL), then grown up in each successive
laboratory-sized fermenter (Seed 2A/2B: 400 mL of solution in 500 mL flask, Seed 3A/3B: 8 L of solution
in 10 L tank) until the contents of Seed Ferm 3A/3B can be transferred to 200 L tanks Seed Ferm 4A/4B
in the plant-scale section. The cells are grown in these fermenters for 60 hours, until the ethanol
concentration is 100 g/L, at a temperature of 37°C, 14.8 psia and pH 7, consuming the same glycerol
feed solution that is used in the plant-scale section. The positive pressure maintains the anaerobic
condition required for fermentation. These fermenters are made of glass (test tube, flask) or 304
stainless steel (tank).

Calculations on page 220.

Seed Ferm 4A/4B (2)

This is the first vessel outside of the laboratory setting in the seed fermentation train. This vessel
is constructed of 304 stainless steel and has a capacity of 200 L, while its working volume is 78-81% of
this value. The product from Seed Ferm 3A is gravity-transferred to Seed Ferm 4A, and the product from
Seed Ferm 3B is gravity-transferred to Seed Ferm 4B. This product contains enough E. coli to grow in a
fermenter unit of this size. Sterilized feed is pumped from the Sterilized Feed Holding Tank T-106 to the

units through pumps P-101 (1 and 2). The fermenter has a height of 3.30 ft and diameter of 1.65 ft.
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Optimal growth conditions of 37°C, 14.8 psia and pH 7 are maintained in the vessel. The positive
pressure maintains the anaerobic condition required for fermentation. The fermentation time is 60
hours since the end ethanol concentration is 100 g/L. The product from this is fed to either Seed Ferm
5A or Seed Ferm 5B.

Calculations on page 220.
Seed Ferm 5A/5B (2)
Base Purchase Cost: $30,700

This is the second vessel outside of the laboratory setting, in the plant-scale section. The vessel
is constructed of 304 stainless steel and has a capacity of 4,500 L, while its working volume is 70-72% of
this value. The product from Seed Ferm 4A is pumped to Seed Ferm 5A through pump P-105 (1) or the
product from Seed Ferm 4B is pumped to Seed Ferm 5B through pump P-105 (2). Sterilized feed is
pumped from the Sterilized Feed Holding Tank T-106 to the units through pumps P-102 (1 and 2).The
fermenter has a height of 9.31 ft and diameter of 4.66 ft. Optimal growth conditions of 37°C, 14.8 psia
and pH 7 are maintained in the vessel. The positive pressure maintains the anaerobic condition required
for fermentation. The fermentation time for this is 60 hours since the end ethanol concentration is 100
g/L. The product from this is fed to either Seed Ferm 6A or Seed Ferm 6B.

Calculations on page 220.
Seed Ferm 6A/6B (2)
Base Purchase Cost: $ 100,900

This is the third vessel outside of the laboratory setting, in the plant-scale section. The product
from Seed Ferm 5A is pumped to Seed Ferm 6A through pump P-106 (1) or the product from Seed Ferm
5B is pumped to Seed Ferm 6B through pump P-106 (2). The vessel is constructed of 304 stainless steel
and has a capacity of 85,000 liters, while its working volume is 74-77% of this value. Sterilized feed is

pumped from the Sterilized Feed Holding Tank T-106 to the units through pumps P-103 (1 and 2).The
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fermenter has a height of 24.81 ft and diameter of 12.41 ft. Optimal growth conditions of 37°C, 14.8 psia
and pH 7 are maintained in the vessel. The positive pressure maintains the anaerobic condition required
for fermentation. The fermentation time for this is 60 hours since the end ethanol concentration is 100
g/L. The product from this is then fed to Seed Ferm 7A/7B. ). Seed fermenters 6A and 6B have 304
stainless steel agitators to maintain cell suspension and prevent adverse temperature or pH gradients.
These agitators have a base purchase cost of $6,500.

Calculations on page 220.
Seed Ferm 7A/7B (2)
Base Purchase Cost: $ 150,400.00

This is the last fermentation vessel in the seed train. The vessel is constructed of 304 stainless
steel and has a capacity of 650,000 liters. The working volume ranges from 70-72%. One sixth of the
working volume of each of these two fermenters is fed to each one of the large-scale fermenters
FERM1-12 during the cycle. One sixth of the working volume of Seed Ferm 7A is equivalent to the 1/20
by volume portion required to charge fermenters FERM1-12. The volume transferred to each large
fermenter is ~77,090 L. Therefore the working volume of these tanks is approximated to ~460,000 L. The
product from Seed Ferm 6A is pumped to Seed Ferm 7A through pump P-107 (1) or the product from
Seed Ferm 6B is pumped to Seed Ferm 7B through pump P-107 (2). Sterilized feed is pumped from the
Sterilized Feed Holding Tank T-106 to the units through pumps P-104 (1 and 2).The fermenter has a
height of 48.88 ft and diameter of 24.44 ft. Optimal growth conditions of 37°C, 14.8 psia and pH 7 are
maintained in the vessel. The positive pressure maintains the anaerobic condition required for
fermentation. The fermentation time for this is 60 hours since the end ethanol concentration is 100 g/L.
One sixth of the working volume of each 7A/7B reactor is fed to each of the fermenters FERM 1 through
FERM 6 (from Seed Ferm 7A) through pump P-FB (1) or fermenters FERM through FERM 12 (from Seed

Ferm 7B) through pump P-FB (2). Seed fermenters 7A and 7B have 304 stainless steel agitators to
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maintain cell suspension and prevent adverse temperature or pH gradients. These agitators have a base
purchase cost of $20,700.

Calculations on page 220.

Pumps:
P-101 (2)
Base Purchase Cost: $3,700

This is a centrifugal pump constructed of 304 stainless steel that pumps sterilized feed from T-
106 to the first plant scale fermentation tank, which is either Ferm 4A or Ferm 4B. Sterilized feed flows
through the pump at a flow rate of 2600 L/ hr. The energy requirement for the pump is 1.12 Hp and the
pump operates at an efficiency of 0.20 while the motor operates at an efficiency of 0.80. The pump head
is 59.21 ft. The pressure change across the pump, neglecting friction, is 10.2 kPa. An additional pressure
change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The pump
runs for 0.06 hours of the 297 hour cycle.

Calculations on page 233.
P-102 (2)
Base Purchase Cost: $4,400

This is a centrifugal pump constructed of 304 stainless steel that pumps sterilized feed from T-
106 to the second plant scale fermentation tank, which is either Ferm 5A or 5B. Sterilized feed flows
through the pump at a flow rate of 51,950 L/ hr. The energy requirement for the pump is 7.49 Hp and
the pump operates at an efficiency of 0.63 while the motor operates at an efficiency of 0.82. The pump
head is 64.97 ft. The pressure change across the pump, neglecting friction is 28.9 kPa. An additional
pressure change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The

pump runs for 0.06 hours of the 297 hour cycle. Calculations on page 233.
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P-103 (2)
Base Purchase Cost: $4,900

This is a centrifugal pump constructed of 304 stainless steel that pumps sterilized feed from T-
106 to the third plant scale fermentation tank, which is either Ferm 6A or 6B. Sterilized feed flows
through the pump at a flow rate of 62,325 L/ hr. The energy requirement for the pump is 10.76 Hp and
the pump operates at an efficiency of 0.65 while the motor operates at an efficiency of 0.82. The pump
head is 80.46 ft. The pressure change across the pump, neglecting friction is 76.9 kPa . An additional
pressure change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The
pump runs 1 hour of the 297 hour cycle.

Calculations on page 233.
P-104 (2)
Base Purchase Cost: $6,400

This is a centrifugal pump constructed of 304 stainless steel that pumps sterilized feed from T-
106 to the fourth plant scale fermentation tank, which is either Ferm 7A or 7B. Sterilized feed flows
through the pump at a flow rate of 96,683 L/ hr. The energy requirement for the pump is 20.25 Hp and
the pump operates at an efficiency of 0.70 while the motor operates at an efficiency of 0.82. The pump
head is 104.5 ft. The pressure change across the pump, neglecting friction is 151.5 kPa. An additional
pressure change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The
pump runs 4 hours of the 297 hour cycle.

Calculations on page 233.
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P-105 (2)
Base Purchase Cost: $3,600

This is a centrifugal pump constructed of 304 stainless steel that pumps the volume of product
in S-106 either from seed Ferm 4A into seed Ferm 5A or seed Ferm 4B to seed Ferm 5B. It pumps liquid
at a rate of 2,628 L/ hr. The energy requirement for the pump is 1.22 Hp and the pump operates at an
efficiency of 0.20 while the motor operates at an efficiency of 0.80. The pump head is 69.1 ft. The
pressure change across the pump, neglecting friction is 26.9 kPa. An additional pressure change of 25
psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The pump runs 0.06 hours
of the 297 hour cycle.

Calculations on page 233.
P-106 (2)
Base Purchase Cost: $4,700

This is a centrifugal pump constructed of 304 stainless steel that pumps the volume of product
in S-107 either from Ferm 5A into Ferm 6A or seed Ferm 5B to Ferm 6B. It pumps liquid at a rate of
53,349.40 L/ hr. The energy requirement for the pump is 9.26 Hp and the pump operates at an efficiency
of 0.64 while the motor operates at an efficiency of 0.82. The pump head is 84.7 ft. The pressure change
across the pump, neglecting friction is 71.5 kPa. An additional pressure change of 25 psia (172.5 kPa)
was assumed as a result of the frictional forces of fluid flow. The pump runs 0.06 hours of the 297 hour
cycle.

Calculations on page 233.
P-107 (2)
Base Purchase Cost: $5,300

This is a centrifugal pump constructed of stainless steel 304 that pumps the volume of product

in S-108 from either Ferm 6A into Ferm 7A or seed Ferm 6B to Ferm 7B. It operates at a rate of
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63,293.21 litres/ hr. The energy requirement for the pump is 13.68 Hp and the pump operates at an
efficiency of 0.66 while the motor operates at an efficiency of 0.82. The pump head is 108.7 ft. The
pressure change across the pump, neglecting friction is 141.0 kPa. An additional pressure change of 25
psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow. The pump runs 1 hour of
the 297 hour cycle.

Calculations on page 233.
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Main Fermentation Section

Fermenters:
FERM 1-12 (12)
Base Purchase Cost: $341,500

The most important units in the fermentation process are the large production fermentation
vessels, each having a volume of 2,000,000 L, with a working volume ranging from 76-79%. In these
twelve tanks, E. coli cells produce the majority of the ethanol via the anaerobic fermentation of the
glycerol feedstock. Optimal growth conditions of 37°C, 14.8 psia and pH 7 are maintained in the vessel.
The positive pressure maintains the anaerobic condition required for fermentation. The fermentation
time for this is 60 hours since the end ethanol concentration is 100 g/L.

After the fermentation in Seed Ferm 7A/7B is complete, a 1/6 by volume portion of each of the
seed fermenters’ contents are charged to each of Ferm 1-12, this portion corresponding to a volume of
5% (1/20) of the total FERM 1-12 working volume. The charging time is 27 hrs to allow for a staggered
batch running of the fermenters. The contents of Seed Ferm 7A/7B are only supplied to the large
fermenters at the start of the first fermentation period of each three-fermentation-period cycle.
Sterilized feed from Sterilized Feed Holding Tank T-106 is fed to the large fermenters through pump P-FA
over the course of 5 hours at a rate of 311,228 kg/hr, at the start of all three fermentation periods per
cycle.

After the first 60-hour fermentation period, 95% of the volume is drained into the fermentation
broth storage tank T-107.The remaining 5% remains in the vessel as the seed from which the next
reaction period begins. This is done twice, and at the end of the third reaction cycle, 100% of the
contents are drained into T-107. At this point the fermenters are cleaned using the clean-in-place
technique, during which a dilute caustic solution is applied to the tank surface through spray nozzles. As

the initial stagger/ charging time is 27 hours, the feed charging time is 5 hours (x3 charging periods), the
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reaction time is 60 hours (x3 fermentation periods), the fermenter draining time is 5 hours (x3 draining
periods), and the cleaning time is 60 hours, the resulting total cycle time, after 3 fermentation periods,
is 297 hours. The large fermenters are the equipment bottleneck in the process.

During the reaction time carbon dioxide and hydrogen gas are evolved, and 4.9% of the
produced ethanol and 0.49% of the water are vaporized. This gaseous stream leaving the fermentation
units is moved by a blower near the top of all the fermenters that sends the fermentation gases to the
Absorber unit AB-1 in the separation section. The gases leave the fermenters at a flow rate of 879.28
kg/hr.

Heat is evolved in one fermentation reactor due to the slightly exothermic reaction from
glycerol to ethanol. The adiabatic temperature rise corresponds to 5.7°C (10.4°F) A heat exchanger, HX-
Ferm, is required for each of the twelve fermenters to ensure the temperature of the reactors remain at
37°C. The fermenters are constructed from 304 stainless steel. With a 2:1 height to width ratio, the
cylindrical vessels are 71 ft tall and have a diameter of 35.5 ft. They are field fabricated.

These fermentation tanks also have 304 stainless steel agitators to prevent cell settling and
adverse concentration or pH gradients. These agitators have a base purchase cost of $44,200 (see page
210 for Agitator pricing calculations).

Calculations on page 220.
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Storage Tanks:
Broth Storage Tank: T-107
Base Purchase Cost: $ 582,900

T-107 is a floating roof storage vessel constructed of 304 stainless steel with a volume of
3,370,600 L. Fermentation broth containing ethanol is pumped into the tank from all twelve 2,000,000 L
fermenters through pump P-FC (1 and 2) at the end of all fermentation periods. Broth leaves the storage
tank continuously at a flow rate of 178,735 L/hr and is pumped through pump P-FD to the separation
section, where it first enters HX-3. The broth is stored at a temperature of 37 °C and a pressure of 1 atm.
This storage tank is assumed to have a maximum working volume of 80%, but the working volume
changes depending on the time in the cycle. This tank has an agitator to prevent the settling of E. coli
cells at the bottom of the tank before continuous filtration. This agitator has a base price of $44,100.

Calculations on page 220.

Heat Exchangers:
HX-FERM (12)
Base Purchase Cost: $4,200

This is the heat exchanger that is used to cool the contents of each 2,000,000 L fermentation
tank FERM1-12. One heat exchanger and accompanying pump is provided for each fermenter, so as to
prevent total contamination in the case that one fermenter unit is somehow contaminated. The solution
from stream S-141 flows through the heat exchanger at a flow rate of 25,423 L/hr. The fluid is circulated
over a period of 60 hours (fermentation time) and the heat duty corresponds to the amount of heat
required to cool the contents of one reactor from 109 °F to 98.6 °F (42.7 °C to 37 °C), determined from
the adiabatic temperature rise associated with the slightly exothermic fermentation reaction. The

fermentation solution is cooled using a mixture of cooling water and chilled water (where cooling water
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makes up 95% of the heat duty) at a mass flow rate of 22,063 kg/hr, which is heated from 87.6 °F to 99
°F (30.9 °C to 37.2 °C). This is a Double Pipe Heat Exchanger due to the smaller exchanger area
requirements. The heat duty is 518,297 BTU/hr. This exchanger is carbon steel shell side / stainless steel
tube side because the shell side material is water.

Calculations on page 226.

Pumps:
P-FA (2)
Base Purchase Cost: $19,400

This is a centrifugal pump constructed of 304 stainless steel that pumps sterilized feed from T-
106 to the 6 fermenter tanks that are operating in each fermentation train. It pumps sterilized feed at a
rate of 300,300 L/ hr. The energy requirement for the pump is 67.22 Hp and the pump operates at an
efficiency of 0.79 while the motor operates at an efficiency of 0.83. The pump head is 126.8 ft. The
pressure change across the pump, neglecting friction is 220 kPa. An additional pressure change of 25
psia was assumed as a result of the frictional forces of fluid flow. The pump is operational for 15 hours
of the 297 hour cycle time.

Calculations on page 233.
P-FB (2)
Base Purchase Cost: $3,600

This is a centrifugal pump constructed of 304 stainless steel that pumps seed feed from the Seed
Fermentation Train A/B to each of the fermenters Ferm 1-12. It pumps the volume of Seed 7A/7B to the
main fermentation section at a rate of 2,820 L/ hr. The energy requirement for the pump is 2.31 Hp and
the pump operates at an efficiency of 0.21 while the motor operates at an efficiency of 0.81. The pump

head is 130.9 ft. The pressure change across the pump, neglecting friction is 205 kPa. An additional
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pressure change of 25 psia (17.2 kPa) was assumed as a result of the frictional forces of fluid flow. The
pump is operational for 162 hours of the 297 hour cycle time.

Calculations on page 233.
P-FC (2)
Base Purchase Cost: $ 15,700

This is a centrifugal pump constructed of 304 stainless steel that pumps the broth product from
the fermenters Ferm 1-12 into Broth Storage Tank T-107. It operates at a rate of 1,525,403 L/ hr. The
energy requirement for the pump is 42.77 Hp and the pump operates at an efficiency of 0.79 while the
motor operates at an efficiency of 0.83. The pump head is 85.4ft. The pressure change across the pump,
neglecting friction is 73.9 kPa. An additional pressure change of 25 psia (17.2 kPa) was assumed as a
result of the frictional forces of fluid flow. The pump is operational for 90 hours of the 297 hour cycle
time.

Calculations on page 233.
P-FD
Base Purchase Cost: $9,000

This is a centrifugal pump constructed of 304 stainless steel that pumps the fermentation
product from the broth storage tank, T-107 to the separation process section. It pumps fermentation
broth continuously at a rate of 178,734 L/ hr. The energy requirement for the pump is 36.94 Hp and the
pump operates at an efficiency of 0.75 while the motor operates at an efficiency of 0.83. The pump head
is 120 ft. The pressure change across the pump, neglecting friction is 205 kPa. An additional pressure
change of 25 psia (17.2 kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-FE (12)

Base Purchase Cost: $6,600
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This is a centrifugal pump constructed of 304 stainless steel that continuously pumps the
solution in each fermenter tank through a heat exchanger, HX FERM, to maintain the fermentation
temperature of 37°C. It pumps fermentation solution at a flow rate of 25,423 L/hr in a closed circuit
through HX FERM and back to the FERM1-12. The energy requirement for the pump is 3.65 Hp and the
pump operates at an efficiency of 0.55 while the motor operates at an efficiency of 0.81. The pump head
is 59.8 ft. The pressure change across the pump, neglecting friction is 205 kPa. An additional pressure
change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
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Blowers:
B-101
Base Purchase Cost: $70,500

This centrifugal blower facilitates the transport of the fermentation gases and vapors from the
fermentation seed fermenters and the large 2,000,000 L fermentation tanks to the absorber in the
separation section so that the vaporized ethanol can be saved and the effluent hydrogen gas can be
burned to fuel the distillation tower reboiler. The flow rate of gases through the blower is 10,614
ft*/min. The blower efficiency is 0.75, and the motor that powers the blower has an efficiency of 0.92.
The power consumption is 300 HP. The blower is made of aluminum.

Calculations on page 213.
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Separation Section

Storage Tanks:
Mixing Tank T-108
Base Purchase Cost: $26,800

T-108 is a floating roof storage vessel constructed of 304 stainless steel with a volume of 8,021
L. Streams S-S-124 (ethanol) and S-S-125(gasoline) flow into this tank for mixing. The tank is assumed to
have a working volume of 50% and a residence time of 10 minutes. It is assumed to operate at 50 °C and
1 atm. The tank has an agitator (turbine, closed tank) for mixing that is priced at $9,100 including the
motor and shaft costs.

Calculations on page 242.
Gasoline Storage Tank T-109
Base Purchase Cost $ 101,000

T-109 is a floating roof storage vessel constructed of 304 stainless steel with a volume of
108,278 L. This vessel stores three days worth of gasoline, a material that is added to denature the
ethanol that is produced. Stream S-S-125 leaves this tank at a flow rate of 475 L/hr and flows into mixing
tank, T-108.The gasoline will be stored at a temperature of 25 °C and a pressure of 1 atm. The storage
tank is assumed to have a working volume of 80%.

Calculations on page 242.
Succinic Acid Storage TankT-110
Base Purchase Cost $ 27,600

T-110is a cone roof storage vessel constructed of 304 stainless steel with a volume 26,478 L.
This vessel stores three days worth of succinic acid . Stream S-S-121 flows into this tank via a conveyor
belt at a rate of 459 kg/hr. The solid succinic acid will be stored at a temperature of 25 °C and a pressure

of 1 atm. The storage tank is assumed to have a working volume of 80%.
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Calculations on page 242.
Denatured Ethanol Holding Tank T-111
Base Purchase Cost $ 453,300

T-111 is a floating roof storage vessel constructed of 304 stainless steel with a volume of
2,057,287 L. This vessel stores three days worth of denatured ethanol. This stream (5-S-126) enters the
tank after being denatured in the mixing tank T-108. Stream S-S-126 enters this tank at a flow rate of
22,859 L/hr. The ethanol will be stored at a temperature of 50 °C and a pressure of 1 atm. The storage
tank is assumed to have a working volume of 80%.

Calculations on page 242.

Heat Exchangers:
HX-3
Base Purchase Cost: $113,900

The waste water from the electro-dialysis unit, Stream S-S-135, is used to sterilize the
fermentation product (S-S-109). The sterilized stream then flows into the Rotary Drum Filter (RDF-1).
The heat duty is 48,041,600 BTU/hr. Stream S-S-109 is heated from 37 °C to 92.2 °C, past the
deactivation temperature for E. coli of 62.2°C, (or from 98.6 °F to 198 °F) while the 21 psi water (S-S-135)
leaving ED-1 (Electrodialysis) is cooled from 100 °C to 43.3 °C (or from 228 °F to 110.4 °F). HX-3 is a
Floating Head Shell/Tube heat exchanger and is modeled as a carbon steel shell side/ stainless steel tube
side since the shell side material is hot water. The heat exchanger area is 9997 ft*.

Calculations on page 226.

85



LeGendre, Logan, Mendel, Seedial

Partial Condenser: HX-4
Base Purchase Cost: $ 65,900

This is a partial condenser for the distillation tower D-1.The top product from the tower(S-S-130)
flows through this heat exchanger before entering the reflux accumulator, RA-1. The heat duty is
68,130,000 BTU/hr. Stream S-S-130 has a flow rate of 189,673 kg/hr and is partially condensed at 82 °C
(179.5 °F) using cooling water (S-S-106) that is heated from 32.2 °C to 48.9 °C (90 °F to 120 °F). The
cooling water has a flow rate of 1,087,869 kg/hr. HX-4 is a Floating Head Shell/Tube heat exchanger and
is a carbon steel on the shell side and stainless steel on the tube side since the shell side material is
water. The exchanger area is 4,636 ft2.

Calculations on page 226.
HX-5
Base Purchase Cost: $21,200

The ethanol product stream (S-S-122) from the molecular sieve (MS-1) is cooled before entering
the mixing tank to be denatured. The ethanol is cooled from its atmospheric boiling point of 78.4 °C to
50 °C (173 °F to 122 °F) using cooling water. The flow rate of the cooling water(S-S-136) IS 23,766 kg/hr
and it is warmed from 32.2 °C to 48.9 °C (90 °F to 120 °F). The heat duty is 1,488,726 BTU/hr. HX-5is a
Floating Head Shell/Tube heat exchanger and is modeled as a carbon steel shell side/ stainless steel tube
side since the shell side material is cooling water. The heat exchanger area is 239 ft°.

Calculations on page 226.
Reboiler: HX-6
Base Purchase Cost: $60,300

The remaining 33.78MMBtu/hr of the heat duty for the reboiler is provided by a kettle reboiler
heat exchanger which is heated with 16,775 kg/hr of condensing 50 psig steam. A heat transfer

coefficient of 200 Btu/hr-ft>-°F was used to calculate a heat transfer area of 2,412 ft®. The heat
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exchanger is 304 stainless steel on the tube side, and carbon steel on the shell side. The vapor stream
leaving the reboiler (S-S-133) is sent back to the distillation column, while the liquid stream leaving the
reboiler is sent to the electro-dialysis (ED-1) system.

Calculations on page 226.

Pumps:
P-S-101
Base Purchase Cost: $13,100

This is a centrifugal pump constructed of 304 stainless steel that pumps the liquid fermentation
product from the rotary drum filter, RDF-1 to the distillation tower, D-1. The flow rate through the pump
is 174,995 L/ hr. The energy requirement for the pump is 67.9 Hp and the pump operates at an
efficiency of 0.75 while the motor operates at an efficiency of 0.83. The pump head is 221 ft. The
pressure change across the pump, neglecting friction is 475 kPa. An additional pressure change of 25
psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-S-102
Base Purchase Cost: $9,000

This is a centrifugal pump constructed of 304 stainless steel that pumps the stream containing
the succinic acid product, S-S-116 from the furnace (FN-1) to the electro-dialysis system (ED-1). The flow
rate through the pump is 180,559 L/ hr. The energy requirement for the pump is 37.3 Hp and the pump
operates at an efficiency of 0.75 while the motor operates at an efficiency of 0.83. A pressure change of
50 psia (344 kPa) was assumed as a result of frictional forces of the fluid flow.

Calculations on page 233.
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P-S-104
Base Purchase Cost: $4,700

This is a centrifugal pump constructed of 304 stainless steel that pumps the product stream S-S-
119 from the crystallizer C-1 back to the electro dialysis unit. The flow rate through the pump is 40,625
L/ hr. The energy requirement for the pump is 10.5 Hp and the pump operates at an efficiency of 0.61
while the motor operates at an efficiency of 0.82. A pressure change of 50 psia (344 kPa) was assumed
as a result of frictional forces of the fluid flow.

Calculations on page 233.
P-S-105
Base Purchase Cost: $ 5,200

This is a centrifugal pump constructed of 304 stainless steel that pumps the liquid stream S-S-
104 scrubbed out in the absorber AB-1 to the distillation tower D-1. The flow rate through the pump is
29,396 L/ hr. The energy requirement for the pump is 14.9 Hp and the pump operates at an efficiency of
0.57 while the motor operates at an efficiency of 0.83. The pump head is 222 ft. The pressure change
across the pump, neglecting friction is 464 kPa. An additional pressure change of 25 psia (172.5kPa) was
assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-S-106
Base Purchase Cost: $ 13,500

This is a centrifugal pump constructed of 304 stainless steel that pumps the stream S-S-128 from
the reflux accumulator RA-1 to the distillation tower D-1. It operates continuously at a rate of 205,879 L/
hr. The energy requirement for the pump is 68.28 Hp and the pump operates at an efficiency of 0.76

while the motor operates at an efficiency of 0.83. The pump head is 234 ft. The pressure change across
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the pump, neglecting friction is 389 kPa. An additional pressure change of 25 psia (172.5 kPa) was
assumed as a result of the frictional forces of fluid flow.

Calculations on page 233.
P-S-107
Base Purchase Cost: $15,700

This is a centrifugal pump constructed of 304 stainless steel that pumps the bottoms product of
the distillation column D-1 to the furnace FN-1 via stream S-131. The flow rate through the pump is
232,717 L/ hr. The energy requirement for the pump is 46.81 Hp and the pump operates at an efficiency
of 0.77 while the motor operates at an efficiency of 0.83. A pressure change of 50 psia (344 kPa) was
assumed as a result of frictional forces of the fluid flow.

Calculations on page 233.
P-S-108
Base Purchase Cost: $7,200

This is a centrifugal pump constructed of stainless steel 304 that pumps process water to the
absorber. It operates continuously at a rate of 27,023 L/ hr. The energy requirement for the pump is 7.1
Hp and the pump operates at an efficiency of 0.56 while the motor operates at an efficiency of 0.82. The
pump head is 108 ft. The pressure change across the pump, neglecting friction is 150 kPa. An additional
pressure change of 25 psia (172.5 kPa) was assumed as a result of the frictional forces of fluid flow.

Calculations on page 223320.
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Blowers:
B-102
Base Purchase Cost: $ 264,200

This centrifugal blower facilitates the transport of air to the furnace (FN-1) in the separation
section so that the effluent gases can be burned to fuel the distillation tower reboiler. The flow rate of
air through the blower is 70,214 ft*/min. The blower efficiency is 0.75, and the motor that powers the
blower has an efficiency of 0.94. The power consumption is 1602 HP. The blower is made of aluminum.

Calculations on page 213.
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Columns:
Distillation Column : D-1
Base Purchase Cost: $ 798,000

The distillation column serves to remove a majority of the water and all the succinic acid from
the feed streams (S-S-104 & S-S-112) and recycle stream (S-S-123) which together have a flow rate of
205,972 kg/hr and are composed of water, succinic acid, corn steep liquor, biomass, and ethanol.
Streams S-S-104, S-S-112 and S-S-123 enter the column at stages 16, 12, and 11 respectively. By this
point, the corn steep liquor has had all solids filtered out, and is a selection of water and salts which do
not vaporize and therefore leave as bottoms product. It is necessary that the top product be 92%
ethanol by weight for the subsequent processing by molecular sieves, so 179,000 kg/hr of water, along
with all the corn steep liquor and succinic acid must leave as bottoms product. The small quantity of
remaining biomass is filtered out by a hopper, and leaves as a separate stream (S-S-139, 29.6 kg/hr)
from the bottom of the tower as suggested by industrial consultant Mr. Bruce Vrana. The tower was
modeled in Aspen, with components of succinic acid, water, and ethanol. Biomass and Corn Steep
Liquor were added separately due to their unknown composition, but known properties; both absolutely
will not vaporize at the tower temperatures. The top of the tower has a pressure of 18 psia and
operates at 81.95 °C while the bottom operates at 25 psia and 108.89 °C. In order to achieve the
desired separation, 32 theoretical stages are required. At a stage efficiency of 0.40 as suggested by
Bruce Vrana, there are a total of 79 stages plus the re-boiler and partial condenser. Aspen calculated a
diameter of 12 ft for the column and with 2 ft spacing between the stages, the column is 172 ft tall. The
trays in use are baffle trays, as suggested by Bruce Vrana, for distillation columns with small solids
content. The column is constructed of 304 stainless steel, as some salts and succinic acid remain in
solution.

Calculations on page 215.
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Absorber Column: AB-1
Base Purchase Cost: $117,100

The absorber column receives the effluent vapors from the seed and main fermentation plant
sections, which enter at the bottom stage of the tower at a mass flow rate of 19,525 kg/hr. Process
water is supplied to the top stage at a flow rate of 27,022 L/hr to remove the ethanol and water from
the vapor phase. All of the ethanol is removed from the vapor phase and sent to the distillation tower in
the absorber exit stream S-S-104. A hydrogen-rich gas stream leaves the absorber column from the top
stage, and is sent to the furnace for subsequent burning to fuel the distillation tower D-1 reboiler. The
absorber tower has no energy requirement. The tower has 7 stages calculated by Aspen. Assuming a
tray efficiency of 0.40, 18 trays are used. The diameter calculated by Aspen is 5.5 ft. The height of the
tower is 50 ft, and it uses sieve trays. The tower is made of 304 stainless steel. The pressure at the top of
the tower is 16 psia and the pressure at the bottom of the tower is 20 psia.

Calculations on page 215.
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Miscellaneous:
Reflux Accumulator: RA-1
Base Purchase Cost: $47,000

The reflux accumulator collects the liquid and vapor that have exited the distillation tower D-1
top stage condenser. The liquid collected is returned to the column in stream S-S-128 at a flow rate of
57,526 L/hr through pump P-S-106, and the hot vapor at 92% ethanol by mass (8% water) is sent to the
molecular sieves for subsequent dehydration at a mass flow rate of 19,595 kg/hr. The volume of the
reflux accumulator is 605 ft°. The diameter is 11.6 ft and the height is 5.8 ft, for an aspect ratio (L/D) of
Y. The residence time is 5 minutes.

Calculations on page 238.
FN-1 (Furnace)
Base Purchase Cost: $1,717,600

Re-boiling the bottoms of the distillation column is one of the largest energy consumptions of
our process. In order to cut the cost of heating this stream, we designed a furnace to use the hydrogen
being produced in the fermenters. This constitutes a heat duty of 76.9MMBTU/hr. The feed from the
fermenters carries 392.2 kmol/hr of hydrogen. To reduce the burning temperature to 1100°F (the limit
of the furnace) air is mixed in to this stream at a rate of 4687.4 kmol/hr. The temperature of the flue
gas exiting is 121°C to maintain a 10°C temperature difference. The furnace is a fire heater made of 304
stainless steel.

Calculations on page 224.
Rotary Drum Vacuum Filter: RDF-1

Base Purchase Cost: $184,400
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The rotary drum vacuum filter removes 90% of the deactivated biomass and corn steep liquor
solids after the fermentation broth has been sterilized. The cake leaving the filter is 70% solids by mass,
with a flow rate of 977 kg/hr. This cake is then sent to a landfill, as suggested by the problem statement.
The remaining solution is then pumped to the distillation tower D-1 through pump P-S-101 at a flow rate
of 174,995 L/hr. The filter uses a 2-4 inch pre-coating of diatomaceous earth as a filtration aid. The filter
area is 113 ft* and the energy consumption is on average 11.8 HP.

Calculations on page 239.

Molecular Sieve : MS-1
Base Purchase Cost: $ 2,746,200

The molecular sieves system serves to separate the last 8% by weight of water from the ethanol
vapor stream leaving the distillation tower. The system does this by absorbing the water into a resin. In
order to purge this water, periodically 20% of the pure ethanol stream must be recirculated back to the
molecular sieves to pull the water out of the resin. This regeneration results in an exit stream of 37% by
weight water, the remainder ethanol, that must be fed back to the distillation tower (stream S-S-123).
The pricing is based on flow rate of 99.5 % pure ethanol exiting the system, which is 18,036 kg/hr
(39,800 Ib/hr). The pricing and method of modeling were given to us by industrial consultant Mr. Bruce
Vrana in the problem statement. The ethanol leaving the molecular sieves is at 78.4°C because ethanol
is a liquid at this temperature at atmospheric pressure. Steam, electricity, and cooling water are used by
the process, as described in the problem statement.

Calculations on page 232.

Electro-Dialysis : ED-1
Base Purchase Cost : $ 2,700,000.
Electro-dialysis is a system by which charged particles are transferred from low to high

concentration by an applied electric field. Specific information pertaining to the design such as voltage
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necessary and transfer area were not available. Pricing was calculated by a general correlation from
Perry’s Chemical Engineering Handbook. For the modeling, an assumption of zero heat transfer with the
mass transfer was used. This assumption will of course not be true, but it is used as a starting point. The
effect of transferred heat is twofold, first it would decrease the temperature of the feed to HX-3.
However, we anticipate there to be plenty of heat to preheat the distillation stream even with
significant heat transfer. Additionally, an increase in the temperature of S-S-118 will increase the
solubility of succinic acid. Depending how significant this effect is, chilled water may be needed to cool
the crystallizer. In an article (Meynial-Salles et al.) on succinic acid separation by electro-dialysis,
concentrations were increased from 20 g/L to 80 g/L by electro-dialysis. Because electro-dialysis is
driven by electric potential, it is expected to be possible to achieve 80 g/L concentrations of succinic
acid. However, as a conservative estimate, a much lower number of 10.4 g/L correlating to 4 fold
concentration, similar to that in the report was used. From both Perry’s and Meynial-Salles et al.,
electro-dialysis is used to completely remove ionic components, so no succinic acid is modeled as
leaving in stream S-S-135. Accordingly, this hot stream can be sent to the ocean after being cooled in
HX-3. Stream S-S-118, a concentrated stream of succinic acid in water, is sent to the crystallizer.

Calculations on page 218.
Crystallizer : C-1
Base Purchase Cost: $ 154,500

The crystallizer allows for the precipitation of the succinic acid out of the super-saturated
solution down to the succinic acid solubility limit of 3 g/L, while recycling the succinic acid solution back
to the electro dialysis as the feed for the concentrated stream so as to reduce loss of this valuable
specialty chemical. As a very small quantity of corn steep liquor will also recirculate (primarily water,
however), a water purge is performed in the amount of 10% by volume, exiting with the crystals. This is

expected to be higher than necessary, however this purge stream was designed conservatively so as to
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predict the loss of the greatest amount of product. Process water of the volume of water purged is
added in the feed to the concentrated stream of the electro-dialysis to make up for this. In the case that
heat transfer is found to be significant in the electro dialysis, the crystallizer may need to be cooled. The
purge stream contains a small quantity of organics, so it is sent for waste water treatment.

Calculations on page 214.
Dryer: DR-1
Base Purchase Cost: $ 22,200

The dryer takes the crystal product from C-1 and removes the water necessarily present. The
amount of water is unknown, however we assumed no more than 25% by weight of the crystals could
be water. This corresponds to 4.5 square feet of drying area. Because of the low cost and the highly
unknown nature of this process, we have assumed a worst case scenario drying area of 45 square feet.
Utility costs will depend on the amount of water that sticks to the crystals, however this calculates to 90
cents per hour at 25 mass percent water and therefore is nearly inconsequential. We have left this out
and count the change in pricing as part of the sensitivity analysis.

Calculations on page 217.
Screw Conveyor: CB-1
Base Purchase Cost: $13,000

The Screw conveyor moves the solid succinic acid crystals in stream S-S-121 ( 459 kg/hr) to the
succinic acid holding tank, T-110. The conveyor is made of 304 stainless steel. The conveyor is 24 feet
long with a motor and power requirement of less than 1 HP.

Calculations on page 240.
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Feed Preparation Section

Storage Tanks:

Holding Tank
Identification Item: Holding Tank
Item No.: T-101
No. Req'd: 1
Function To hold 3 days worth of Crude Glycerol

Operation Continuous

Materials Handled:

Stream out- S-FP-101
Quantity(kg/hr) 43,370.1
Temperature(C) 37.0
Composition(kg/hr)
Biomass 0.00
Carbon Dioxide 0.00
Corn Steep Liquor 0.00
Ethanol 0.00
Glycerol 36,855.87
Hydrogen 0.00
Succinic Acid 0.00
Water 3,044.62
Wastes (Salts, MONG) 3,469.61
Design Data: Volume (L) 3,165,300.00
Working Volume 0.80
Diameter (ft) 75.20
Height (ft) 25.1
Model Floating Roof
Material of Construction: 304 stainless steel
Cost,Crs $564,600.00
Utilities:
Comments:
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Holding Tank

Identification

Item:
Item No.:
No. Req'd:

T-103

Holding Tank

1

Function
Operation

Materials Handled:

To hold 3 days worth of Corn Steep Liquor

Continuous

Stream out- S-FP-106

Quantity(kg/hr) 927.4
Temperature(C) 37.0
Composition(kg/hr)
Biomass 0.0
Carbon Dioxide 0.0
Corn Steep Liquor 927.4
Ethanol 0.0
Glycerol 0.0
Hydrogen 0.0
Succinic Acid 0.0
Water 0.0
Wastes (Salts, MONG) 0
Design Data: Volume (L) 83,500.00
Working Volume 0.80
Diameter (ft) 22.40
Height (ft) 7.58
Model Cone Roof
Material of Construction: 304 stainless steel
Cost,Crs $49,600.00
Utilities:
Comments:
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Holding Tank
Identification Item: Holding Tank
Item No.: T-104
No. Req'd: 1
Function To hold 3 days worth of Brine before removal
Operation Continuous
Materials Handled:
Stream in-S-FP-103
Quantity(kg/hr) 6,567.1
Temperature(C) 37.0
Composition(kg/hr)
Biomass 0.00
Carbon Dioxide 0.00
Corn Steep Liquor 0.00
Ethanol 0.00
Glycerol 0.00
Hydrogen 0.00
Succinic Acid 0.00
Water 4,832.32
Wastes (Salts, MONG) 1,734.80
Design Data: Volume (L) 145,000.00
Working Volume 0.80
Diameter (ft) 26.90
Height (ft) 8.99
Model Cone Roof
Material of Construction: 304 stainless steel
Cost,Crs $65,700.00
Utilities:
Comments:
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Mixing Tank
Identification Item: Mixing Tank
[tem No.: T-105
No. Req'd: 1
Function To combine the purified glycerol, water and CSL before sterilization in HX-2
Operation Continuous

Materials Handled:

Flow In Flow In Flow In Flow Out
S-FP-104 S-FP-105 S-FP-106 S-FP-107
Quantity(kg/hr) 39,900.5 151,104.8 927.4 191,932.7
Temperature(C) 25.00 25.00 25.00 25.0
Composition(kg/hr)
Biomass 0.0 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0 0.0
Corn Steep Liquor 0.0 0.0 927.4 927.4
Ethanol 0.0 0.0 0.0 0.0
Glycerol 36,855.9 0.0 0.0 36,855.9
Hydrogen 0.0 0.0 0.0 0.0
Succinic Acid 0.0 0.0 0.0 0.0
Water 3,044.6 151,104.8 0.0 154,149.4
Wastes (Salts, MONG) 0.0 0.0 0.0 0.0
Design Data: Volume (L) 61,800
Working Volume 0.50
Diameter (ft) 20
Height (ft) 6.75
Residence Time (min) 10
Model Cone Roof
Material of Construction: 304 stainless steel
Cost,Crs $42,500.00
Utilities:
Comments:
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Agitator
Identification Item: Agitator
Used In Storage Tank 105
No. Req'd: 1
Function Mixing freshwater, crude glycerol, and cornsteep liquor
Operation Continuous
Design Data: Electricity requirements (hp): 32.600
Material of Construction: 304 Stainless Steel
Cost,CrB $29,900.00
Utilities: Electricity
Comments:
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Holding Tank

Identification

Item:
Item No.:
No. Req'd:

Holding Tank
T-106
1

Function
Operation

Materials Handled:

To hold sterilized feed that is required for the fermentation stages

Continuous/Batch

Stream in-S-FP-112 (kg/hr)

Stream out(kg/batch)

Quantity(kg/hr) 43,370.1 43,370.1
Temperature(C) 37.0 37.0
Composition(kg/hr) /(kg/batch)
Biomass 0.00 0.0
Carbon Dioxide 0.00 0.0
Corn Steep Liquor 0.00 0.0
Ethanol 0.00 0.0
Glycerol 36,855.87 36,855.9
Hydrogen 0.00 0.0
Succinic Acid 0.00 0.0
Water 3,044.62 3,044.6
Wastes (Salts, MONG) 3,469.61 3,469.6
Design Data: Volume (L) 1,157,500.00
Working Volume 0.80
Diameter (ft) 53.80
Height (ft) 17.9
Model Floating Roof
Material of Construction: 304 stainless steel
Cost,Crs $338,000.00
Utilities:
Comments:
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Heat Exchangers:

Heat Exchanger
Identification [tem: Heat Exchanger
[tem No.: HX-1
No. Req'd: 1
Function To preheat the feed S-FP-114 before sterilization and cool the
hot sterilized feed(S-FP-109) to the fermentation temperature
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Stream in Stream out
S-FP-109 S-FP-112 S-FP-114 S-FP-108
Quantity(kg/hr) 191,932.7 191,932.7 191,932.7 191,932.7
Temperature(C) 121.0 37.0 25.0 111.0
Composition(kg/hr)
Biomass 0.0 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0 0.0
Corn Steep Liquor 927.4 927.4 927.4 927.4
Ethanol 0.0 0.0 0.0 0.0
Glycerol 36,855.9 36,855.9 36,855.9 36,855.9
Hydrogen 0.0 0.0 0.0 0.0
Succinic Acid 0.0 0.0 0.0 0.0
Water 154,149.4 154,149.4 154,149.4 154,149.4
Wastes (Salts, MONG) 0.0 0.0 0.0 0.0
Design Data:
Heat Duty(BTU) 59,665,811.0
Overall Heat Coefficient (BTU/hr-ft2°F) 250.0
Heat Transfer Area (ft) 12,042.0
Type Floating Head Shell/Tube
Materials of Construction
Shell: Tube:
304 Stainless steel 304 Stainless steel
Cost,Crs $132,300.00
Utilities:
Comments: On start up, duty is provided by 50 psig steam
2470 kg of steam is required.
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Heat Exchanger
Identification Item: Heat Exchanger
Item No.: HX-2
No. Req'd: 1
Function To preheat the feed S-FP-114 at 121°C to ensure sterilization
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Streamin Stream out
S-FP-110 S-FP-111 S-FP-08 S-FP-109
Quantity(kg/hr) 4,044.9 4,044.9 191,932.7 191,932.7
Temperature(C) 186.1 180.0 111.0 121.0
Composition(kg/hr)
Biomass 0 0 0.0 0.0
Carbon Dioxide 0 0 0.0 0.0
Corn Steep Liquor 0 0 927.4 927.4
Ethanol 0 0 0.0 0.0
Glycerol 0 0 36,855.9 36,855.9
Hydrogen 0 0 0.0 0.0
Succinic Acid 0 0 0.0 0.0
Water 4044.94 4044.94 154,149.4 154,149.4
Wastes (Salts, MONG) 0 0 0.0 0.0
Design Data:
Heat Duty(BTU) 7,738,512.0
Overall Heat Coefficient (BTU/hr-ft*°F)  200.0
Heat Transfer Area (ftz) 321.0
Type Floating Head Shell/ Tube
Materials of Construction
Shell: Tube:
carbon steel 304 Stainless steel
Cost,Crs $22,100.00
Utilities: steam at 150 psig
Comments:
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Pumps:

LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FP-01

Function
Operation

Materials Handled:

To bring crude glycerol form storage tank to the glycerol purification system

Continuous

Feed: S-FP-101 Exit: S-FP-101
Quantity(kg/hr) 43,370.1 43,370.1
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Glycerol 36855.871 36855.871
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 3044.615 3044.615
Wastes 3469.608 3469.608
Design Data: Density of Fluid (kg/1): 1.233
Brake Power (hp): 7.663
Pump Head (ft): 93.637
Electricity requirements( kW): 6.962
Material of Construction: 304 stainless steel
Cost,CrB $4,500.00
Utilities: Electricity
Comments:
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Pump
Identification [tem: Pump
Item No.: P-FP-02
No. Req'd: 1
Function To bring fresh water to mix with cornsteep liquor
Operation Continuous
Materials Handled:
Feed: S-FP-105 Exit: S-FP-105
Quantity(kg/hr) 151,104.8 151,104.8
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 151104.765 151104.765
Wastes 0.000 0.000
Design Data: Density of Fluid (kg/1): 1.000
Brake Power (hp): 27.820
Pump Head (ft): 122.106
Electricity requirements( kW): 25.110
Material of Construction: 304 stainless steel
Cost,Cprs $8,400.00
Utilities: Electricity
Comments:
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Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FP-03

Function
Operation

Materials Handled:

To bring cornsteep liquor to mix with fresh water

Continuous

Feed: S-FP-106 Exit: S-FP-106
Quantity(kg/hr) 927.4 927.4
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 927.419 927.419
Ethanol 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 0.000 0.000
Wastes 0.000 0.000
Design Data: Density of Fluid (kg/l): 1.000
Brake Power (hp): 0.111
Pump Head (ft): 64.430
Electricity requirements( kW): 0.109
Material of Construction: 304 stainless steel
Cost,CrB $4,100.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-FP-04
No. Req'd: 1
Function To bring purified glycerol to mix with cornsteep liquor and fresh water
Operation Continuous
Materials Handled:
Feed: S-FP-104 Exit: S-FP-104
Quantity(kg/hr) 39,900.5 39,900.5
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Glycerol 36855.871 36855.871
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 3044.615 3044.615
Wastes 0.000 0.000
Design Data: Density of Fluid (kg/l): 1.233
Brake Power (hp): 4.100
Pump Head (ft): 53.525
Electricity requirements( kW): 3.746
Material of Construction: 304 stainless steel
Cost,CrB $3,900.00
Utilities: Electricity
Comments:

109



LeGendre, Logan, Mendel, Seedial

Pump
Identification [tem: Pump
Item No.: P-FP-05
No. Req'd: 1
Function To bring waste brine from glycerol purification system to storage
Operation Continuous
Materials Handled:
Feed: S-FP-103 Exit: S-FP-103
Quantity(kg/hr) 6,567.1 6,567.1
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 4832.322 4832.322
Wastes 1734.804 1734.804
Design Data: Density of Fluid (kg/1): 1.359
Brake Power (hp): 1.228
Pump Head (ft): 51.418
Electricity requirements( kW): 1.141
Material of Construction: 304 stainless steel
Cost,Cprs $3,500.00
Utilities: Electricity
Comments:
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Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FP-06

Function
Operation

Materials Handled:

To bring glycerol/water/cornsteep liquor mixture through heat exchangers to holding tank

Continuous

Feed: S-FP-107 Exit: S-FP-114
Quantity(kg/hr) 191,932.7 191,932.7
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 927.419 927.419
Ethanol 0.000 0.000
Glycerol 36855.871 36855.871
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 154149.381 154149.381
Wastes 0.000 0.000
Design Data: Density of Fluid (kg/I): 1.036
Brake Power (hp): 37.549
Pump Head (ft): 132.665
Electricity requirements( kW):  33.880
Material of Construction: 304 stainless steel
Cost,CprB $10,100.00
Utilities: Electricity
Comments:
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Miscellaneous:

LeGendre, Logan, Mendel, Seedial

Glycerol Purification System

Identification Item: Glycerol Purification System
Item No.: R-101
No. Req'd: 1
Function To purify the crude glycerol feed so that it only contains water
and glycerol
Operation Continuous
Materials Handled:
Stream In Stream in Stream out Stream out Stream out
S-FP-101 S-FP-102 S-FP-103 S-FP-104 S-FP-113
Quantity(kg/hr) 43,370.1 4,832.3 6,567.1 39,900.5 1,734.8
Temperature(C) 25.0 25.0 25.0 25.0 25.0
Composition(kg/hr)
Biomass 0.0 0.0 0.0 0.0 0
Carbon Dioxide 0.0 0.0 0.0 0.0 0.00
Corn Steep Liguor 0.0 0.0 0.0 0.0 0.00
Ethanol 0.0 0.0 0.0 0.0 0.00
Glycerol 36,855.9 0.0 0.0 36,855.9 0.00
Hydrogen 0.0 0.0 0.0 0.0 0.00
Succinic Acid 0.0 0.0 0.0 0.0 0.00
Water 3,044.6 4,832.3 4,832.3 3,044.6 0.00
Wastes (Salts, MONG) 3,469.6 0.0 1,734.8 0.0 1,734.80
Design Data:
Processes : Reverse Osmosis
Electro-pressure membrane technology
Electro-dialysis
Cost,Cgym $430,800.00
Utilities:
Comments:
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Seed Fermentation Section (Plant and Lab):

Fermenters:

Seed Fermenter

Identification Item: Fermenter
Item No.: Seed 4A/4B
No. Req'd: 2
Function To grow up Ecoli cells for 60 hours for innoculation in seed
fermenter, Seed Ferm 5A or 5B
Operation Batch
Materials Handled: Stream In Stream in Stream out  |Stream out
S-105 S-101 S-109 S-106
Quantity(kg/hr) 7.6 160.9 16.4 1521
Temperature(C) 37.00 37.00 37.00 37.00
Composition(kg/hr)
Biomass 0.01 0.00 0.00 0.26
Carbon Dioxide 0.00 0.00 14.32 0.00
Corn Steep Liquor 0.04 0.78 0.00 0.82
Ethanol 0.76 0.00 0.74 15.17
Glycerol 0.00 30.90 0.00 0.00
Hydrogen 0.00 0.00 0.66 0.00
Succinic Acid 0.02 0.00 0.00 0.42
Water 6.79 129.25 0.71 135.45
Design Data: Volume(L): 200
Working Vol initial (L) : 163.9 (82%)
Working Vol at end(L) : 157.7 (79%)
Height (ft) 3.3
Diameter (ft) 1.65
Material of Construction: 304 Stainless Steel
Cost: Insignificant
Utilities:
Comments:
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Logan, Mendel, Seedial

Seed Fermenter

Identification

Item:
Item No.:
No. Req'd:

Fermenter
Seed 5A/5B
2

Function To grow up Ecoli cells for 60 hours for innoculation in seed
fermenter, Seed Ferm 6A or 6B
Operation Batch
Materials Handled: Stream In Stream in Stream out  |Stream out
S-106 S-102 S-110 S-107
Quantity(kg/batch) 152.1 3,230.4 329.9 3,052.7
Temperature(C) 37.00 37.00 37.00 37.00
Composition(kg/batch)
Biomass 0.26 0.00 0.00 5.25
Carbon Dioxide 0.00 0.00 287.55 0.00
Corn Steep Liquor 0.82 15.61 0.00 16.43
Ethanol 15.17 0.00 14.91 304.36
Glycerol 0.00 620.32 0.00 0.00
Hydrogen 0.00 0.00 13.31 0.00
Succinic Acid 0.42 0.00 0.00 8.37
Water 135.45 2594.50 14.13 2718.26
Design Data: Volume(L): 4,500
Working Vol initial (L) : 3274.7 (73%)
Working Vol at end(L) : 3164.9 (70%)
Height (ft) 9.32
Diameter (ft) 4.6
Material of Construction: 304 Stainless Steel
Cost, Cyp,: $30,700.00
Utilities:
Comments:
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Seed Fermenter

Identification

[tem:
[tem No.:
No. Req'd:

Fermenter
Seed 6A/6B
2

Function To grow up Ecoli cells for 60 hours for innoculation in seed
fermenter, Seed Ferm 7A or 7B
Operation Batch
Materials Handled: Stream In Stream in Stream out  |Stream out
S-107 S-103 S-111 S-108
Quantity(kg/batch) 3,052.7 64,593.2 6,598.1 61,047.8
Temperature(C) 37.00 37.00 37.00 37.00
Composition(kg/batch)
Biomass 5.25 0.00 0.00 104.89
Carbon Dioxide 0.00 0.00 5749.58 0.00
Corn Steep Liquor 16.43 31211 0.00 328.54
Ethanol 304.36 0.00 298.82 6086.17
Glycerol 0.00 12403.51 0.00 0.00
Hydrogen 0.00 0.00 266.09 0.00
Succinic Acid 8.37 0.00 0.00 167.42
Water 2718.26 51877.60 283.60 54360.78
Design Data: Volume(L): 8,500
Working Vol initial (L) : 65,490 (77%)
Working Vol at end(L) : 63,293 (75%)
Height (ft) 24.8
Diameter (ft) 124
Material of Construction: 304 Stainless Steel
Cost, Cpp: $100,900.00
Utilities:
Comments:
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Agitator
Identification Iltem: Agitator
Used In Seed Fermenters 6 A/B
No. Req'd: 2
Function Mixing contents of seed fermenters 6 A and B
Operation Continuous
Design Data: Electricity requirements (hp): 2.200
Material of Construction: 304 Stainless Steel
Cost,CrB $6,500.00
Utilities: Electricity
Comments:

116



LeGendre, Logan, Mendel, Seedial

Seed Fermenter

Identification

[tem:
[tem No.:
No. Req'd:

Fermenter
Seed 7A/7B
2

Function To grow up Ecoli cells for 60 hours for innoculation in main
fermenters, Ferm 1-12
Operation Batch
Materials Handled: Stream In Stream in Stream out  |Stream out
S-108 S-104 S-112 S-114
Quantity(kg/batch) 61,047.8 423,410.3 43,596.3 440,861.8
Temperature(C) 37.00 37.00 37.00 37.00
Composition(kg/batch)
Biomass 104.89 0.00 0.00 758.06
Carbon Dioxide 0.00 0.00 37688.68 0.00
Corn Steep Liquor 328.54 2045.92 0.00 2374.46
Ethanol 6086.17 0.00 2150.22 43794.61
Glycerol 0.00 81305.36 0.00 0.00
Hydrogen 0.00 0.00 1744.23 0.00
Succinic Acid 167.42 0.00 0.00 1209.97
Water 54360.78 340058.99 2013.16 392724.70
Design Data: Volume(L): 650,000
Working Vol initial (L) : 471,835(73%)
Working Vol at end(L) : 457,030 (70%)
Height (ft) 48.9
Diameter (ft) 24.4
Material of Construction: 304 Stainless Steel
Cost, Cpp: $150,400.00
Utilities:
Comments:
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Agitator
Identification Iltem: Agitator
Used In Seed Fermenters 7 A/B
No. Req'd: 2
Function Mixing contents of seed fermenters 7 A and B
Operation Batch
Design Data: Electricity requirements (hp): 17.171
Material of Construction: 304 Stainless Steel
Cost,Crs $20,800.00
Utilities: Electricity
Comments:
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Pumps:
Pump
Identification Item: Pump
[tem No.: P-101
No. Req'd: 1
Function To move sterilized feed from tank T-106 to either Seed Ferm 4A or 4B
Operation Batch
Materials Handled:
Feed: S-101 Exit: S-101
Quantity(kg/hr) 2,682.08 2,682.08
Temperature(C) 37 37
Composition(kg/hr)
Biomass 0.00 0.00
Carbon Dioxide 0.00 0.00
Corn Steep Liquor 12.96 12.96
Ethanol 0.00 0.00
Glycerol 515.03 515.03
Hydrogen 0.00 0.00
Succinic Acid 0.00 0.00
Water 2,154.09 2,154.09
Design Data: Density of Fluid (kg/1): 1.03
Brake Power (hp): 0.89
Pump Head (ft): 59.21
Electricity requirements( kW): 0.83
Material of Construction: 304 stainless steel
Cost: $3,700.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-102
No. Req'd: 2
Function To move sterilized feed from tank T-106 to either Seed Ferm 5A or 5B
Operation Batch
Materials Handled:
Feed: S-102 Exit: S-102
Quantity(kg/batch) 3,230.4 3,230.4
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 0.0 0.0
Carbon Dioxide 0.0 0.0
Corn Steep Liquor 15.6 15.6
Ethanol 0.0 0.0
Glycerol 620.3 620.3
Hydrogen 0.0 0.0
Succinic Acid 0.0 0.0
Water 2,594.5 2,594.5
Design Data: Density of Fluid (kg/1): 1.04
Brake Power (hp): 6.41
Pump Head (ft): 64.97
Electricity requirements( kW): 5.59
Material of Construction: 304 stainless steel
Cost,Crs $4,400.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-103
No. Req'd: 2
Function To move sterilized feed from tank T-106 to either Seed Ferm 6A or 6B
Operation Batch
Materials Handled:
Feed: S-103 Exit: S-103
Quantity(kg/batch) 64,593.2 64,593.2
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 0.0 0.0
Carbon Dioxide 0.0 0.0
Corn Steep Liquor 312.1 312.1
Ethanol 0.0 0.0
Glycerol 12,403.5 12,403.5
Hydrogen 0.0 0.0
Succinic Acid 0.0 0.0
Water 51,877.6 51,877.6
Design Data: Density of Fluid (kg/1): 1.04
Brake Power (hp): 8.84
Pump Head (ft): 80.46
Electricity requirements( kW): 8.03
Material of Construction: 304 stainless steel
Cost,CrB $4,900.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-104
No. Req'd: 2
Function To move sterilized feed from tank T-106 to either Seed Ferm 7A or 7B
Operation Batch
Materials Handled:
Feed: S-104 Exit: S-104
Quantity(kg/batch) 423,410.3 423,410.3
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 0.0 0.0
Carbon Dioxide 0.0 0.0
Corn Steep Liquor 2,045.9 2,045.9
Ethanol 0.0 0.0
Glycerol 81,305.4 81,305.4
Hydrogen 0.0 0.0
Succinic Acid 0.0 0.0
Water 340,059.0 340,059.0
Design Data: Density of Fluid (kg/1): 1.04
Brake Power (hp): 16.7
Pump Head (ft): 104.53
Electricity requirements( kW): 15.10
Material of Construction: 304 stainless steel
Cost,CrB $6,400.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-105
No. Req'd: 2
Function To move products form seed fermenter 4A or 4B to seed fermenter 5A or 5B
Operation Batch
Materials Handled:
Feed: S-106 Exit: S-106
Quantity(kg/batch) 152.12 152.1
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 10.667 10.667
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 8.186 8.186
Ethanol 329.217 329.217
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 3.533 3.533
Water 7518.970 7518.970
Design Data: Density of Fluid (kg/l): 0.965
Brake Power (hp): 0.975
Pump Head (ft): 69.114
Electricity requirements( kW): 0.909
Material of Construction: 304 stainless steel
Cost,CrB $3,600.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-106
No. Req'd: 2
Function To move products form seed fermenter 5A or 5B to seed fermenter 6A or 6B
Operation Batch
Materials Handled:
Feed: S-107 Exit: S-107
Quantity(kg/batch) 3,052.7 3,052.7
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 5.246 5.246
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 16.428 16.428
Ethanol 304.361 304.361
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 8.371 8.371
Water 2718.259 2718.259
Design Data: Density of Fluid (kg/l): 0.963
Brake Power (hp): 7.600
Pump Head (ft): 84.677
Electricity requirements( kW): 6.905
Material of Construction: 304 stainless steel
Cost,CrB $4,700.00
Utilities: Electricity
Comments:
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Pump
Identification Item: Pump
Item No.: P-107
No. Req'd: 2
Function To move products form seed fermenter 5A or 5B to seed fermenter 6A or 6B
Operation Batch
Materials Handled:
Feed: S-108 Exit: S-108
Quantity(kg/batch) 61,047.8 61,047.8
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 104.891 104.891
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 328.543 328.543
Ethanol 6086.169 6086.169
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 167.417 167.417
Water 54360.776 54360.776
Design Data: Density of Fluid (kg/l): 0.965
Brake Power (hp): 11.262
Pump Head (ft): 108.681
Electricity requirements( kW): 10.204
Material of Construction: 304 stainless steel
Cost,CrB $5,300.00
Utilities:
Comments:
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Main Fermentation Section:

Fermenters:

LeGendre, Logan, Mendel, Seedial

Main Fermenter

Identification Item: Fermenter
Item No.: Ferm 1-Ferm 12
No. Req'd: 12
Function To produce ethanol through fermentation of glycerol in 60 hours .
Operation Batch
Materials Handled: Stream In Stream in Stream out  |Stream out
Sterilized Feed Prod of Seed Ferm |Broth Vapor
Quantity(kg/batch) 1,556,144.8 73,447.6] 1,471,321.3 158,271.2
Temperature(C) 37.00 37.00 37.00 37.00
Composition(kg/batch)
Biomass 0.00 126.29 2526.88 0.00
Carbon Dioxide 0.00 0.00 0.00 138515.88
Corn Steep Liquor 7519.29 395.59 7914.88 0.00
Ethanol 0.00 7296.18 146590.06 7197.25
Glycerol 298818.71 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 6410.52
Succinic Acid 0.00 201.58 4033.23 0.00
Water 1249806.82 65427.93| 1310256.21 6147.61
Design Data: Volume(L): 341,500
Working Vol initial (L) : 1,577,642 (79%)
Working Vol at end(L) : 1,525,404 (76%)
Height (ft) 71.1
Diameter (ft) 35
Material of Construction: 304 Stainless Steel
Cost, Cpp: $341,500.00
Utilities:
Comments:
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Agitator
Identification Item: Agitator
Used In Fermenters 1-12
No. Req'd: 12
Function Denaturing ethanol with gasoline
Operation Continuous
Design Data: Electricity requirements (hp): 20.000
Material of Construction: 304 Stainless Steel
Cost,CrB $44,200.00
Utilities: Electricity
Comments:
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Storage Tanks:

LeGendre, Logan, Mendel, Seedial

Holding Tank

Identification

[tem:
I[tem No.:
No. Req'd:

Holding Tank
T-107
1

Function
Operation

Materials Handled:

To hold the product after the Main
Batch

fermentation Process

Flow In
Quantity(kg/batch) 1,471,321.3
Temperature(C) 37.0
Composition(kg/batch)
Biomass 2,526.88
Carbon Dioxide 0.00
Corn Steep Liquor 7,914.88
Ethanol 146,590.06
Glycerol 0.00
Hydrogen 0.00
Succinic Acid 4,033.23
Water 1,310,256.21
Design Data: Volume (L) 3,370,526.00
Working Volume 0.80
Diameter (ft) 76.90
Height (ft) 25.6
Model Floating Roof
Material of Construction: 304 stainless steel
Cost,CrB $582,900.00
Utilities:
Comments:
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Agitator
Identification Iltem: Agitator
Used In Storage Tank 107
No. Req'd: 1
Function Stir contents of broth storage tank
Operation Continuous
Design Data: Electricity requirements (hp): 20.000
Material of Construction: 304 Stainless Steel
Cost,CrB $44,200.00
Utilities: Electricity
Comments:
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Heat Exchangers:

LeGendre, Logan, Mendel, Seedial

Heat Exchanger

Identification Item: Heat Exchanger

[tem No.: HX-FERM

No. Req'd: 12
Function To cool the contents of each 2,000,000 L fermentation tanks
Operation Continuous
Materials Handled: Shell Side Tube Side

Stream In Stream out Stream in Stream out

S-143 S-FP-144 S-141 S-142
Quantity(kg/hr) 22,063.0 22,063.0 24,522.0 24,523.0
Temperature(C) 31.44 36.60 42.72 37.00
Composition(kg/hr)
Biomass 0.00 0.00 4211 42.11
Carbon Dioxide 0.00 0.00 0.00 1.00
Corn Steep Liquor 0.00 0.00 13191 131.91
Ethanol 0.00 0.00 2443.17 2443.17
Glycerol 0.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00
Succinic Acid 0.00 0.00 67.22 67.22
Water 22063.00 22063.00 21837.60 21837.60
Design Data:

Heat Duty(BTU) 518,300.0

Overall Heat Coefficient (BTU/hr-ft2°F) 250.0

Heat Transfer Area (ftz) 197.6

Type Double Pipe

Materials of Construction

Shell: Tube:
carbon steel 304 Stainless steel

Cost,Crs $4,200.00
Utilities: A mixture of 95% cooling water is used in the shell
Comments: 5% chilled water
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Pumps:

LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FA

Function
Operation

Materials Handled:

To bring sterilized feed to main fermentation tanks

Batch

Feed: S-115- S-120

Exit: S-115- S-120

Quantity(kg/batch) 1,556,144.8 1,556,144.8
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 7519.292 7519.292
Ethanol 0.000 0.000
Glycerol 298818.709 298818.709
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 1249806.816 1249806.816
Design Data: Density of Fluid (kg/I): 1.04
Pressure Drop (Pa): 220400.00
Brake Power (hp): 55.56
Pump Head (ft): 126.75
Electricity requirements( kW): 50.13
Material of Construction: 304 stainless steel
Cost,CrB $19,400.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FB

Function
Operation

Materials Handled:

To bring seed train products to main fermentation tanks

Batch

Feed: S-121 - S-126

Exit: S-121 - S-126

Quantity(kg/batch) 73,447.6 73,447.6
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 126.293 126.293
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 395.585 395.585
Ethanol 7296.182 7296.182
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 201.580 201.580
Water 65427.934 65427.934
Design Data: Density of Fluid (kg/I): 0.96
Pressure Drop (Pa): 205200.00
Brake Power (hp): 1.86
Pump Head (ft): 130.89
Electricity requirements( kW): 1.72
Material of Construction: 304 stainless steel
Cost,CrB $3,600.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-FC

Function
Operation

Materials Handled:

To bring main fermentation tank products to broth storage tank

Batch

Feed: S-132 - S-137

Exit: S-132 - S-137

Quantity(kg/batch) 1,471,321.3 1,471,321.3
Temperature(C) 37.0 37.0
Composition(kg/batch)
Biomass 2526.879 2526.879
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 7914.877 7914.877
Ethanol 146590.059 146590.059
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 4033.232 4033.232
Water 1310256.215 1310256.215
Design Data: Density of Fluid (kg/l): 0.96
Pressure Drop (Pa): 73900.00
Brake Power (hp): 35.35
Pump Head (ft): 85.41
Electricity requirements( kW): 31.89
Material of Construction: 304 stainless steel
Cost,CprB $15,700.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Item: Pump
[tem No.: P-FD
No. Req'd: 1
Function To bring broth from broth storage tank to separations section
Operation Continuous
Materials Handled:
Feed: S-140 Exit: S-140
Quantity(kg/hr) 172,397.2 172,397.2
Temperature(C) 37.0 37.0
Composition(kg/hr)
Biomass 296.079 296.079
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 927.400 927.400
Ethanol 17176.209 17176.209
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 472.581 472.581
Water 153524.971 153524.971
Design Data: Density of Fluid (kg/l): 0.96
Pressure Drop (Pa): 205200.00
Brake Power (hp): 30.52
Pump Head (ft): 119.59
Electricity requirements( kW): 27.55
Material of Construction: 304 stainless steel
Cost,CprB $9,000.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Item: Pump
Item No.: P-FE
No. Req'd: 12
Function To bring main fermenter contents through heat exchanger
Operation Continuous
Materials Handled:
Feed: S-141 Exit: S-141
Quantity(kg/hr) 24522.02 24,522.0
Temperature(C) 37.0 37.0
Composition(kg/hr)
Biomass 42.115 42.115
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 131.915 131.915
Ethanol 2443.168 2443.168
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 67.221 67.221
Water 21837.604 21837.604
Design Data: Density of Fluid (kg/l): 0.96
Pressure Drop (Pa): 205200.00
Brake Power (hp): 2.97
Pump Head (ft): 59.80
Electricity requirements( kW): 32.66
Material of Construction: 304 stainless steel
Cost,CrB $6,600.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Blower:
Blower
Identification Iltem: Blower
Item No.: B-101
No. Req'd: 1
Function Bring waste gases from fermenters to furnace
Operation Continuous
Materials Handled:
Feed: S-127 - S-131; S-138 Exit: S-139
Quantity(kg/[batch or hr]) 158,271.2 19,524.7
Temperature(C) 37.0 37.0
Pressure (psi) 14.8 19.8
Composition(kg/[batch or hr])
Biomass 0.000 0.000
Carbon Dioxide 138515.876 17084.349
Corn Steep Liquor 0.000 0.000
Ethanol 7197.246 888.991
Glycerol 0.000 0.000
Hydrogen 6410.517 790.664
Succinic Acid 0.000 0.000
Water 6147.606 760.731
Design Data: Pressure Rise (psi): 5.000
Brake Power (hp): 277.160
Motor Power (hp): 300.652
Electricity requirements( kW): 310.509
Material of Construction: Aluminum
Cost,Crs $70,800.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Separation Section:

Storage Tanks:

Mixing Tank
Identification Item: Mixing Tank
Item No.: T-108
No. Req'd: 1
Function To mix the ethanol with gasoline to get the denatured ethanol product
Operation Continuous
Materials Handled:
Flow In Flow In Flow Out
S-S-124 S-S-125 S-S-126
Quantity(kg/hr) 18,035.8 360.7 18,396.5
Temperature(C) 50.0 25.0 50.0
Composition(kg/hr)
Biomass 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0
Corn Steep Liquor 0.0 0.0 0.0
Ethanol 18,035.8 0.0 18,035.8
Gasoline 0.0 360.7 360.7
Methane 0.0 0.0 0.0
Oxygen 0.0 0.0 0.0
Nitrogen 0.0 0.0 0.0
Glycerol 0.0 0.0 0.0
Hydrogen 0.0 0.0 0.0
Succinic Acid 0.0 0.0 0.0
0.0 0.0 0.0
Design Data: Volume (L) 8,020
Working Volume 0.50
Diameter (ft) 10
Height (ft) 34
Residence Time (min) 10
Model Floating Roof
Material of Construction: 304 stainless steel
Cost,Crs $26,800.00
Utilities:
Comments:
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LeGendre, Logan, Mendel, Seedial

Agitator
Identification [tem: Agitator
Used In Storage Tank 108
No. Req'd: 1
Function Denature ethanol with gasoline
Operation Continuous
Design Data: Electricity requirements (hp): 4.000
Material of Construction: 304 Stainless Steel
Cost,Cprs $9,100.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Holding Tank
Identification Item: Holding Tank
Item No.: T-109
No. Req'd: 1
Function To hold 3 days worth of Gasoline

Operation Continuous

Materials Handled:

Stream out- S-S-125
Quantity(kg/hr) 360.7
Temperature(C) 37.0
Composition(kg/hr)
Biomass 0.0
Carbon Dioxide 0.0
Corn Steep Liquor 0.0
Ethanol 0.0
Glycerol 0.0
Hydrogen 0.0
Succinic Acid 0.0
Water 0.0
Gasoline 360.72
Design Data: Volume (L) 108,300.00
Working Volume 0.80
Diameter (ft) 24.59
Height (ft) 8.20
Model Cone Roof
Material of Construction: 304 stainless steel
Cost,Crs $101,000.00
Utilities:
Comments:
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LeGendre, Logan, Mendel, Seedial

Holding Tank
Identification Item: Holding Tank
Item No.: T-110
No. Req'd: 1
Function To hold 3 days of succinic acid before shipment
Operation Continuous
Materials Handled:
Stream in- S-S-121
Quantity(kg/hr) 458.9
Temperature(C) 37.0
Composition(kg/hr)
Biomass 0.0
Carbon Dioxide 0.0
Corn Steep Liquor 0.0
Ethanol 0.0
Gasoline 0.0
Methane 0.0
Oxygen 0.0
Nitrogen 0.0
Glycerol 0.0
Hydrogen 0.0
Succinic Acid 458.9
Water 0
Design Data: Volume (L) 26,500.00
Working Volume 0.80
Diameter (ft) 8.41
Height (ft) 16.82
Model Cone Roof
Material of Construction: 304 stainless steel
Cost,Crs $27,600.00
Utilities:
Comments:
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LeGendre, Logan, Mendel, Seedial

Holding Tank
Identification Item: Holding Tank
Item No.: T-111
No. Req'd: 1
Function To hold 3 days worth of Denatured Ethanol Product
Operation Continuous
Materials Handled:
Flow In
Quantity(kg/hr) 18,396.55
Temperature(C) 37.00
Composition(kg/hr)
Biomass 0.00
Carbon Dioxide 0.00
Corn Steep Liquor 0.00
Ethanol 18,035.83
Gasoline 360.72
Methane 0.00
Oxygen 0.00
Nitrogen 0.00
Glycerol 0.00
Hydrogen 0.00
Succinic Acid 0.00
Design Data: Volume (L) 2,057,300
Working Volume 0.80
Diameter (ft) 510
Height (ft) 170
Model Floating Roof
Material of Construction: 304 stainless steel
Cost,Crs $453,300.00
Utilities:
Comments:
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Heat Exchangers:

LeGendre, Logan, Mendel, Seedial

Heat Exchanger

Identification Item: Heat Exchanger
Item No.: HX-3
No. Req'd: 1
Function To deactivate E. coli in broth from fermentation prior to filtration
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Streamin Stream out
S-5-135 S-S-138 S-S-109 S-5-110
Quantity(kg/hr) 180,559.1 180,559.1 172,397.2 172,397.2
Temperature(C) 108.9 43.3 37.0 92.2
Pressure (psi) 21.0 21.0 14.8 14.8
Composition(kg/hr)
Biomass 0 0 296.1 296.1
Carbon Dioxide 0 0 0.0 0.0
Corn Steep Liquor 0 0 927.4 927.4
Ethanol 0 0 17,176.2 17,176.2
Gasoline 0 0 0.0 0.0
Methane 0 0 0.0 0.0
Oxygen 0 0 0.0 0.0
Nitrogen 0 0 0.0 0.0
Glycerol 0 0 0.0 0.0
Hydrogen 0 0 0.0 0.0
Succinic Acid 0 0 472.6 472.6
Water 180559.1207 180559.1207 153,525.0 153,525.0
Design Data:
Heat Duty(BTU) 48,041,600.0
Overall Heat Coefficient (BTU/hr-ft*°F) 250.0
Heat Transfer Area (ftz) 9,996.6
Type Floating Head Shell/Tube
Materials of Construction
Shell: Tube:
carbon steel 304 Stainless steel
Cost,CrB $113,900.00
Utilities:
Comments:
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LeGendre, Logan, Mendel, Seedial

Heat Exchanger

Identification Item: Heat Exchanger
Item No.: HX-4
No. Req'd: 1
Function Partial condenser for Distillation Column
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Streamin Stream out
S-S-105 S-S-106 S-S-130 S-S-129
Quantity(kg/hr) 1,087,869.8 1,087,869.8 172,397.2 172,397.2
Temperature(C) 32.2 48.9 82.0 82.0
Pressure (psi) 25.0 20.0 17.0 17.0
Composition(kg/hr)
Biomass 0 0 0.0 0.0
Carbon Dioxide 0 0 0.0 0.0
Corn Steep Liquor 0 0 0.0 0.0
Ethanol 0 0 174,279.2 174,279.2
Gasoline 0 0 0.0 0.0
Methane 0 0 0.0 0.0
Oxygen 0 0 0.0 0.0
Nitrogen 0 0 0.0 0.0
Glycerol 0 0 0.0 0.0
Hydrogen 0 0 0.0 0.0
Succinic Acid 0 0 0.0 0.0
Water 1087869.823 1087869.823 15,394.0 15,394.0
Design Data:
Heat Duty(BTU) 68,130,000
Overall Heat Coefficient (BTU/hr-ft*°F) 200.0
Heat Transfer Area (ftz) 4,635.8
Type Floating Head Shell/Tube
Materials of Construction
Shell: Tube:
carbon steel 304 Stainless steel
Cost,CrB $65,900.00
Utilities: 1087870 I/hr cooling water
Comments:
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LeGendre, Logan, Mendel, Seedial

Heat Exchanger
Identification ltem: Heat Exchanger
Item No.: HX-5
No. Req'd: 1
Function Cooling ethanol product
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Streamin Stream out
S-S-136 S-S-137 S-S-122 S-S-124
Quantity(kg/hr) 23,766.1 23,766.1 18,035.8 18,035.8
Temperature(C) 32.2 48.9 78.4 50.0
Composition(kg/hr)
Biomass 0 0 0.0 0.0
Carbon Dioxide 0 0 0.0 0.0
Corn Steep Liquor 0 0 0.0 0.0
Ethanol 0 0 18,035.8 18,035.8
Gasoline 0 0 0.0 0.0
Methane 0 0 0.0 0.0
Oxygen 0 0 0.0 0.0
Nitrogen 0 0 0.0 0.0
Glycerol 0 0 0.0 0.0
Hydrogen 0 0 0.0 0.0
Succinic Acid 0 0 0.0 0.0
Water 23766.1086 23766.1086 0.0 0.0
Design Data:
Heat Duty(BTU) 1,488,800
Overall Heat Coefficient (BTU/hr-ft2°F) 150.0
Heat Transfer Area (ftz) 238.2
Type Floating Head Shell/Tube
Materials of Construction
Shell: Tube:
carbon steel 304 Stainless steel
Cost,CrB $21,200.00
Utilities: 23766.111/hr cooling water
Comments:

144




LeGendre, Logan, Mendel, Seedial

Heat Exchanger
Identification Item: Heat Exchanger
Item No.: HX-6
No. Req'd: 1
Function Supplement to furnace for reboiling bottoms of distillation column
Operation Continuous
Materials Handled: Shell Side Tube Side
Stream In Stream out Streamin |Streamout1(l) [Stream out2(v)
S-S-107 S-S5-108 S-S-114 S-S-116 S-S-133
Quantity(kg/hr) 16,775.3 16,775.3| 233,698.1 181,540.8 37,964.9
Temperature(C) 147.7 147.7 108.9 108.9 108.9
Pressure (psi) 64.7 64.7 21.5 21.5 21.5
Composition(kg/hr)
Biomass 0 0 0.0 0.0 0.0
Carbon Dioxide 0 0 0.0 0.0 0.0
Corn Steep Liquor 0 0 509.3 509.3 0.0
Ethanol 0 0 1.5 0.5 1.0
Gasoline 0 0 0.0 0.0 0.0
Methane 0 0 0.0 0.0 0.0
Oxygen 0 0 0.0 0.0 0.0
Nitrogen 0 0 0.0 0.0 0.0
Glycerol 0 0 0.0 0.0 0.0
Hydrogen 0 0 0.0 0.0 0.0
Succinic Acid 0 0 472.4 472.4 0.0
Water 16775.34406 16775.34406| 216,965.4 179,000.5 37,964.9
Design Data:
Heat Duty(BTU) 33,780,000
Heat Coefficient (BTU/hr-ft*F)  200.0
Heat Transfer Area (ftz) 2,412.0
Type Kettle Vaporizer Reboiler
Materials of Construction
Shell: Tube:
carbon steel 304 Stainless steel
Cost,Cprs $60,300.00
Utilities: 16775 kg/hr 50 psig steam
Comments:
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LeGendre, Logan, Mendel, Seedial

Pumps:
Pump
Identification Item: Pump
Item No.: P-S-101
No. Req'd: 1
Function To bring solution from rotary drum filter to distillation column
Operation Continuous
Materials Handled:
Feed: S-S-112 Exit: S-S-112
Quantity(kg/hr) 171,420.7 171,420.7
Temperature(C) 92.2 92.2
Composition(kg/hr)
Biomass 29.608 29.608
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 509.278 509.278
Ethanol 17146.882 17146.882
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 472.356 472.356
Water 153262.613 153262.613
Design Data: Density of Fluid (kg/1): 0.98
Pressure Drop (Pa): 474600.00
Brake Power (hp): 56.16
Pump Head (ft): 220.84
Electricity requirements( kW): 50.67
Material of Construction: 304 stainless steel
Cost,CrB $13,100.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-S-102

Function To bring bottoms product from furnace to electrodialysis
Operation Continuous
Materials Handled:
Feed: S-S-116 Exit: S-S-116
Quantity(kg/hr) 181,540.8 181,540.8
Temperature(C) 111.3 111.3
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 509.278 509.278
Ethanol 0.000 0.000
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 472.356 472.356
Water 180559.121 180559.121
Design Data: Density of Fluid (kg/1): 1.005
Pressure Drop (Pa): 50.000
Brake Power (hp): 30.828
Pump Head (ft): 114.845
Electricity requirements( kW): 27.822
Material of Construction: 304 stainless steel
Cost,CrB $9,000.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Item: Pump
Item No.: P-S-104
No. Req'd: 1
Function To bring liquid from crystallizer to electrodialysis
Operation Continuous
Materials Handled:
Feed: S-S-119 Exit: S-S-119
Quantity(kg/hr) 45,331.2 45,331.2
Temperature(C) 40.0 40.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 4583.503 4583.503
Ethanol 0.000 0.000
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 121.877 121.877
Water 40625.802 40625.802
Design Data: Density of Fluid (kg/1): 1.116
Pressure Drop (Pa): 50.000
Brake Power (hp): 8.605
Pump Head (ft): 103.484
Electricity requirements( kW): 7.807
Material of Construction: 304 stainless steel
Cost,CrB $4,700.00
Utilities:
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Item: Pump
Item No.: P-S-105
No. Req'd: 1
Function To bring ethanol from absorber to distillation column
Operation Continuous
Materials Handled:
Feed: S-S-104 Exit: S-S-104
Quantity(kg/hr) 28,185.6 28,185.6
Temperature(C) 41.2 41.2
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 889.132 889.132
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 27296.508 27296.508
Design Data: Density of Fluid (kg/l): 0.959
Pressure Drop (Pa): 50.000
Brake Power (hp): 12.278
Pump Head (ft): 222.340
Electricity requirements( kW): 11.118
Material of Construction: 304 stainless steel
Cost,CrB $5,200.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Iltem: Pump
Item No.: P-S-106
No. Req'd: 1
Function To bring reflux from distillate back to column
Operation Continuous
Materials Handled:
Feed: S-S-128 Exit: S-S-128
Quantity(kg/hr) 165,301.2 165,301.2
Temperature(C) 82.0 82.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 151734.448 151734.448
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 13566.737 13566.737
Design Data: Density of Fluid (kg/1): 0.80
Pressure Drop (Pa): 389000.00
Brake Power (hp): 56.43
Pump Head (ft): 234.03
Electricity requirements( kW): 50.92
Material of Construction: 304 stainless steel
Cost,CrB $13,500.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump

Identification

Item:
Item No.:
No. Req'd:

Pump
P-S-107

Function To bring bottoms product to furnace
Operation Continuous
Materials Handled:
Feed: S-S-131 Exit: S-S-132
Quantity(kg/hr) 233,698.1 233,698.1
Temperature(C) 108.9 108.9
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 509.278 509.278
Ethanol 0.008 0.008
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 472.364 472.364
Water 232716.491 232716.491
Design Data: Density of Fluid (kg/1): 1.004
Pressure Drop (Pa): 50.000
Brake Power (hp): 38.689
Pump Head (ft): 114.867
Electricity requirements( kW): 34.906
Material of Construction: 304 stainless steel
Cost,CrB $15,700.00
Utilities: Electricity
Comments:
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LeGendre, Logan, Mendel, Seedial

Pump
Identification Item: Pump
Item No.: P-S-108
No. Req'd: 1
Function To bring clean water to absorber
Operation Continuous
Materials Handled:
Feed: S-S-101 Exit: S-S-101
Quantity(kg/hr) 27,022.5 27,022.5
Temperature(C) 25.0 25.0
Composition(kg/hr)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 0.000 0.000
Nitrogen 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 27022.500 27022.500
Design Data: Density of Fluid (kg/1): 1.00
Pressure Drop (Pa): 149700.00
Brake Power (hp): 5.81
Pump Head (ft): 107.81
Electricity requirements( kW): 5.30
Material of Construction: 304 stainless steel
Cost,CrB $7,200.00
Utilities: Electricity
Comments:
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Blowers:

LeGendre, Logan, Mendel, Seedial

Blower

Identification

Item:
Item No.:
No. Req'd:

Blower
B-102
1

Function Bring waste gases from fermenters to furnace
Operation Continuous
Materials Handled:
Feed: S-S-113 Exit: S-S-113
Quantity(kg/[batch or hr]) 135,234.5 135,234.5
Temperature(C) 37.0 37.0
Pressure (psi) 14.7 18.7
Composition(kg/[batch or hr])
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Gasoline 0.000 0.000
Methane 0.000 0.000
Oxygen 31498.339 31498.339
Nitrogen 103736.141 103736.141
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 0.000 0.000
Water 0.000 0.000
Design Data: Pressure Rise (psi): 4.000
Brake Power (hp): 1500.000
Motor Power (hp): 1602.646
Electricity requirements( kW): 1195.093
Material of Construction: Aluminum
Cost,Crs $264,200.00
Utilities: Electricity
Comments:
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Columns:

LeGendre, Logan, Mendel, Seedial

Distillation Column

Identification Item: Distillation Column
Item No.: D-1
No. Req'd: 1
Function Separate ethanol to it's azeotrope with water from water and succinic acid
Operation Continuous
Materials Handled: Feeds Products
StreamIn 1 Stream In 2 Stream In 3 Distillate Bottoms
S-S-104 S-S-123 S-S-112 S-S-115 S-S-116
Quantity(kg/hr) 28,185.6 6,336.0 171,420.7 24,372.1 181,540.8
Temperature(C) 41.2 82.0 37.0 82.0 108.9
Pressure (psi) 20.0 14.7 14.7 14.7 215
Composition(kg/hr)
Biomass 0 0.0 29.6 0.0 0.0
Carbon Dioxide 0 0.0 0.0 0.0 0.0
Corn Steep Liquor 0 0.0 509.3 0.0 509.3
Ethanol 889.13 4,508.8 17,146.9 22,544.8 0.0
Gasoline 0 0.0 0.0 0.0 0.0
Methane 0 0.0 0.0 0.0 0.0
Oxygen 0 0.0 0.0 0.0 0.0
Nitrogen 0 0.0 0.0 0.0 0.0
Glycerol 0 0.0 0.0 0.0 0.0
Hydrogen 0 0.0 0.0 0.0 0.0
Succinic Acid 0 0.0 472.4 0.0 472.4
Water 27296.51 1,827.3 153,262.6 1,827.3 180,559.1
Design Data:
Stages 80.0
Diameter (ft) 12
Height (ft) 172.0
Shell Thickness (in) 0.5
Tray Type Baffle tray
Materials of Construction 304 Stainless steel
Cost,CprB $798,000.00
Utilities:
Comments: Biomass is periodically removed from a hopper in the bottom of the tower.
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Absorber Column
Identification Iltem: Absorber Column
Item No.: AB-1
No. Req'd: 1
Function To capture the ethanol that escapes the fermenters as vapor
Operation Continuous
Materials Handled: Vapor Liquid
Stream In Stream out Streamin Stream out
S-S-102 S-S-103 S-S-101 S-S-104
Quantity(kg/hr) 19,524.8 18,362.0 27,022.5 28,185.6
Temperature(C) 25.0 29.0 37.0 41.2
Pressure (psi) 16.0 16.0 14.8 20.0
Composition(kg/hr)
Biomass 0 0 0.0 0.0
Carbon Dioxide 17084.2419 17084.24239 0.0 0.0
Corn Steep Liquor 0 0 0.0 0.0
Ethanol 889.1317 0.224366224 0.0 889.1
Gasoline 0 0 0.0 0.0
Methane 0 0 0.0 0.0
Oxygen 0 0 0.0 0.0
Nitrogen 0 0 0.0 0.0
Glycerol 0 0 0.0 0.0
Hydrogen 790.65504 790.6550493 0.0 0.0
Succinic Acid 0 0 0.0 0.0
Water 760.77345 486.9174262 27,022.5 27,296.5
Design Data: Stages 18
Diameter (ft) 5.50
Height (ft) 50.00
Shell thickness (in) 0.31
Type Bubble Cap Trays
Materials of Construction 304 Stainless steel
Cost,CrB $117,100.00
Utilities:
Comments:
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Miscellaneous:

Reflux Accumulator
Identification [tem: Reflux Accumulator
Item No.: RA-1
No. Req'd: 1
Function Separates the Distillate vapor product from the liquid reflux
Operation Continuous
Materials Handled:
Feed Recycle Product
S-S-129 S-S-128 S-S-115
Quantity(kg/hr) 189,673.2 165,301.2 24,372.0
Temperature(C) 82.0 82.0 82.0
Pressure (psi) 17.0 17.0 17.0
Composition(kg/hr)
Biomass 0 0 0.0
Carbon Dioxide 0 0 0.0
Corn Steep Liquor 0 0 0.0
Ethanol 174279.2349 151734.4484 22,544.8
Gasoline 0 0 0.0
Methane 0 0 0.0
Oxygen 0 0 0.0
Nitrogen 0 0 0.0
Glycerol 0 0 0.0
Hydrogen 0 0 0.0
Succinic Acid 0 0 0.0
Water 15393.99797 13566.73652 1,827.3
Design Data: Diameter (ft) 11.6
Length (ft) 6
Volume (cuft) 606.0
Materials of Construction 304 Stainless Steel
Cost,Crs $47,000.00
Utilities:
Comments:
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Furnace
Identification Item: Furnace
Item No.: FN-1
No. Req'd: 1
Function Burn hydrogen waste gas and reboil bottoms of distillation column
Operation Continuous
Materials Handled: Shell Side Tube Side
StreamInl Stream In 2 Stream out Streamin Stream out
S-S-113 S-S-103 S-S-117 S-S-132 S-S-114
Quantity(kg/hr) 135,234.5 18,362.0 153,597.3 217,948.5 217,948.5
Temperature(C) 37.0 29.0 121.0 108.9 108.9
Pressure (psi) 14.7 16.0 14.7 21.5 21.5
Composition(kg/hr)
Biomass 0 0.0 0.0 0.0 0.0
Carbon Dioxide 0 17,084.2 17,084.7 0.0 0.0
Corn Steep Liquor 0 0.0 0.0 509.3 509.3
Ethanol 0 0.2 0.0 15 15
Gasoline 0 0.0 1.0 0.0 0.0
Methane 0 0.0 0.0 0.0 0.0
Oxygen 31498.33877 0.0 25,223.1 0.0 0.0
Nitrogen 103736.1414 0.0 103,736.1 0.0 0.0
Glycerol 0 0.0 0.0 0.0 0.0
Hydrogen 0 790.7 0.0 0.0 0.0
Succinic Acid 0 0.0 0.0 472.4 472.4
Water 0 486.9 7,552.4 216,965.4 216,965.4
Design Data:
Heat Duty(BTU) 76,910,000.0
Reactions 2H, + O, > 2H,0
2C,Hg + 70, >4C0; + 6H,0
Type Fired Heater
Materials of Construction
Shell: Tube:
304 Stainless steel 304 Stainless steel
Cost,Crs $1,717,600.00
Utilities:
Comments:
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Rotary Drum Filter

Identification ltem: Rotary Drum Filter
Item No.: RDF-1
No. Req'd: 1
Function Separates Biomass from Distillation Column Feed
Operation Continuous
Materials Handled: Solutions Waste
Feed Product Biomass
S-S-110 S-S-112 S-S-111
Quantity(kg/hr) 172,397.2 171,420.7 977.2
Temperature(C) 92.2 92.2 92.2
Pressure (psi) 14.7 14.7 14.7
Composition(kg/hr)
Biomass 296.0787557 29.60787557 266.5
Carbon Dioxide 0 0 0.0
Corn Steep Liquor 927.3997293 509.2781511 418.1
Ethanol 17176.20898 17146.8818 29.4
Gasoline 0 0 0.0
Methane 0 0 0.0
Oxygen 0 0 0.0
Nitrogen 0 0 0.0
Glycerol 0 0 0.0
Hydrogen 0 0 0.0
Succinic Acid 472.5806935 472.356 0.8
Water 153524.9706 153262.6125 262.4
Design Data:
Materials of Construction 316 Stainless Steel
Cost,Crs $184,400.00
Utilities: Electricity
Comments:
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Molecular Sieve

Identification

Item: Molecular Sieve
Item No.: MS-1
No. Req'd: 1

Function Separate Water from azeotropic water ethanol mixture
Operation Continuous
Materials Handled: Shell Side Tube Side
Feed Ethanol Recirculation
S-S-115 S-S-122 S-S-123
Quantity(kg/hr) 24,372.0 18,035.8 6,336.0
Temperature(C) 82.0 78.4 82.0
Pressure (psi) 17.0 17.0 17.0
Composition(kg/hr)
Biomass 0 0 0.0
Carbon Dioxide 0 0 0.0
Corn Steep Liquor 0 0 0.0
Ethanol 22544.78653 18035.82922 4,508.8
Gasoline 0 0 0.0
Methane 0 0 0.0
Oxygen 0 0 0.0
Nitrogen 0 0 0.0
Glycerol 0 0 0.0
Hydrogen 0 0 0.0
Succinic Acid 0 0 0.0
Water 1827.26145 0 1,827.3
Design Data:
Type Molecular Sieve
Materials of Construction Unknown
Cost,Cprs $2,746,200.00
Utilities: Electricity 79.52318 kW
Low P Steam 1590.4636 Ib/hr
Cooling Water 119284.77 gal/hr
Comments: Black box design provided by Bruce Vrana
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Electro Dialysis

Identification Item: Electro Dialysis
Item No.: ED-1
No. Req'd: 1
Function Transfer Succinic acid from the bottoms product to succinic acid recovery system
Operation Continuous
Materials Handled: Concentrating Side Purifying Side
Fresh Water Feed Recirc Feed Conc. Stream From Tower |Clean Out
S-S-127 S-S-119 S-S-118 S-S-116 S-S-135
Quantity(kg/hr) 4,514.0 45,331.2 50,826.8 181,540.8 180,559.1
Temperature(C) 25.0 25.0 25.0 108.9 108.9
Pressure (psi) 14.7 14.7 14.7 215 215
Composition(kg/hr)
Biomass 0 0.0 0.0 0.0 0.0
Carbon Dioxide 0 0.0 0.0 0.0 0.0
Corn Steep Liquor 0 4,583.5 5,092.8 509.3 0.0
Ethanol 0 0.0 0.0 0.0 0.0
Gasoline 0 0.0 0.0 0.0 0.0
Methane 0 0.0 0.0 0.0 0.0
Oxygen 0 0.0 0.0 0.0 0.0
Nitrogen 0 0.0 0.0 0.0 0.0
Glycerol 0 0.0 0.0 0.0 0.0
Hydrogen 0 0.0 0.0 0.0 0.0
Succinic Acid 0 121.9 594.2 472.4 0.0
Water 4513.978016) 40,625.8 45,139.8 180,559.1 180,559.1
Design Data:
Type Electro Dialysis
Materials of Construction Unknown
Cost,CprB $2,700,000.00
Utilities: $190,200.00 /year
Comments:
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Crystalizer
Identification tem: Crystalizer
Item No.: C-1
No. Req'd: 1
Function Precipitates the supersaturated succinic acid into crystals
Operation Continuous
Materials Handled: Solutions Product
Recycle In Recycle Out Crystals & Purge
S-S-118 S-S-119 S-S-120
Quantity(kg/hr) 50,826.8 45,331.2 5,495.6
Temperature(C) 25.0 25.0 25.0
Pressure (psi) 14.7 14.7 14.7
Composition(kg/hr)
Biomass 0 0 0.0
Carbon Dioxide 0 0 0.0
Corn Steep Liquor 5092.781511 4583.50336 509.3
Ethanol 0 0 0.0
Gasoline 0 0 0.0
Methane 0 0 0.0
Oxygen 0 0 0.0
Nitrogen 0 0 0.0
Glycerol 0 0 0.0
Hydrogen 0 0 0.0
Succinic Acid 594.2334064 121.8774064 472.4
Water 45139.78016 40625.80215 4,514.0
Design Data:
Materials of Construction 316 Stainless Steel
Cost,Crs $154,500.00
Utilities:
Comments:

161




LeGendre, Logan, Mendel, Seedial

Dryer
Identification ltem: Dryer
Item No.: DR-1
No. Req'd: 1
Function Dryes the crystals from C-1
Operation Batch
Materials Handled: Solutions Product
Feed Waste Succinic Acid
S-S-120 S-S-134 S-S-121
Quantity(kg/hr) 5,495.6 5,036.8 458.8
Temperature(C) 25.0 25.0 100.0
Pressure (psi) 14.7 14.7 14.7
Composition(kg/hr)
Biomass 0 0 0.0
Carbon Dioxide 0 0 0.0
Corn Steep Liquor 509.2781511 509.2781511 0.0
Ethanol 0 0 0.0
Gasoline 0 0 0.0
Methane 0 0 0.0
Oxygen 0 0 0.0
Nitrogen 0 0 0.0
Glycerol 0 0 0.0
Hydrogen 0 0 0.0
Succinic Acid 472.356 13.54193405 458.8
Water 4513.978016 4513.978016 0.0
Design Data:
Materials of Construction 316 Stainless Steel
Cost,Crs $22,200.00
Utilities:
Comments:
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Screw Conveyor

Identification Item: Screw Conveyor
Item No.: CB-1
No. Req'd: 1
Function To cary Succinic acid crystals to storage tank
Operation Continuous
Materials Handled:
Feed: S-S-121 Exit: S-S-121
Quantity(kg/batch) 458.8 458.8
Temperature(C) 100.0 100.0
Composition(kg/batch)
Biomass 0.000 0.000
Carbon Dioxide 0.000 0.000
Corn Steep Liquor 0.000 0.000
Ethanol 0.000 0.000
Glycerol 0.000 0.000
Hydrogen 0.000 0.000
Succinic Acid 458.814066 458.814066
Water 0.000 0.000
Design Data: Density of Crystals (kg/l): 1.600
Pressure Drop (Pa): 0.000
Brake Power (hp): 1.000
Pump Head (ft): 0.000
Electricity requirements( kW): 0.750
Material of Construction: 304 stainless steel
Cost,CrB $13,000.00
Utilities: Electricity
Comments:
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Alternate Process Units and Considerations
Succinic Acid Separation:

Numerous methods of separation were considered for succinic acid, the most promising of
which was ion exchange chromatography. During the initial investigation phase, however, it was noted
that the resin exhibited significant loss of functionality over time, as some succinic acid would not
desorb during washing. The loss of useful resin would have cost $14MM per year minimum, as a small
quantity of resin would have to be continually replenished. Electrodialysis was found to be a cost
effective alternative, even before pricing equipment.

Absorber Column vs. Ethanol Burning:

At 37 °C, the vapor pressure of ethanol is high enough for a significant portion to escape as
vapor with the hydrogen and carbon dioxide gases emitted during fermentation. Since the hydrogen-
rich stream is sent to the furnace in order to recover the heat of combustion for use in the reboiler,
burning the vaporized ethanol rather than absorbing it was considered. Steam, however, has a cost of
3.3 cents per 10,000 BTU, while burning ethanol would result in a 33 cent loss per 10,000 BTU. It was
therefore financially advantageous to capture the vaporized ethanol and recover it in an absorption
column.

Natural Gas vs. Steam for Reboiler Heat Duty:

Natural gas and steam were the two main choices for supplying the remainder of the heat duty
for the reboiler not supplied by the hydrogen combustion. The cost of energy from natural gas was
$3.69 per MMBTU while steam cost $3.30 per MMBTU. Furthermore, the installation cost of a steam-
powered heat exchanger is significantly lower than the installation cost of another furnace, or the

redesigning of the furnace for higher heat duty. Ultimately steam heat was more cost effective.
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Glycerol Feed Purchase:

Glycerol feedstock from the biodiesel industry is available in two main forms: crude and partially
refined. Although the partially refined glycerol feed would have eliminated the need for the glycerol
purification system, suppliers could not confirm the availability of the partially refined product for the
quantity of glycerol required for the process. Additionally, the partially refined glycerol is typically
$0.15/Ib more expensive than the crude glycerol (Gallagher et al.), which, given the sensitivity of the
process to glycerol, would be prohibitively expensive. The choice was made to use the crude glycerol
feedstock, although a purification unit operation is now required. The added benefit of the glycerol
purification system from EET Corporation is its ability to process a feedstock with a variety of
compositions. The plant flexibility is advantageous, because the least expensive glycerol can be
purchased at a given time.

Clarifying/Settling Tank vs. Storage Tank with Agitator

The broth leaving the fermenters to be stored in T-107 must be continually agitated to prevent
the settling of cells in the storage tank prior to transportation to the separation process. As an
alternative to agitation, a settling clarifier tank similar to those used in waste water treatment was
researched and priced. According to Perry’s Chemical Engineering Handbook, clarifiers with dilute
concentrations of solids typically have underflow solids weight percents of 8-15%. At this percentage,
two streams with low solids mass percentages would need to be sterilized and filtered rather than one
(the overflow and the underflow from the clarifier). The clarifier does not work in this case to separate

any solids, so it has no benefit, and essentially functions as an agitator.
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Section X
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Other Considerations
Plant Layout

The few interconnected steps in the process should be placed near each other. The molecular
sieve regeneration stream recirculates into the distillation column, and therefore these units should be
placed near one another. The electro-dialysis feeds water into HX-3 and therefore, these units should
be placed together. The furnace should be placed far away from the succinic acid separation section as
well as the pure ethanol and gasoline streams due to flammability.

Storage tanks (T-101, T-103, T-109, T-110, T-111) should be placed outside the plant for easy
loading and unloading, preferably next to railroad tracks for easy transport.

Health and Safety Considerations

The presence of hydrogen in this process posses the largest safety concern. The process has
been designed with this in mind, so 304 stainless steel has been used for all components coming into
contact with hydrogen to protect against hydrogen embrittlement (Gallagher et al.). Positive pressure is
used to decrease the likelihood of oxygen seeping into the system. Special care will be taken with
regard to sealing the system in the presence of hydrogen. Special fittings will be designed for this
purpose.

Several of the process components are flammable. The explosion limits on hydrogen, ethanol,
and gasoline are 4-75%, 3.3-19% and 1.4-7.6% respectively. Oxygen sensors will be necessary within
hydrogen containing vessels and piping, and sensors will be necessary to ensure that no buildup of
hydrogen, ethanol, or gasoline occurs.

The fermentation is exothermic, but reactor runaway is not a large concern. Due to the high
volume of the reactors, even under adiabatic conditions, there is only a small 5.8°C temperature

increase over the course of the fermentation cycle. Automatic shut down will be necessary within the
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furnace. Should there be a breakdown of blower B-102, the combustion temperature could skyrocket to
higher than 2000°F, which would damage the furnace and possibly lead to explosion.

There will also be large quantities of succinic acid in some areas of the plant. Succinic acid is a
hazardous chemical which can cause skin and eye irritation, as well as breathing difficulties in the case of
ingestion. Showers and eyewash stations will be placed frequently around the plant in case of human
contact with succinic acid.

Basic safety equipment such as eye protection and hard hats will be worn at all times around the
plant. The MSDS sheets for all of the components in our process have been included in the appendix of
the report.

The E. coli to be used in this process is not a genetically modified organism, and poses no health
threats to humans as per the design problem statement. As such, it does not fall under governmental
regulation. Nonetheless, it is prudent to deactivate the organisms before disposal, and this is completed
in HX-3 for the broth stream and in the furnace FN-1 for the vapor stream. Any small spills can be sent to
an empty (off-line) seed fermentation train unit for sterilization with caustic solution.

Plant Start-Up Considerations

The main start-up considerations are heat related, as the heat exchangers HX-1 (in the feed
preparation section) and HX-3 (in the separation section) require streams that have already been heated
in the process. Steam can be used in both heat exchangers for the start-up period. By the time the
separation processing section is reached, after ~100 hours, enough hydrogen will have been generated
to fuel the reboiler, which has the largest heat requirement.

Process Control

The major section of the plant that must be monitored and controlled is the main large-scale

fermentation section. The 14.8 psia positive pressure must be maintained in the fermenters at all times.

This can be accomplished with a pressure-monitoring system and a valve controlling the release of
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fermentation gases to the piping connected to the blower system. Additionally, the temperature of the
fermentation units must be controlled. The temperature must be monitored, and a valve is installed to
control the amount of the cooling water/chilled water mixture that is sent to the twelve HX-FERM units
to control the amount of heat transferred from the fermentation broth to the cooling water during
fermentation.

Additionally, level controllers should be installed in the tanks T-106 and T-107, which are the
intermediate sterilized feed and fermentation broth holding tanks, functioning as the transition point
from continuous to batch processing and vice versa. These tanks have been designed with a working
volume of 80%, and the levels should be monitored to prevent any overflows or empty tanks. With the
current schedule, these problems should be avoided, but these tanks need to be monitored for the
duration of the process to ensure safety and steady-state processing in the continuous sections of the

plant.
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Environmental Considerations

The main impact on the environment is from the waste carbon dioxide that is released from the
fermentation process. The chemical reaction produces approximately 150,000 tons/year of carbon
dioxide waste. The disposal of carbon dioxide has become a controversial topic in recent years as the
exact environmental impact of a certain amount of carbon dioxide is still unknown. There are three
options for dealing with this waste in accordance with the main systems in place and with pending
legislation in the different government systems around the world.

One option that is popular within industry is carbon offsetting. A carbon offset program
attempts to make up for carbon dioxide waste produced, by taking a secondary action that consumes
carbon dioxide. In that case, this plant would have to invest in a reforestation plan that would consume,
once fully mature, the same amount of CO, per year that is produced by the plant. The plant will
produce 150,000 tons of Carbon Dioxide per year. Approximately 120 fully-mature trees can sequester 5
tons of CO, per year (Botanical Society of America). The average cost to plant an acre of trees is $500,
and in the current climate conditions the one can expect 35% of the planted trees to survive to maturity.
Therefore for the reforestation plan, if 200 pine trees are planted per acre, 70 will survive, so to be safe,
for every 5 tons of CO,, two acres of trees need to be planted. Therefore, to offset all of the carbon
output from the plant, it will take 60,000 acres of pine trees, costing $30 million (SRP.net).

Recent research has looked into carbon capture and sequestration technologies as a means of
lowering carbon dioxide emissions. Carbon sequestering is an expensive option that can at best
eliminate 80% of the carbon dioxide produced (National Mining Association). The best method seems to
be with a solid absorbent-magnesium oxide absorber to capture the carbon dioxide and then using a 3
stage compressor to bring it to its supercritical phase so as to be transported (Czarniak et al). Besides
the cost of bringing the carbon dioxide into a supercritical phase and pumping into storage, sequestering

would also require the extra step of separating the gaseous carbon dioxide and hydrogen gas wastes.
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However, while this process incurs large startup costs, the cost of capturing and sequestering the CO, is
on the order of $31.80 per ton of CO, (Czarniak et al). Since in 2030, it is likely that some sort of CCS
(carbon capture and storage) technology will be required of all industries that produce large amounts of
CO2, it may be required that the plant add in this process when it is necessary (McKinsey). With 150,000
tons being produced per year, the annual cost of CO, capture and sequester is $4,741,300.

However, since the process of producing the ethanol uses a feed of glycerol which is produced
from biodiesel production, this process can be considered to be carbon neutral. Biofuels are carbon
neutral even though the production of them produces carbon dioxide. This is because the carbon in the
biofuel comes from a plant source. As such, the carbon dioxide produced can be released to the
atmosphere without any carbon offsetting or sequestration technologies.

This release may be legal for only a few years depending on United States governmental policy
regarding CO, emissions. Many of the potential laws set the maximum allowable emissions levels at 250
tons per year (Efstathiou Jr.) (See Carbon Dioxide Legislation Appendix E on page 265). Whenever this
happens, the CCS technology option will have to be reexamined and, at that point, the cost will be lower

since a lot of research is currently focusing in that area.
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Economic Analysis

Equipment Cost Estimates

The equipment purchase costs were computed using the specifications and correlations outlined

in Product and Process Design Prinicples by Seider, Seader, Lewin, and Widagdo. The base purchase

costs included with the unit descriptions, Cpg for the Method of Guthrie equation for installation cost,
are based on carbon steel construction. However, most of our plant equipment is made of 304 stainless
steel . To account for the difference in material, the Guthrie correlation was used to determine the bare
module cost of the equipment, where the Guthrie material factors Fy for 304 Stainless Steel were
obtained from Perry’s Chemical Engineering Handbook.
Guthrie correlation: Cgy=Cpg(I/15)[Fem* ( FaFpFm-1)],
Where: Fsm= bare module factor

Fq= equipment design factor

F,= pressure factor

F= material factor
The material factors from Perry’s Handbook for 304 stainless steel construction were 1.7 for pumps and
2.8 for other equipment. For heat exchangers, the factor was 1.67 if the tubes were 304 stainless and
the shell was carbon steel, and 2.86 if both shell and tubes were 304 stainless steel.

The summary of the calculated equipment costs is shown below in Table E-1.
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Process Equipment H
Unit No. Units Cps (one unit) Cpg (all units) |Fm Fam Cam
Pumps Pump P-101 2 9 3,700 $ 7,400 1.70 3.30] $ 29,600
Pump P-102 2 $| 4,400 $ 8,800 1.70 3.30) $ 35,200
Pump P-103 2 $| 4,900 $ 9,800 1.70 3.30) $ 39,200
Pump P-104 2 $| 6,400 $ 12,800 1.70 3.30] $ 51,200
Pump P-105 2 $| 3,600 $ 7,200 1.70 3.30] $ 28,800
Pump P-106 2 $| 4,700 $ 9,400 1.70 3.30] $ 37,600
Pump P-107 2 $| 5,300 $ 10,600 1.70 3.30) $ 42,400
Pump P-FA 2 $| 19,400 $ 38,800 1.70 3.30] $ 155,200
Pump P-FB 2 $| 3,600 $ 7,200 1.70 3.30] $ 28,800
Pump P-FC 2 $| 15,700 $ 31,400 1.70 3.30] $ 125,600
Pump P-FD 1 $| 9,000 $ 9,000 1.70 3.30) $ 36,000
Pump P-FE 12] $| 6,600 $ 79,200 1.70 3.30) $ 316,800
Pump P-FP-01 1 $| 4,500 $ 4,500 1.70 3.30] $ 18,000
Pump P-FP-02 1 $| 8,400 $ 8,400 1.70 3.30] $ 33,600
Pump P-FP-03 1 $| 4,100 $ 4,100 1.70 3.30] $ 16,400
Pump P-FP-04 1 $| 3,900 $ 3,900] 1.70 3.30] $ 15,600
Pump P-FP-05 1 $| 3,500 $ 3,500 1.70 3.30) $ 14,000
Pump P-FP-06 1 $| 10,100 $ 10,100 1.70 3.30) $ 40,400
Pump P-S-101 1 $| 13,100 $ 13,100 1.70 3.30] $ 52,400
Pump P-S-102 1 $| 9,600 $ 9,600 1.70 3.30] $ 38,400
Pump P-S-104 1 $| 4,700 $ 4,700 1.70 3.30) $ 18,800
Pump P-S-105 1 $| 5,200 $ 5,200 1.70 3.30) $ 20,800
Pump P-S-106 1 $| 13,500 $ 13,500 1.70 3.30] $ 54,000
Pump P-S-107 1 $| 15,700 $ 15,700 1.70 3.30] $ 62,800
Pump P-S-108 1 $| 7,200 $ 7,200] 1.70 3.30] $ 28,800
Blowers Blower B-101 1 $| 70,793 $ 70,793 1.00 2.15] $ 152,204
Blower B-102 1 $| 264,200 $ 264,200 1.00 2.15] $ 568,030
| Total $ 670,093| Total $ 2,060,634

Table E-1 : Equipment Cost Sheet for the Process (1 of 2)

176



LeGendre, Logan, Mendel, Seedial

Fabricated Equipment

Unit No. Units Cpb (one unit) Cpb (all units) Fm Fam Csm
Vessels Fermenter Ferm1 12 $ 341,500 $ 4,098,000 2.80 4.16 $ 24,424,080
Fermenter Seed Ferm 5A/B 2 $ 30,700 $ 61,400 2.80 4.16 $ 365,944
Fermenter Seed Ferm 6A/B 2 $ 100,900 $ 201,800 2.80 4.16 $ 1,202,728
Fermenter Seed Ferm 7A/B 2 $ 150,400 $ 300,800 2.80 4.16 $ 1,792,768
Distillation Column_[D-1 1 $ 798,000 $ 798,000 2.80 4.16 $ 4,756,080
Absorber Column AB-1 1 $ 117,100 $ 117,100 2.80 4.16 $ 697,916
Reflux Accumulator [RA-1 1 $ 47,000 $ 47,000 2.80 3.05 $ 227,950
Agitators Agitator for Ferm 1 12 $ 44,200 $ 530,400 2.80 3.21 $ 2,657,304
Agitator for T-107 1 $ 44,200 $ 44,200 2.80 3.21 $ 221,442
Agitator for Seed 6A/B 2 $ 6,500 $ 13,000 2.80 3.21 $ 65,130
Agitator for Seed 7A/B 2 $ 20,800 $ 41,600 2.80 3.21 $ 208,416
Agitator for T-105 1 $ 29,900 $ 29,900 2.80 3.21 $ 149,799
Agitator for T-108 1 $ 9,100 $ 9,100 2.80 3.21 $ 45,591
Heat Exchangers |HX-FERM for Ferm 1 12 $ 4,200 $ 50,400 1.67 1.80 $ 124,488
Heat Exchanger HX-1 1 $ 132,300 $ 132,300 2.86 3.17 $ 665,469
Heat Exchanger HX-2 1 $ 22,049 $ 22,049 1.67 1.80 $ 54,461
Heat Exchanger HX-3 1 $ 113,900 $ 113,900 1.67 3.17 $ 437,376
Heat Exchanger HX-4 1 $ 65,900 $ 65,900 1.67 3.17 $ 253,056
Heat Exchanger HX-5 1 $ 21,200 $ 21,200 1.67 3.17 $ 81,408
Heat Exchanger HX-6 1 $ 60,237| $ 60,237 1.67 3.17 $ 231,310
Furnace Furnace FN-1 1 $| 1,717,600 $ 1,717,600 2.80 1.86 $ 6,286,416
Total $ 8,475,886 Total $ 44,949,132

Storage

Unit No. Units Cpb (one unit) Cpb (all units) Fm Fam Cam
Storage Tanks Broth Storage Tank  [T-107 1 $ 582,900 $ 582,900 2.80 3.05 $ 2,827,065
Glycerol Storage T-101 1 $ 564,600 $ 564,600 2.80 3.05 $ 2,738,310
CSL Storage T-103 1 $ 49,600 $ 49,600 2.80 3.05 $ 240,560
Brine Storage T-104 1 $ 65,700 $ 65,700 2.80 3.05 $ 318,645
Feed Mixing Tank T-105 1 $ 42,500 $ 42,500 2.80 3.05 $ 206,125
Sterilized Feed Tank |T-106 1 $ 338,000 $ 338,000 2.80 3.05 $ 1,639,300
Denatured Ethanol HqT-111 1 $ 453,300 $ 453,300 2.80 3.05 $ 2,198,505
Succinic Acid Storage |T-110 1 $ 27,600 $ 27,600 2.80 4.16 $ 164,496
Mixing Tank T-108 1 $ 26,800 $ 26,800 2.80 3.05 $ 129,980
Gasoline Storage Tan}iT-109 1 $ 101,000 $ 101,000 1.00 3.05 $ 308,050
Total $ 2,252,000.00 Total $| 10,771,036.00

Miscellaneous

Unit No. Units Cpb (one unit) Cpb (all units) Fm Fam Cam
Spray Nozzles  |Spray Nozzles For FERM 1-12 48 $ 10,000 $ 480,000 1.00 1.00 $ 480,000
Spray Nozzles for Seed 7A/B 6 $ 10,000 $ 60,000 1.00 1.00 $ 60,000
Reverse Osmosis|Glycerol Pur. Sys. R-101 1 $|-- $|-- $ 430,800
Rotary Drum Filte|Rotary Drum Filter  |RDF-1 1 $ 184,400 $ 184,400 1.00 2.32 $ 427,808
Electrodialysis Electrodialysis ED-1 1 == == $ 2,700,000
Crystallizer Crystallizer C-1 1 $ 154,500 $ 154,500 1.00 2.06 $ 318,270
Dryer Dryer DR-1 1 $ 22,200 $ 22,200 1.00 2.06 $ 45,732
Screw Conveyor |Screw Conveyor CB-1 1 $ 13,000 $ 13,000 1.00 1.61 $ 20,930
Molecular Sieves|Molecular Sieves MS-1 1 $| 2,746,200 $ 2,746,200 1.00 1.00 $ 2,746,200
Total $ 3,660,300.00 Total $| 7,229,740.00
$ 65,010,542

Table E-1 : Equipment Cost Sheet for the Process (2 of 2)
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Utility Requirements

The utility cost for the entire plant includes costs for electricity, steam, water (cooling and
process), waste water treatment, and landfill. These costs are summarized in Table E-2. Prices for utilites

were obtained using the 3" Edition of Product and Process Design Principles by Seider, Seader, Lewin,

and Widagdo.
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Utility
Process Water Stream L/hr m~3/ hr cost ($/ m”3) cost/hr  |cost/yr
S-FP-102 4832.30 4.83 $0.20 $0.97 $7,654.36
S-FP-105 151105.00 151.11 $0.20 $30.22 $239,350.32
S-S-127 4514 4.51 $0.20 $0.90 $7,150.18
S-S-101 27022.50 27.02 $0.20 $5.40 $42,803.64
$296,958.50
Waste Water Stream kg/hr cost ($/kg) cost/yr
S-5-134 13.40 $0.33 $4.42 $35,022.24
$35,022.24
Steam - 150 psig  |Equipment kg/hr cost( $/1000 kg) cost/yr
HX-2 4044.94 $10.50 $42.47 $336,377.21
$336,377.21
Steam - 50 psig Equipment kg/hr cost( $/1000kg) |[cost/hr  |cost/yr
HX-6 16775 $6.60[ $110.72 $876,862.80
MS-1 $4.77 $37,789.41
$914,652.21
cooling water Stream I/hr m~3/hr $/m”3 cost/hr  |cost/yr
HX-4 1087870.00 1087.87 $0.02 $21.76 $172,318.61
HX-5 23766.11 23.77 $0.02 $0.48 $3,764.55
MS-1 $8.95 $70,855.17
HX-FERM 21003.00 21.00 $0.02 $0.42 $2,015.78
$248,954.11
chilled water Stream BTU/HR BTU/day $/btu $/day $/yr
HX-FERM 298539.57 7164949.62 $0.00 $29.85 $9,851.81
$9,851.81
Landfill Stream kg/hr cost ($/kg)
Biomass cake 505.47 $0.17 $85.93 $680,564.81
$680,564.81
Electricity Stream HP Kw cost($/ kW-hr) |[cost/hr  |cost/yr
P-S-101 67.95 50.67 $0.06 $3.04 $24,078.53
P-S-102 37.31 27.82 $0.06 $1.67 $13,221.04
P-S-104 10.47 7.81 $0.06 $0.47 $3,710.11
P-S-105 14.91 11.12 $0.06 $0.67 $5,283.46
P-S-106 68.28 50.92 $0.06 $3.05 $24,195.47
P-S-107 46.81 34.91 $0.06 $2.09 $16,587.43
P-S-108 7.10 5.30 $0.06 $0.32 $2,516.47
CB-1 1.00 0.75 $0.06 $0.04 $354.36
RDF-1 11.78 8.78 $0.06 $0.53 $4,173.26
Agitator for T-108 4.00 2.98 $0.06 $0.18 $1,417.43
ED-1 $190,200.00
B-102 1602.65 1195.09 $0.06 $71.71 $567,908.07
MS-1 $4.77 $37,789.41
P-FAA 67.22 50.13 $0.06 $3.01 $1,202.75
P-FAB 67.22 50.13 $0.06 $3.01 $1,202.75
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P-FB A 2.31 1.72 $0.06 $0.10 $445.47

P-FB B 2.31 1.72 $0.06 $0.10 $445.47

P-FCA 42.77 31.89 $0.06 $1.91 $4,591.53

P-FCB 42.77 31.89 $0.06 $1.91 $4,591.53

P-FD 36.94 27.55 $0.06 $1.65 $13,089.93

B-101 300.00 223.71 $0.06 $13.42 $64,412.36

Agitators Ferm 1 240.00 178.97 $0.06 $10.74 $51,529.89

Agitator for T-10] 20.00 14.91 $0.06 $0.89 $7,087.13

P-FE(1-12) 43.80 32.66 $0.06 $1.96 $9,404.20

P-101A 1.12 0.83 $0.06 $0.05 $0.13

P-101B 1.12 0.83 $0.06 $0.05 $0.13

P-102A 7.49 5.59 $0.06 $0.34 $8.93

P-102B 7.49 5.59 $0.06 $0.34 $8.93

P-103A 10.76 8.03 $0.06 $0.48 $12.84

P-103B 10.76 8.03 $0.06 $0.48 $12.84

P-104A 20.25 15.10 $0.06 $0.91 $96.62

P-104B 20.25 15.10 $0.06 $0.91 $96.62

P-105A 1.22 0.91 $0.06 $0.05 $0.15

P-105B 1.22 0.91 $0.06 $0.05 $0.15

P-106A 9.26 6.91 $0.06 $0.41 $1.10

P-106B 9.26 6.91 $0.06 $0.41 $1.10

P-107A 13.68 10.20 $0.06 $0.61 $16.32

P-107B 13.68 10.20 $0.06 $0.61 $16.32

Agitator for Fernj 2.25 1.67 $0.06 $0.10 $482.12

Agitator for Fern] 2.25 1.67 $0.06 $0.10 $482.12

Agitator for Fernj 17.17 12.80 $0.06 $0.77 $3,686.79

Agitator for Fern] 17.17 12.80 $0.06 $0.77 $3,686.79

P-FP-01 9.34 6.96 $0.06 $0.42 $3,308.48

P-FP-02 33.68 25.11 $0.06 $1.51 $11,934.38

P-FP-03 0.15 0.11 $0.06 $0.01 $51.66

P-FP-04 5.02 3.75 $0.06 $0.22 $1,780.29

P-FP-05 1.53 1.14 $0.06 $0.07 $542.02

P-FP-06 45.43 33.88 $0.06 $2.03 $16,099.56

Agitator for T-10f 32.60 24.31 $0.06 $1.46 $11,552.02

$1,103,316.45

Total $3,625,697.34

Table E-2: Utility cost Per Year
$/year $/units units/year units units/gallon ethanol

Process Water $296,958 $0.20 1,484,792|m"3 0.02949
Waste Water $35,022 $0.33 106,128|kg 0.00211
150 psig Steam $336,377 $0.01 32,035,925|kg 0.63628
50 psig Steam $914,652 $0.01 138,583,668|kg 2.75248
Cooling Water $248,954 $0.02 12,447,706|m"3 0.24723
Chilled Water $9,852| $0.0000041667 2,364,414,458|BTU 46.96080
Landfill $680,565 $0.17 4,003,322]kg 0.07951
Electricity $1,103,316 $0.06 18,388,608/ kW-hr 0.36523

Table E-3 : Utility cost per unit product
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Operating Costs

The process has three main sections, glycerol purification, fermentation, and separation. For
continuous processes with solids, it is advised to have 2 operators on hand (Seider) while 3 are
recommended for batch systems with solids. Therefore, we have assumed 7 operators at all times, paid
$35/hour.

It is assumed that the plant will be in operation for 15 years after construction, and that design
and construction take one year each. The plant will be located on the Gulf Coast and will operate 330

days per year as recommended in Product and Process Design Prinicples by Seider, Seader and Lewin.

The working capital assumes 3 days of inventory and 30 days of receivables.
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Input Summary

General Information
Process Tille: Giycerol o Ethanol
Product: Ethanol
Ptant Site Location: Gulf Coast

Site Factor. 1.00
Operating Hours per Year. 7§20
Operating Days per Year. 330

Operating Factor: 0.9041

Chronology
Eercentage of Tolal
Distribution of Totsl  Distribution of Total  Production Capacity (%  Capital Investment for
Year Aclion Permanent Investmenl Working Capital of Design Capacity) Depreciation
Start Year 2009 Design 0.0% 00% 00%
2010 Construction 100 0% 100.0% 0.0%
2011 Production 50.0% 200%
2012 Production 15.0% 20%
2013 Production 100.0% 192%
2014 Production 100.0% 115%
2015 Production 100 0% 15%
2016 Production 100 0% 5.8%
2017 Production 100.0%
2018 Production 100.0%
2019 Production 100 0%
2020 Production 100.0%
2021 Production 100 0%
2022 Production 100 0%
2023 Production 100.0%
2024 Production 100.0%
End Year 2025 Production 100 0%
Product Information
The Process will yield = 6.357 gal of Efanol per hour
& 152,572 gal of Ehanol per day.
54 50,348,685 gal of Ethanol per year
The Price per gal of Ethanol is: $2 50
Raw Materials
Glyostol b 15.8000 Ib per gal of Ethanal $0.0500 per b
Com Steep Liguor b 0.3379 Ib per gal of Ethanol $0.0250 per b
Gasoline gal 0.0526 gal per gal of Ethandl $3.1500 per gal
Equipments Costs
Fabricated Equipment Burchess Cost Bare Module Factor Bare Module Cost
Vessels $ 33,467 500
Agitators $3.347,700
Heat Exchangers $8,134,000
Miscallaneocus $ 7220800
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Procees Machinery Purchase Cost Bare Module Factor Bare Moduls Cost
Pumps $ 1,340,400
Blowers $ 720,300

Storage Purchass Cost Bare Module Factor Bare Moduie Cost
Storage Tanks $ 10,771,100

“Lherond Zory Nexkis * e

Total Permanent Investment

Cas! of Site Praparations: 5 0% of Total Bare Module Costs
Cost of Servics Fadilites: 50% of Total Bare Module Costs
Allocated Costs for utility plants and related faclites: 30
Cost of Contingencies and Contractor Fees: 18 0% of Direct Permanent Investment
Cost of Land. 2.0% of Totad Depreciable Capital
Cost of Royalties: $0
Cost of Plant Start-Up: 10.0% of Total Depreciable Capital

Working Capital
Ethanol < Inventory 3 Days < 45771532 gal
Glycerol < Inventory: 3 Days = 723180203 b
Corn Steep Liquor = Inventory: 3 Days = 15466201 b
Gasolina = Inventory: 3 Days = 24090 28 gal
Agcounts Receivable o 30 Days
Cash Reservces o None
Accounts Payable = None
Utilities
High Pressure Steam kg 0.6363 kg per gad of Ethanol $0.0105 per kg
Low Pressure Steam kg 2.7525 kg per gal of Ethanol $0.0066 per kg
Process Water m*3 0.025 m*3 per gal of Ethancl $0.2000 per m*3
Cooiing Water m"3 02472 m3 per gal of Ethancl $0 0200 par m*3
Electricity kW-hr 0 3707 KW-hr per gal of Ethanol $0 0800 per k'iN-br
Chilied Water BTU 46,9612 BTU per gal of Ethanol $0.0000 per BTU
Landfill kg 0.0795 kg per gal of Ethandl $0.1700 per kg
Waste Water Treatment kg 0.0021 kg per gal of Ethanal $0.3300 per kg
Byproducts
Suocnic Acid b 0.1672 Ib per gal of Ethanol $2.0000 per b
Other Variable Costs
General Expenses

Selling / Transler Expenses. 3.00% of Sales
Direct Research: 4.80% of Sales

Allocatad Ressarch: 0 50% of Sales
Admnistrative Expensa: 2 00% of Sales
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Management Incantve Compensation: 1.25% of Sales

Fixed Costs
Operations
Operators per Shift: 7 {Assuming 5 Shifts)
Diract Wages and Banefits: $3500 per Operator Hour
Direct Salaries and Benefits: 15.00% of Direct Wages and Benefits
Operating Supples and Senvices: 6.00% of Direct Wages and Benefils
Technical Assistance to Manufacturing. $0.00 per year, for each Operator per Shifl
Control Laboratory: $0.00 per year, for each Cperator per Shift
Maintenance
Wages and Banefits: 4 50% of Tolal Depreciable Capital
Salaries and Banefits. 25.00% of Maintenance Wages and Benefits
Matenals and Senvicas: 100.00% of Maintenance Wages and Benefits
Maintenance Overhead: 5 00% of Maintenance Wages and Benefits
Operating Overhead

Genaral Plant Overhead. 7.10% of Maintenance and Operations Wages and Benefils
Mechanical Department Services: 2 40% of Maintenance and Operations Wages and Benefits
Employee Relations Department 5 20% 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 Insuranca; 2 00% of Total Depreciable Capital

Straight Line Depreciation
Diroct Plant: 8.00% of Total Depreciable Capital, less1.18 limes the Allocated Costs for Utility Plants and Related Facilities
Allocated Plant 6.00% of 1.18 times the Allocated Costs for Utility Plants and Ralated Facilities

Depletion Allowence
Annusl Depletion Allowanos: $0.00

As the investment summary shows below, an investment of $107.6MM will be required to begin
this process. With the initial process equipment priced at $65MM, the standard cost of land, contractors
and services for construction workers, site preparation, et cetera, account for nearly half the total

investment.
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Investment Summary

April, 2009 Glycerol to Ethanol
Bare Module Costs
Fabricated Equipment
Vessels $33,467,500
Agitators $3,347,700
Heat Exchangers $8,134,000
Miscellaneous $7,229,800
Total Fabricated Equipment: $52,179,000
Process Machinery
Pumps $1,340,400
Blowers $720,300
Total Process Machinery: $2,060,700
Storage
Storage Tanks $10,771,100
Total Storage: $10,771,100
_____________________________________________________________________________________________________________________________________ Total Bare Module Costs:  $65,011,000
Direct Permanent Investment
Cost of Site Preparation: $3,250,600
Cost of Service Faciliies: $3,250,600
Allocated Costs for ufiliy plants and related faciliies: $0
Direct Permanent Investment: $71,512,000
Total Depreciable Capital
Cost of Contigencies and Contractor Fees: $12,872,200
Total Depreciable Capital: $84,384,000
Total Permanent Investment
Costof Land: $1,687,700
Cost of Royalties: $0
Cost of Plant Start-Up: $8,438,400
Total Permanent Investment: $94,510,000
Working Capital
Inventory
Ethanol . a 458000gal 31144300
Glycerol a 7,232,000 Ib $361,600
Corn Steep Liqu a 155,000 Ib $3,900
Gasoline a 24,000 gal $75,900
Total Inventory: $1,585,600
Accounts Receivable: $11,442,900
Cash Reservees:  _$
Accounts Payable: $0
" Total Working Capital:  ~ $13,028500
TOTAL CAPITAL INVESTMENT $107,538,500
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Variable Cost Summary

April, 2009 Glycerol to Ethanol
Raw Materials |

Glycerol $0.79 per gal of Ethanol $39,775,500

Corn Steep Liquor E $0.01 per gal of Ethanol : $425,300

Gasoline ﬁ $0.17 per gal of Ethanol . $8,347,300

Total Raw Materials: E $0.96 per gal of Ethanol $48,548,100 $48,548,100
Utilties w :

High Pressure Steam $0.01 per gal of Ethanol E $336,400

Low Pressure Steam | $0.02 per gal of Ehanol $914,700

Process Water E $0.01 per gal of Ethanol ! $297,000

Cooling Water $0.00 per gal of Ethanol ~ : $249,000

‘Electricity ! """"" $0.02 per gal of Ethanol $1,119,900 |

Chiled Water i $0.00 per gal of Ehanol 1 $9,900

Landfil E $0.01 per gal of Ethanol $680,600

Waste Water Treatment ﬁ $0.00 per gal of Ethanol $35,000

Total Raw Materials: E $0.07 per gal of Ethanol $3,642,300 $52,190,400
Byproducts l

Succinic Acid -$0.33 per gal of Ethanol -$16,835,400

Total Byproducts: ﬁ -$0.33 per gal of Ethanol -$16,835,400 $35,355,000
General Expenses w

Selling / Transfer: $0.08 per gal of Ethanol $3,776,200

Direct Research: E $0.12 per gal of Ethanol $6,041,800

Allocated Research: E $0.01 per gal of Ethanol $629,400

Administrative Expense: E $0.05 per gal of Ethanol $2,517,400

Management Incenﬁves:E $0.03 per gal of Ethanol $1,573,400

Total Byproducts: E $0.29 per gal of Ethanol $14,538,200 $49,893,200

T

TOTAL E $0.99 per gal of Ethanol $49,893,200 $49,893,200

From the Variable Cost Summary, we can see that this process has a low utility cost and suggests

that we have optimized the utility usage. Glycerol makes up 60% of the variable costs when counting
succinic acid as revenue. (On the above spreadsheet, succinic acid revenue is shown as negative cost
rather than as revenue, so glycerol appears to make up 80% of the variable cost.) Succinic acid produces
revenues of $16.8MM per year, composing 12% of total revenue. Total variable costs per gallon of

ethanol are $1.32, and total revenues are $2.83 at the base case.
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Fixed Cost Summary

April, 2009 Glycerol to Ethanol
Operations
Direct Wages and Benefits: $2,548,000
Direct Salaries and Benefits: $382,200
Operating Supplies and Services: $152,880
Technical Assistance to Manufacturing: $0
Control Laboratory: $0
Total Operations: $3,083,080 $3,083,080
Maintenance
Wages and Benefits: $3,797,280
Salaries and Benefits: $949,320
Materials and Services: $3,797,280
Maintenance Overhead: $189,864
Total Maintenance: $8,733,744 $11,816,824
Operating Overhead
General Plant Overhead: $545,053
Mechanical Department Services: $184,243
Employee Relations Department: $452,931
Business Services: $568,083
""""""""""""""""""""" Total Operating Overhead: $1,750310  $13567,134
Property Insurance and Taxes
Total Property Insurance and Taxes: $1,687,680 $15,254,814
I
TOTAL $15,254,814

The largest fixed cost the plant will have is maintenance. Maintenance is calculated as a
percentage of installed costs, and therefore, changes in installed costs will affect profitability two fold in
the investment, and in increased fixed costs. Seven operators cost $2.5MM and require $400K in

management.

Profitability Measures

April, 2009 Glycerol to Ethanol

The Investor's Rate of Return (IRR) for this Project is: 32.24%

The Net Present Value (NPV) at 15% for this Project is: $95,172,000
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At a glycerol price of $0.05 /Ib, an ethanol price of $2.50/gallon, a gasoline price of $2.00/ gallon
and a succinic acid price of $2.00/ Ib, our process has a very high IRR of 32.24%. This makes the
investment opportunity outlined in this report highly favorable. Taking into account fluctuations in the
prices of these commodities as shown in the sensitivity analysis, given current global and national
trends, this process seems to only get more profitable over time. As can be seen in the cash flow
summary, a shortened depreciation schedule of 5 years increases the profitability of the plant in the first
few years of operation. This results in a higher IRR because the time value of money severely reduces
present value of profits later on. The plant reaches positive cash flow in its first year of operation, and
reaches an annual profit , after taxes, of $38MM. The economic analysis of this process is highly

favorable, and suggests that further research be performed.
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Sensitivity Analysis

Section XllI
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Sensitivity Analysis

Because the process is connected with the price of oil, both by the price of the feedstock
gasoline (for denaturing) and through the prices of ethanol and glycerol (the connections of which will
be covered shortly), the economics of the plant will likely vary significantly over the projected 15 years
of operation. This likelihood necessitates analyzing the effect of projected trends on the profitability of
the plant. Furthermore, it isimportant to know what costs and prices significantly affect profitability,
and which affect it less.

The process’s main factors for determining profitability are the price of glycerol, the price of
succinic acid, the price of ethanol, and the price of gasoline. In the base case of $0.05/Ib for glycerol,
$2.00/Ib for succinic acid, $2.50/gallon ethanol, and $3.15/gallon gasoline, glycerol comprises 60% of
the variable costs of the process while gasoline comprises another 12%. 88% of revenues are provided
by ethanol while the remaining 12% are from succinic acid. Interestingly, there is a significant
correlation between ethanol prices and crude oil prices, along with the more obvious correlation
between gasoline prices and crude oil prices. For this reason a sensitivity analysis was performed on
crude oil instead of both gasoline and ethanol to reduce the number of independent variables. Glycerol
prices are indirectly dependent on crude oil prices because higher crude oil prices drive up biodiesel
production, which increases the glycerol supply, reducing glycerol prices. Quantitative analysis of this

relationship however is not reliable so this correlation is not taken into account in this analysis.

Crude Oil

At the base case, ethanol sales amount to $125MM per year, which is 88% of the annual
revenue. Naturally, profitability is closely related to the price of ethanol. Today wholesale ethanol is
priced at $1.59/gallon. Oil shortages similar to those in the summer of 2008 are predicted by the United

States Department of Energy to drive the price of oil up to close to $125/barrel by 2025. At this price of

191



LeGendre, Logan, Mendel, Seedial

oil, correlations predict ethanol prices to be near $2.60/gallon. Further details of this prediction are

available in the competitive and market analysis section.

Linear relationship between Ethanol and Crude Oil

Crude Oil Price USD/barrel

Ethanol:
(2008-present) y =0.0116x + 1.0471
R2=0.9051
3 =
2.6 i
5 5 24 LN 2=
z38 “ .
>Sa 22
5 L
D § 2 |
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Figure SA-1: Ethanol price ($/gallon) vs. Crude Oil Price ($/barrel). Data from Interactive Data Corporation.
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Figure SA-2: Testing the linear regression correlation from Fig. SA-1. Comparison of actual Ethanol price with
price predicted from correlation. Data from Interactive Data Corporation.
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While this correlation between ethanol prices and gasoline prices does show imperfections, it is
significant. This correlation is valid for the time period since ethanol has been significantly used as a
retail fuel (2008) and is caused by the substitute role of ethanol for gasoline. We anticipate the
correlation to remain relevant so long as both gasoline and ethanol share the fuel market.

A similar, but much stronger, correlation exists between oil and gasoline, as would be expected.
Oil is the feed for gasoline and therefore, oil almost completely predicts the price of gasoline.
Furthermore, to ensure that the correlation is not changing, in Figure SA-3, a correlation was calculated
for the prices of oil and gasoline between 1995 and 2000 then projected forward. As can be seen below,
there is almost no difference between this earlier correlation and the long term correlation, suggesting
this correlation will hold for some time.

At the base case, gasoline costs for denaturing ethanol are $8.3MM/year and constitute 12% of
the variable costs of the plant. Variations in the price of gasoline have less effect on the profitability of
the plant than ethanol or glycerol prices; however they are still significant. According to the
correlations, at $2.50/gallon ethanol, gasoline will cost $3.15/gallon. In the crude oil sensitivity analysis,

both the gasoline price and the ethanol price are varied with the use of these correlations with crude oil.

Gas Price vs. Crude Oil Price for Correlation, y = 0.02552x + 0.10982
Data from 1995-2009 R2 = 0.96828
4
535 &
ES 3 S 2
%}2 5
£ ST
e 2 2
©
©1.5
1 .
0.5
0
0 50 100 150
Crude $/barrel

SA-3: Gasoline Price vs. Crude Oil Price. Data for linear regression pricing correlation. Data from Interactive Data
Corporation.
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Figure SA-4: Testing two linear regression correlations for the price of gasoline as a function of the cost of oil.
One linear regression is based on data from 2001 to present, and another linear regression is based on data from
1995 to present. Both correlations accurately predict the cost of gasoline from the cost of oil. The actual pricing
of gasoline is shown for comparison. Data was collected by Interactive Data Corporation.
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Figure SA-5: Price of gasoline and price of ethanol in $/gallon as predicted by the price of crude oil in $/barrel ,

using correlations determined from Fig. SA-1 and SA-3.
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Crude Oil Price Sensitivity Analysis
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Figure SA-6: Process sensitivity analysis: The IRR as a function of the price of crude oil.

In the crude oil sensitivity analysis, the cost of ethanol and the cost of gasoline are varied in
tandem, using the values shown in Fig. SA-5, and the glycerol price is kept constant at $0.05/Ib. The
results of the crude oil sensitivity analysis clearly show that the economics of the plant become
significantly better as the price of oil increases. In our base case, the predicted crude oil price from the
DOE is near $125/barrel and ethanol is priced at $2.50/gallon (see Fig. SA-5). As the process is highly
profitable with high prices for crude oil, it is useful to look at profitability with low prices for crude oil. In
Fig. SA-6 the worst case scenario of low crude oil prices is presented. Even if oil stays at present day
values of $50/barrel, the IRR will be at 17.7% (with the price of glycerol at $0.05/1b). This eventuality is
however unlikely. The plant is very well positioned to become more profitable as the price of oil
increases. As the price of oil rises following the current recession, the plant will just be starting

production.
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The price of glycerol has been steadily decreasing over the last few years as the production of

glycerol increases in the biodiesel industry. At the moment, very few processes are able to take

advantage of the glycerol glut. As new processes like this process start up and demand begins to

increase, price may vary significantly until the market reaches equilibrium. Profitability is highly

dependent on glycerol price, if the price of glycerol is above 9.4 cents/Ib, the process IRR decreases to

below 15%. If however glycerol continues to be overproduced in comparison to demand, we have the

opportunity to earn an IRR of above 40% at low glycerol prices. The plant is designed to handle crude

glycerol, the cheapest possible glycerol source, to improve profitability. The plant is well placed, as

biodiesel production is growing rapidly (meaning that glycerol production is increasing rapidly as well).

We anticipate a continued glut in the glycerol market making this plant highly profitable.
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Figure SA-7: Process sensitivity analysis: The IRR as a function of the price of crude glycerol.
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Succinic Acid

Succinic acid is a byproduct of the fermentation of glycerol; however it provides a significant
portion of our annual revenue. At the base case, sales of succinic acid are predicted to amount to
$16.6MM/year. Since this is 12% of annual revenue, changes in the price of succinic acid do significantly
alter profitability. The separation for succinic acid still needs to be fine tuned, and production levels
may shift by several percent when completely understood, so we have taken a wide variance in succinic
acid price to account for this. While higher succinic acid prices would be desirable for our process, our
sensitivity analysis shows that succinic acid cannot make the plant unprofitable. In the worst case
scenario of $0/1b succinic acid, the IRR will not be reduced to below 25% assuming base case prices for

other chemicals.

Succinic Acid Sensitivity Analysis
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Figure SA-8: Process sensitivity analysis: The IRR as a function of the price of succinic acid.
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Conclusion
Section XIV
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Conclusions

The report contained herein is an exciting and comprehensive first look at the economic viability
and design of an ethanol plant with a succinic acid byproduct. The economics of this process appear
exceedingly favorable at this time with an IRR of 32.24% and NPV of $95MM in our base case, and with
possibility to be even more lucrative. Furthermore, the process has little risk of being unprofitable, with

the only concern being the unlikely scenario that the price of crude glycerol rises above $0.094/Ib.

Further research is needed in laboratory experimentation with the succinic acid separation, as
well as arranging for use of the patent-pending licensed glycerol purification system. Both of these non-
traditional separation systems will require further information, and it is likely that the purchase and
utilities costs will change based on further information and study. Utilities for the glycerol purification
system have been ignored, with the exception of estimation for process water usage. Due to the highly
profitable nature of this plant, the further research and necessary clarifications to the design have little
chance of turning the proposal unprofitable. We find that this is an exciting opportunity deserving of
further resources and attention, particularly with the insight that although our process design made use
of a hypothetical microorganism, existing E. coli have been grown in favorable conditions to ferment

glycerol to ethanol.
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Appendix A. Sensitivity Analysis Correlation Example

Correlations between ethanol, gasoline, and oil prices were developed in the following manner.
First, the closing prices of commodities were taken and plotted against each other as in the graph below.
Strong linear relationships are obvious at first glance. Using excel, a linear trend line is inserted and the

equation is shown as below.

Oil Gas Price Correlation 1995-2009
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Now, going back to the closing prices, the equation found from the graph above is applied to
each closing oil price to find a correlation price of gasoline. This is graphed chronologically with the
actual closing price of gasoline to determine how exact the correlation is. The graph below is such a

graph, and as can be seen, the correlation is exceptional.
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Agitators:

LeGendre, Logan, Mendel, Seedial

Agitators for 2,000,000 L tanks FERM1 (through FERM12) and Broth Storage Tank T-107 are priced and
designed based on gquotes from supplier The Kahl Company, Inc. (See following page).

Industrial consultant Mr. Bruce Vrana recommended the power requirement factor of 0.1 HP/1,000
gallons of fluid in the tank for the specific application, and this factor was applied to determine the
energy requirements and costs of agitators for Seed Ferm 6A/B and Seed Ferm 7A/B. For the mixing
agitators (for T-105 and T-108), 2 HP/1,000 gallons of fluid is estimated as an approximation (in range
provided in Seider 537). These power requirements are used in tandem with the following equation (for
turbine-powered agitators on enclosed tanks) for pricing, including the costs of the motors and shafts
(Seider 553). Since the price quote for the agitators is given for 304 stainless steel and the Method of
Guthrie for determining installation cost assumes a base cost of equipment in carbon steel, a materials
factor of 1.7 was used to determine the carbon steel cost of agitators for Ferm 1-12 and T-107.

566
— 0.57
Cp (39 4) 2850 S

Where S is the motor power requirement, in HP.

Agitator for use Ferm 1-12 T-107 T-105 Seed Ferm Seed Ferm 6A/B | T-108

in: 7A/B

Volume (L) 2,000,000 | 3,254,965 62,731 650,000 85,000 7,619
Volume (gal) 528,344 859,870 16,307 171,711 22,454 2,012
Power req. (HP) 20.0 20.0 32.6 17.2 2.2 4.0
Cp (CE=394) $13,992 $14,410 $4,519 $6,303
Cr (2009) $75,000 $75,000 $29,900 $20,800 $6,500 $9,100
Cpg (2009, for $ 44,200 $ 44,200 $29,900 $20,800 $6,500 $9,100
Guthrie)
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E-mail communication:

Hello Mr. Kahl,

| am a chemical engineering student at the University of Pennsylvania
designing a chemical plant for my senior design project that uses
2,000,000 L fermenter tanks. Professor Len Fabiano recommended that |
ask you about the costs and energy requirements associated with the
agitation to be used in these tanks.

We are looking for mild agitation, our volume of liquid in the tank is
about 1,500,000 L/batch, and the fluid is mostly water. We want to
suspend E coli (~0.5 um particles) in the solution and ensure an even
temperature distribution in the tanks. The solids content is about .4
% by mass. We are also generating gas in the anaerobic fermentation
reaction, at a flow rate of 2415 kg/hr, which we believe will aid in
the agitation process. The tanks have a 2:1 aspect ratio, with a
height of ~72 ft and a diameter of ~36 ft.

| would greatly appreciate any suggestions or help you may be able to provide.

Thank you for your time,
Chloe LeGendre

Chloe,
| got some information for you for your project that | hope helps.

For this application, using some similar agitators we have sold in the past, you would be looking at a mixer with a
20hp motor, running at about 30 RPM. It would use three 88” hydrofoil impellers. If the shaft and impellers were
made out of 304 stainless steel, a rough price of about 75000/each would be right in the ballpark. I hope this
helps!

Best Regards,

Nicholas Clucas

The Kahl Company, Inc
Tel: 302-478-8450
Cell: 302-353-7317

Fax: 302-478-4826
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Blowers:

Modeled as Centrifugal (Turbo) Blower

(Seider, 510, 518-519)

Cr=FmCs
Fu = 0.6, for Aluminum

Cg = (566/394)exp{6.6547 + 0.7900[In(P¢)]}

Pc, Power Consumption (HP) = Pg/mm

k+1, QPR P k*
Pg, Brake Horsepower =0.00436(—1)&[(—O) k - 1]
k" hy R
ns, Mechanical Efficiency = 0.75

k, Constant specific heat ratio = 1.4

1w, Electric Motor Efficiency = 0.8 + 0.0319(InPg) — 0.00182(InPg)?

B-101 B-102
Q(ft’/min) 12,522.00 70,214.00
k 1.40 1.40
nb 0.75 0.75
Pi (psi) 14.80 14.70
Po (psi0 19.00 18.71
Po/Pi 1.28 1.27
Pb (HP) 278.97 1,500.00
nm 0.92 0.94
Pc (HP) 300.65 1,602.65
Cb(base cost ) $ 70,800 $ 264,200
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Crystallizer (C-1)

Crystallizers are sized by the amount of crystals produced. The process produces 12.23367 tons per day.
Price is calculated by the equation from Table 16.32 in Seider (Draft-tube baffled crystallizer), where W
is tons of crystals produced per day:

C, = (566)$22 200(W)°63
P \394 200(W)

Cp=$ 107,526

Crs(2009) = $154,500
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Distillation Towers:

The cost of a tower is found using the following equation (Seider 528):
Cy = exp [7.0374 + 0.018255(In(W)) + 0.02297((In(W))?]
Where W= weight of the distillation column (Ibs)
W = n(D; + tg)(L + 0.8D;)tsp

Where D; = the diameter of the distillation column in inches, L = the length of the distillation column in
inches, T, = the wall thickness of the distillation column in inches, p = the density of steel, 0.284 Ib/ in’.

To find the Length (L):

The number of theoretical stages is 32 as reported by ASPEN simulation (RADFRAC). The length for the
distillation column was calculated using spacing of 2 feet between each tray, as well as an extra 10 feet
at the bottom and 4 feet at the top of the column for the reboiler and condenser. The efficiency is
assumed to be 40% per suggestion by industrial consultant Mr. Bruce Vrana.

N(theoretical) =32 Stages

N actuan = 32/.4 = = 80 stages

L=79*2+10+4=172ft

One stage is subtracted because the reboiler acts as a stage while not actually requiring space for a tray.

To find the thickness t:

Di=12ft
L=172ft
Therefore,
_ 12in 1 12in 12in\ /1 \ /0.284lb
W=mn (12ft1_ft + > m) (172ft1—ft +0.8(12ft) 1 ft) (E m) ( 3 )

W =140,476 Ibs
Therefore,

Cy = exp [7.0374 + 0.018255(In(140,476)) + 0.02297((In(140,476))?]
C,=$249,734

Cost of Platforms & Ladders (Seider 528):
CPL — 237.1(Di)0‘63616(L)O‘80161
CPL — 2371(11)0.63616(162)0.80161

Cp=$ 70,835
Cost of Trays (Seider 532):
The costs of the trays are determined by the following equation:

Cr = NpFyrFrrFryCpr
Where:
Cgr = 369 exp (0.1739D;)
Cer=$2,973
Nt=79
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Fnr= 1 (for > 20 trays)

Frr=1 (for Sieve Trays. Industrial Consultant Mr. Bruce Vrana recommends Baffle Trays for the
distillation tower, but indicated that this pricing correlation would be conservative, as Baffle Trays are
mechanically simpler than Sieve Trays)

Fry =1 (Carbon Steel)

Cr = 74(1)(1)(2.197)($2973) = $234,930

Cr=%$234,930
Cp = total cost of column

o=

Fu=Function of Materials
Fu= 1 for Carbon Steel
Cp(2009) = $ 798,000

566

@) (FuCy + Cp, + Cr)

Distillation Column D-1 Absorber AB-1
Theoretical Stages 32 7
Efficiency 0.4 0.4
Actual Stages 80 175
Stages used 80 18
Diameter (Aspen) 12 5.46
Diameter Used (ft) 12 55
Length (ft) 172 50
Shell Thickness (in) 0.5 0.3125
Weight (Ib) 140,476 12,069
Cost of Vessel $249,734 $48,148
Cost of Platforms & Ladders $70,835 $16,055
Base Cost of Trays $2,973 $960
Frw 1 !
Cr $234,930 $17,285
Ces (2009, for Guthrie) $798,000 $117,100
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Dryer:

Assuming no more than 25Wt% water in the crystals, the dryer needs to vaporize, at most, 114.7 kg/hr
of water, requiring a heat duty of 273,651 BTU/hr. Because of the low temperature needed, 212 °F, we
selected an indirect-heat steam-tube rotary dryer, heated by steam at 298 °F. As per Philip A.
Schweitzer, dryers are quite complex and unpredictable, however the best general modeling of a dryer
is as a heat exchanger. So, to calculate the area of the dryer we used the standard heat exchanger
formula:
Q
UAT,y

AT =86 °F

U = 700 BTU/(°F-ft>-hr) (Seider Table 13.5 for water/steam heat exchanger)

A= (273,651 Btu/hr)/[(86 °F)*(700 BTU/(°F-ft>-hr))]

A= 451t

Assume 45 ft? just to be extra safe given the number of unknowns

A= 45 ft?

The purchase cost is found using the formula for indirect-heat steam-tube rotary dryer (Seider 553),
where A is area in ft°.

566
— 0.32
Cp ( 9 4) 3500(4)
C» (2009) = $22,200
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Electro-dialysis:

According to Perry’s Chemical Engineering Handbook, the price of an electro dialysis plant with a flow
rate of 2000 m*/day has a cost of $665,000 in 1993, and that this price is scalable at a 0.7 power.
According to the plant cited, the equipment price was $1,210,000 while installation was $600,000,
yielding a Bare Module factor of 1.5. Flow rate for electro-dialysis is based on the volume of clean water
produced in m*/day.

Cep=(4,333 m*/2000 m3) ©7) *$665,000

Cep=$1,142,500

Adjusted by the CE index:

Cep (2009) =Cgp (1993)/CE (1993)*CE (2009) = $1,142,500/359*566
Cep (2009)=$1,801,000

Cem (2009) = $1,801,000 * 1.5 = $2,700,000

Daily Incremental Cost:

Perry’s cites typical operating costs of electro dialysis as $133 per 1000 m® in 1993 dollars
Operating Cost = ($133/1000 m®)*(4,333 m*/day)*(330 days/year)

Operating Cost = $190,200/year
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External Heat Losses from FERM1-12

Since the majority of the plant equipment will be outdoors, additional calculations need to be done to
estimate the heat required to replace any heat lost to the atmosphere by the fermentation tanks.

The average temperature of the Gulf Coast was approximated to be the average temperature of
Louisiana which is 58 °F .The air velocity was also estimated to be that of Louisiana and that was
reported to be 10 MPH.

The heat loss from one of the 2,000,000 L fermenters was approximated to be that of a cylinder in cross
flow. The Reynolds number was calculated using tabulated values for air at the reported temperatures
and velocities using

_pVD

u

Re,

Where p- density of the fluid (kg/m®)
D - diameter of the cylinder (m)

V- average velocity of the fluid (m/s)
p- viscosity of the fluid (Pa-s)

The heat transfer coefficients may be determined by correlations obtained from dimensional analysis
(Incropera & Dewitt).

colut
]

0.62Rel/2py1/3 Re
+ ; 1+( )
—) 28200

()

Where h-heat transfer coefficient (SI units: W/(mK))
d-Diameter of the cylinder (m)
Pr-Prandtl number
k- thermal conductivity, (SI units : W/(m-K) )
With the heat transfer coefficient calculated the heat dissipation can be calculated from Newton’s Law
of cooling. That is
Q: h AS(TS'Tinf)
Where A, - Surface Area of Cylinder(rtDL )(in m?)
Tinr—Temperature of Air

Air
Temp (K) | Film Density | px10"(N/m°) | kx 10° Pr

Temp(K) (kg/m”3) (W/m-K)

287.4 298.7 1.1614 184.6 26.3 | 0.707

Diameter Length Re Nu h Q(kw) Q(BTU/hr)
Ferm 1 10.820 21.671 | 3043875.897 3272.024 | 7.953 58.588 55.529
Seed 6 3.781 7.563 | 1063748.065 1297.874 | 9.027 8.110 7.687
Seed 7 7.450 14.900 | 2095737.894 2339.798 | 8.260 28.805 27.301
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Fermenter Tanks:

Determination of required Volumes

Total Ethanol produced per year = 50 MM gallons (denatured with gasoline)
Operation for 330 days/yr

50 MM gallons/yr = 23,897 L/hr (denatured with gasoline)

Denatured ethanol is 2-5% gasoline by volume.

Pure ethanol produced per year = 22,703 L/hr to 23,420 L/hr

Cycle Time = 297 hr/cycle (for 3 full fermentation periods) (see below)

100 g Ethanol/ L of reaction (end ethanol titer specified by problem statement)

( 22900 L ) (297 hr ) (0 79 g Ethanol) 1cm3 (1 Lof reacti0n>
) hr CyCle ' Cm3 0.001 L 100 g Ethanol

L of reaction
= 53,495,640 ————
cycle

One cycle is 3 fermentation periods (see below)
Maximum volume for fermentation tank = 2,000,000 L (Shuler & Kargi), with suggested working volume
from 70% (Shuler & Kargi) to 83% (Kwiatkowski). 1,500,000 L is 75% working volume.

L of reaction 1 cycle 1
53,495,640 ( ) (

1,500,000 L) ~ 12 tanks

cycle 3reaction periods

Twelve (12) 2,000,000 L tanks at a working volume of about 75% are required for operation at the

current schedule posted below.

Cycle based on largest fermenters (bottleneck): time (hr)
Charge with biomass from Seed 7A/B =27 (stagger time)
Charge with glycerol feed from T-106 =5
Ferment/React =60
Drain to T-107 (95%) =5
Charge with glycerol feed =5
Ferment/React =60
Drain to T-107 (95%) =5
Charge with glycerol feed =5
Ferment/React =60
Drain to T-107 (100%) =5
Clean-in-Place =60
Total =297 hours

Initial stagger time S (27 hours) determined using:

S+4(60 hr) +3(5 hr) + 3(5 hr) = 11 S

(For 12 tanks, need 11 staggered start times after first for fully staggered configuration)
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One cycle consists of three fermentation/ reaction periods or batches, as seen above. All flow rate
values in the batch material balance blocks refer to the flow requirements for one batch within each
three-batch cycle.

The problem statement gives 1.6 g Ethanol formed per L reaction volume per hour, with an end
concentration of 100 g Ethanol / L. The 60 hour fermentation time was determined by dimensional
analysis: (100 g/L)/(1.6 g/L-hr) = 62.5 hours. However, a small portion of ethanol is fed to each reactor
during the seed fermentation seed (5%, or 1/20), and 62.5 * 0.95 = 60 hours. The exception to this is the
first stage seed fermenter 1A/B, which is fed only biomass (containing no ethanol) and therefore
requires 62.5 hours to reach the required ethanol titer.

Glycerol added beyond what could stoichimetrically react to form 100 g ethanol /L would not be
consumed, because at higher ethanol concentrations, E. Coli are killed. Accordingly, the design problem
statement required that a stoichiometric amount of glycerol be added to form 100 g Ethanol / L of
solution. Some of the ethanol produced is vaporized and leaves in the vapor exit streams. The quantity
of water and ethanol leaving as vapor are determined using Aspen in a Flash calculation at 37 °C.
Approximately 4.9% by mass of the ethanol produced is vaporized, and 0.49 % by mass of the water
contents is vaporized, using NRTL property estimations. These figures are calculated using the final
contents of the reactions, so they represent a worst case scenario of ethanol and water removed from
the liquid phase (as less ethanol exists in solution for the majority of the reaction time). Accordingly,
dilute glycerol feed was added to stoichiometrically react to form the 100 g Ethanol / L of solution as if
none were to evaporate, since the evaporation quantity was an estimate. The liquid exit streams, as a
result of the evaporation calculations, appear to have ~95 g Ethanol/ L.

The process begins with 1 mL of biomass/ E. coli cells, specified in the design problem statement,
referred to as the inoculum from the laboratory. The problem states that each successive reactor can be
20 times as large as the previous reactor, so the first stage of fermentation (Seed Ferm. 1A/1B) has a
working volume of about 20 mL. (19.1 mL of glycerol feedstock is added to the 1 mL inoculum, but the
volume at the end of the 62.5 hour period is ~ 19.4 mL). Seed Ferm 1A is charged with a 1 mL inoculum
sample, as is Seed Ferm 1B. Each starts a separate seed fermentation train (Train A and Train B). The
reaction occurs, and as per the problem statement, 98% of the glycerol reacts to form ethanol, while 1%
reacts to form succinic acid and 1% reacts to form biomass. The reactions were entered into SuperPro
designer for the mass balance information, with 98% glycerol conversion for the ethanol reaction. This
reaction was first in series with the two parallel reactions of 50% conversion of the remaining glycerol to
succinic acid and 50% conversion of the glycerol to biomass.

Glycerol & CO, + H, + Ethanol
CO, + Glycerol & Succinic Acid + H,0
Glycerol & 3.0075(Biomass) + H,0

(Biomass has a molecular weight of 24.63 g/mol)

The contents of Seed Fermenter 1A is then transferred to Seed Fermeter 2A. Seed Fermenters 2A/B
have working volumes of approximately (20 mL *20) = 400 mL. The appropriate stoichiometric quantity
of glycerol was determined using SuperPro designer for all stages. After the next 60 hours of reaction,
the contents of Seed Ferm 2A/B are transferred to Seed Ferm 3A/B, with a working volume of about
(400 L)*20 = 8 L. Following this trend, seed Fermenters 4A/B have working volumes of about (8 L *20) =
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160 L, seed Fermenters 5A/B have working volumes of about (160 L *20) = 3200 L, and seed Fermenters
6A/B have working volumes of about (3,200 L *20) = 64,000 L.

The precise working volume of the final large scale fermenter is 1,577,642 L upon charging, and
1,525,404 L at the end of the reaction. The portion of seed volume required to charge these large scale
fermentation tanks (1/20) of this volume, is therefore between 76,270 and 78,882 L. A value of 77,090 L
was chosen to represent the required charging volume per tank, and 12 seed portions of this size were
required, six for each fermentation train. Accordingly, 77,090 x 6 = 460,000 L was chosen as the
approximate working volume of seed fermenters 7A/B, even though this volume only represents a
multiplication factor of about 7 from the scaling up to 7A/B from 6A/B. (The initial working volume of
seed fermenters 7A/B is 471,800 L, and the final working volume is 457,000 L). The alternative of having
one fermentation train with Seed 7A as 77,090 L x 12 portions was not selected, as the draining from
this tank to the twelve larger tanks followed by a significant cleaning time of ~60 hours represented a
bottleneck in the process. The addition of a second seed fermentation train, with the final volume of
seed fermenter 7A/B split into six portions for charging the main fermenters, removed this bottleneck.
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Fermenter Tank Costs

Tanks Seed 1A/B, Seed 2A/B, Seed 3A/B, and Seed 4A/B are considered too small to contribute to the
overall cost estimate.

L/D Aspect Ratio for all tanks = 2:1 (Shuler & Kargi). L and D are determined by volume requirement
(formula for volume of cylinder is used).

The SuperPro Designer “Ethanol Dry Grind Process Model” (Kwiatkowski et al.) includes cost estimates
“based on equipment and operating costs and descriptions obtained from industry sources” for 304
Stainless Steel Fermentation tanks of 1.9 MM L volume (= volume of FERM1) and 650,000 L (= volume of
Seed Ferm 7A/B) volumes with 3:1 or 2:1 aspect ratios. These figures are used to estimate the costs of
units FERM1 (through FERM-12) and Seed Ferm 7A/B, as the heights and diameters of these vessels are
outside the boundaries for applying cost estimation formulas found in many resources. The value for
(FmCy) from the Kwiatkowski model for the 1.9 MM L 304 Stainless steel tank was $470,000 (CE index =
526). The value for (FyCy) for the 650,000 L 304 Stainless steel tank was $197,000 (CE index = 526). The
carbon steel value for the base cost of the vessels (for input into the Guthrie Model to determine the
installation cost) was determined by dividing the cost of the stainless tower by 1.7, the materials factor
for 304 Stainless Steel for vertical vessels.

Tanks Seed Ferm 5A/B and Seed Ferm 6A/B were estimated by methods in Seider (527-529) as vertical
pressure vessels:
Cp = Fuly + Cp

Cy = exp [7.0374 + 0.018255(In(W)) + 0.02297((In(W))?]
W = n(D; + t;)(L + 0.8D;)tsp
Cp, = 237.1(D;)063316(1)080161  (for 3 < D < 24 ft,27 < L < 170 ft, typically towers)
Cp, = 285.1(D;)073960(L)070684  (for 3 < D < 21 ft,12 < L < 40 ft, typically vessels)
Where W is weight of the vessel in Ib, D; is the diameter of the vessel, and L is the height or length of the
vessel. p was taken as 0.284 Ib/in® for steel, and t; was found using the table for minimum wall thickness

at the top of page 530 (Seider). Fyy was taken as 1, as the Guthire Model requires costs of vessels made
of carbon steel.

Ferm 1 (-- Ferm 12) Seed Ferm 7A/B Seed Ferm 6A/B Seed Ferm 5A/B

Diameter Used (ft) 35.55 24.44 12.41 4.66
Length (ft) 71.10 48.88 24.81 9.32
Shell Thickness (in) 0.25 0.25
Weight (Ib) 13,865.04 1,960.18
Cost of Vessel $470,000.00 $197,000.00 $52,453.33 $17,006.02
CpL $69,397.61 $40,541.47 $17,768.47 $4,308.41
Cost of Tower (Stainless $539,397.61 $237,541.47

Steel)

Cr (2009, for Guthrie) $341,500 $150,400 $100,900 $30,700
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Furnace:
Heat duty requirement for reboiler (from Aspen)
Q =76,910,000 BTU/hr
Supplied with hydrogen from fermentation process

Modeled as Fired heater (Seider 526) with Fy, = 1 for Carbon Steel, Fp = 1 for atmospheric pressure

_ (566
o = (33) FinC

Cs = exp [0.08505 + 0.766(In(Q))]

Q 76,910,000
Cs $1,195,638
Fu 1
Crs (2009, for Guthrie) | $1,717,600
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Glycerol Purification System:

Although the glycerol purification system is a combination of reverse osmosis, electro/pressure
membrane separation, and electro-dialysis, and is a licensed unit available for purchase from EET
Corporation, a price is estimated for the system first as reverse osmosis and then as electro-dialysis. A
price quote from the company was unavailable.

As Reverse Osmosis:

Stream S-FP-104 is the “purified stream” with flow rate = 32,356 L/hr = 205,142 gal/day
Approximated as Brackish Water purification (Seider 554):

CBM = Zl*Q

With Q in gal/day.

Cem = $ 430,800

As Electro-dialysis (using equations above):
Stream S-FP-104

Q = 205,142 gal/day = 776 m*/day

Cep= $ 178,300

Cep (2009)=$281,100

Cem (2009)=$421,700

The larger of the costs, that for Reverse Osmaosis, was chosen as a starting value for the glycerol

purification system installation cost. However, these correlations are provided for purifying water, not a
glycerol/water solution.
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Heat Exchangers

HX-1 (Feed Sterilization Pre-Heater) (Floating Head Shell/Tube Heat Exchanger)
Mass flow rate of Glycerol, Water, Corn Steep Liquor
=191,924 kg/hr (S-FP-114)

5 psi pressure drop across both sides of Heat Exchanger. Feed enters at 45 psia to avoid vaporization of
feed. Modeled in Aspen as Glycerol/Water Mixture (CSL mass assumed to be water mass).

Hot Sterile Feed (S-FP-109) cooled from:
121 °C to 37 °C (or 250 °F to 98.6 °F)

Heat from Hot Sterile Feed preheats Cold Unsterile Feed (S-FP-114) from
25°Cto 111 °C (or 77 °F to 231.86 °F)

Exchanger Duty Q calculated from Aspen
=59,665,811 BTU/hr.

Upon plant start up, the duty will be provided using 50 psig steam because the hot sterile feed will not
yet be available. 2470 kg of 50 psig steam (298 °F) will be condensed over a period of five minutes to
provide this duty. The sterilized feed will then wait until a valve allows the steam utility to be turned off
and the hot sterile feed will then begin to pre-heat the cold unsterile feed as described above. The
exchanger area requirement for the start-up will be less, as the value for the heat transfer coefficient for
the steam/feed configuration is greater than for the feed/feed configuration.

Steam AH,,, = 2013.164 Btu/ kg (at 298 °F, Perry’s Chemical Engineering Handbook).
Q =m*AHy4p
Q/AH,qp = 29,637.84 kg /hr steam flow rate
29,637.84 kg/hr * 5 min * (60 min/1 hr)
= 2470 kg of steam for start up.

HX-2 (Sterilizer) (Double Pipe Heat Exchanger)
Mass flow rate of Glycerol, Water, Corn Steep Liquor
=191,924 kg/hr (S-FP-108)

5 psi pressure drop across both sides of Heat Exchanger. Feed enters at 40 psia to avoid vaporization of
feed stream. Model in Aspen as Glycerol/Water Mixture (CSL mass assumed to be water mass).

150 psig steam (367 °F) with mass flow rate 4045 kg/hr (S-FP-110) is condensed.
Pre-heated Feed (S-FP-108) is heated further by steam from
111 °C to 121 °C (or from 231.86 °F to 250 °F).

This is sterilization temperature (for all organisms, spores).

Exchanger Duty Q calculated from Aspen
= 7,738,512 BTU/hr.
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HX-3 (Post-Fermentation Sterilizer) (Floating Head Shell/Tube Exchanger)
Mass flow rate of Fermentation Broth
= 172,397 kg/hr (S-140)

Broth (S-S-109) is heated from
37°Ct092.2 °C (or from 98.6 °F to 198 °F).
(past 62.2 °C deactivation temperature for E. Coli)

21 psi Water (S-S-135) leaving ED-1 (Electrodialysis) is cooled from
109 °C to 43.3 °C (or from 228 °F to 110.4 °F)

Exchanger Duty Q calculated from Aspen
=48,041,600 BTU/hr

HX-4 (Partial Condenser for Tower D-1) (Floating Head Shell/Tube Heat Exchanger)
Mass flow rate of Vapor stream (S-S-130) leaving Tower

=189,673 kg/hr

at82°C (179.5 °F)

Vapor is partially condensed to liquid using
1,087,869 kg/hr cooling water (S-S-106)
heated from 32.2 °C to 48.9 °C (90 °F to 120 °F)

Exchanger Duty Q calculated from Aspen
=68,130,000 BTU/hr

HX-5 (Ethanol Cooler) (Floating Head Shell/Tube Exchanger)
Mass flow rate of ethanol stream (S-S-122) = 19,594.03 kg/hr.

Ethanol is cooled from its boiling point (exit temperature of liquid ethanol from MS-1)
78.4°Cto 50 °C (173 °F to 122 °F)

Cooling water is warmed from

32.2°Ct048.9 °C (90 °F to 120 °F)

At a flow rate of 23,766.11 kg/hr (S-S-136)
Exchanger Duty Q calculated from Aspen

=1,488,726.2 BTU/hr

HX-Ferm (Exchanger to Maintain T = 98.6 °F in Fermenter tanks) (Double Pipe Heat Exchanger)

As suggested by the heats of formation calculation, one heat exchanger is provided to cool the contents
of each 2,000,000 L fermentation tank. The fluid is circulated over a period of 60 hours (one
fermentation period) through a heat exchanger, and the heat duty corresponds to the amount of heat
required to cool the contents of one reactor from 109 °F to 98.6 °F (42.72 °C to 37 °C)
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Cooling water at a mass flow rate of 22,063 kg/hr (calculated by Aspen) enters at 87.6 °F (30.9 °C) and
leaves at 99 °F (37.2 °C) (to maintain a minimum temperature approach of 10 °F). In summer months,
when cooling water may not be available at 87.6 °F, cooling water and chilled water may be combined.

Heat Duty Q calculated by Aspen
=518,297 BTU/hr.

Assuming cooling water is available at 90°F, it makes up 95% of the heat duty, at a flow rate of 21,003
kg/hr per heat exchanger. The remaining 5% of the heat duty is made up using chilled water (40 °F).

HX-6 (Supplement to Furnace for D-1 Tower Partial Reboiler, Kettle Vaporizer Reboiler)
Mass flow rate of mixed stream (S-S-114) entering HX-6 = 217,948 kg/hr

The reboiler duty is calculated by subtracting the heat duty given by burning the fermentation-produced
hydrogen in the furnace (Qgum = 76,910,000 BTU/hr ) from the total tower reboiler heat duty
requirement as determine by Aspen (Qower = 110,690,000 BTU/hr).

HX-6 heat exchanger duty Q
= 33,780,000 BTU/hr

This duty is provided by condensing 50 psig steam (298 °F)
AH,p = 2013.16 BTU/Kkg (steam at 298 °F, Perry’s Chemical Engineering Handbook)
Q =m*AHyqp
Q/AH,4p = 16,780 kg /hr steam flow rate

Costs for Heat Exchangers
Heat Exchangers HX -1, HX-3, HX-4, and HX-5 are modeled as Floating Head Shell and Tube Heat
Exchangers (Seider 523).

C, =

566
=

@> EyFyFLCg

Fy =1 (for Carbon Steel — Carbon Steel)

Cs = exp [11.667 — 0.8709(In(4)) + 0.09005(In(A4))?]

Q
UAT,y

A'is exchanger area in ft>. The values for U, the heat transfer coefficient estimates in Btu/( ft hr °F),
were obtained from Table 13.5 (Seider 431).

F, =1 (for pressures < 100 psi)

F. =1 (for tube length = 20 ft).
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Heat Exchangers HX-1 HX-2 HX-3 HX-4 HX-5

Q (BTU/hr) 59,665,811 7,738,512 | 48,041,600 | 68,130,000 | 1,488,726
U (BTU/(hr-ft*-°F) 250 200 250 200 150
AT (°F) 19.82 120 19.22 73.48 41.66
A (ft%) 12,042 321 9,997 4,636 239
Cs $92,061 $ 15,348 $79,269 $45,808 $14,734
Fum 1 1 1 1 1
Crg (2009, for Guthrie) $ 132,300 $22,100 $ 113,900 $ 65,900 $21,200

Heat Exchanger HX-Ferm is modeled as a Double Pipe Heat Exchanger (Seider 524) due to smaller
exchanger area requirements. It is modeled as carbon steel shell side / carbon steel tube side for

placement into the Guthrie method. This gives Fy = 1. For pressures less than 600 psig, F= 1. The value

for U is given in Table 13.5 (Seider 431).

Cs = exp [7.1248 + 0.16(In(4))]

__0
UAT,y,

Heat Exchangers HX-FERM

Q (BTU/hr) 518,297
U (BTU/(hr-ft*-°F) 250.00
AT,y (°F) 10.49
A (ft) 197.635
Cs $2,894
Fum 1
Crg (2009, for Guthrie) $4,200

Heat Exchanger HX-6 is modeled as a Kettle Vaporizer type Heat Exchanger (Seider 523) due to its

functionality as the supplement to the partial reboiler for the distillation column D-1. The value for U,
the heat transfer coefficient estimates in Btu/( ft* hr °F ), was obtained from Table 13.5 (Seider 431).

C, =

566
=

@) E,FyF,Cg

Fy =1 (for Carbon Steel — Carbon Steel)

Cs = exp [11.967 — 0.8709(In(4)) + 0.09005(In(4))?]
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F, =1 (for pressures < 100 psi)
F. =1 (for tube length = 20 ft).

LeGendre, Logan, Mendel, Seedial

Heat Exchanger HX-6

Q (BTU/hr) 33,780,000
U (BTU/(hr-ft*-°F) 200
ATy (°F) 70
A (ft) 689
Cs $41,931
Fum 1
Cr (2009, for Guthrie) $60,300
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Heat of Reaction Calculation for determining Temperature Change in Reactors

Glycerol Heat of Formation =-655.9 ki/mol
Ethanol Heat of Formation =-277.63 ki/mol
Carbon Dioxide Heat of Formation =-393.5 kJ/mol
Hydrogen Heat of Formation =0 kJ/mol

Primary Reaction
Glycerol & Ethanol + CO, + H,

AHy, = -5.23 ki/mol of Ethanol formed (exothermic reaction)
Ethanol formation rate in largest reactor: 3,181.96 kmol over 60 hours = 53,032.79 mol/hr
=-277,361 ki/hr

Q=CpmT

Q=-277,361 ki/hr

Cp = 38.08 ki/kmol-K (mostly water in solution)

m =76129.39 kmol in reactor (water, ethanol, glycerol) (S-132)

T =-0.095 K/hr (Temperature rise)

Over 60 hours, corresponds to adiabatic temperature rise of 5.74K =
Change from 37 °C to 42.74 °C (or from 98.6 °F to 109 °F)

(This temperature rise is used to determine the heat duty for HX-FERM)
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Molecular Sieves:

According to the problem statement, a packaged unit for drying ethanol with molecular sieves costs $2.5
million for a 34,000 Ib/hr pure ethanol basis, with a scaling exponent of 0.6. Our flow rate of ethanol is
39,761.59 Ib/hr so:

39,761.59\%¢
p = (W) ($2,500,000)

Cp=%$2,746,200
Incremental costs suggested by the problem statement are below:
Incremental Electricity = (.002 kWhr/Ib)*($.060/kWhr)*(39761.59 Ib/hr)

Incremental Electricity = $4.77139/hr

Incremental Steam =(.041b/1b)*($3.00/1000Ib)*( 39761.59 Ib/hr)

Incremental Steam =$4.77139/hr

Incremental Cooling Water = (3 gal/Ib)*($.075/1000 gal)*( 39761.59 Ib/hr)

Incremental Cooling Water = $8.94636/hr
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Pumps

Modeled as Centrifugal Pumps (Seider 506-514)
Cp=(566/394)*(C pump *+ C motor)
$=Q (H)O'S
Where S = Size Factor
Q =flow rate through the pump (GPM)
H = Pump head (ft)
Pump head calculated from
H=pressure rise/liquid density
Where AP= (p *g/g.* h)+ 172,500 Pa (corresponds to 25 psi drop across piping)
For pumps with unknown ending fluid heights a pressure change corresponding to 50 psi was used. The
pressure rise of the fluid entering the sterilizer heat exchanger network is 45 psi. All other pumps were
put in place to continue fluid flow opposing frictional pipe wall forces rather than increasing fluid
pressure for processing.

Pump Cost, Coump
Cpump =Fr FmCs
Fu =1 for carbon steel
Fr=1 for 50-900 gpm, 50-400 ft Pump Head
Or Fy =2 for 250-5000 gpm , 50-500 ft Pump Head
Ce= exp{ 9.2951-0.06019*In(S) + 0.0519*In(S)*}

Motor Cost, Ciotor
Crnotor = FrCg
Fr = 1.8, for explosion —proof enclosure 3600 rpm, 1-250 Hp
Cs = exp{ 5.4866 + 0.13141*In(P,) + 0.053255*In(P.)* + 0.028628*In(P.)* -0.0035549* In(P.)"}
P, Power Consumption(Hp)=(QH p)/(33,000n,nwm)
N, Fractional efficiency of pump=-0.316+0.24015*(InQ)-0.01199*(In Q)?
nm,, Fractional Efficiency of motor=0.8+0.0319*InPg -0.00182*In (PB)2
Ps=(QH p)/(3300* n)
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Pumps for Feed Preparation Section

Pump P-FP-01 P-FP-02 P-FP-03 P-FP-04 P-FP-05 P-FP-06
Flow rate(L/hr) 35,169.79 | 151,104.80 927.42 | 32,356.21 | 4,832.32 | 185,192.86
density of stream(kg/L) 1.23 1.00 1.00 1.23 1.36 1.04
Height of column entering(m) 2.06 2.06 2.06 2.74 6.51
density of stream(kg/m°) 1233.16 1000.00 1000.00 1233.16 1359.00 1036.39
Pressure(Pa) (not incl. 25 psi drop) 0.00 20201.73 | 20201.73 | 24912.03 | 36491.78 66221.38
Head (Pa) 28.55 37.23 19.64 16.32 15.68 40.45
Head (ft) 93.64 122.11 64.43 53.53 51.42 132.66
Flow rate( gallons per min) 154.85 665.31 4.08 142.46 21.28 815.40
S=Q(H"0.5) 1498.45 7351.84 32.78 1042.28 152.57 9391.84
Cp PUMP (carbon steel, CE =394) $2,140.70 | $3,133.98 | $2,506.60 | $2,035.90 | $1,960.30 | $3,401.86
Q (gpm) 154.85 665.31 4.08 142.46 21.28 815.40
nP 0.59 0.74 0.60 0.58 0.31 0.76
density of stream (Ib/gal) 10.29 8.35 8.35 10.29 11.34 8.65
PB (Hp) 7.66 27.82 0.11 4.10 1.23 37.55
nB 0.82 0.83 0.76 0.82 0.80 0.83
PC (Hp) 9.34 33.68 0.15 5.02 1.53 45.43
Cb motor $531.95 | $1,493.51 $177.28 $377.58 $258.31 | $1,999.77
Cp motor (CE = 394) $957.51 | $2,688.32 $319.11 $679.65 $464.96 | $3,599.59
Cp total (motor + pump) (2009, $4,500 $8,400 $4,100 $3,900 $3,500 $10,100
For Guthrie)
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Pumps for Plant Seed Fermentation Train

Pump P-101 P-102 P-103 P-104 P-105 P-106 P-107

Flow rate(L/hr) 2600.02 | 51950.00 | 62325.00 | 96683.00 | 2628.57 | 53349.40 | 63293.21
density of stream(kg/L) 1.03 1.04 1.04 1.04 0.96 0.96 0.96
Height of column entering(m) 1.01 2.84 7.56 14.90 2.84 7.56 14.90
density of stream(kg/m~3) 1031.56 | 1036.39 1036.39 1036.39 964.53 963.45 964.52
Pressure(Pa) (not incl. 25 psi drop) | 10182.64 | 28879.87 | 76911.28 | 151526.37 | 26877.22 | 71497.87 | 141018.61
Head=Total P /(density(m)*g) 18.05 19.81 24.53 31.87 21.07 25.82 33.13
Head(ft) 59.21 64.97 80.46 104.53 69.11 84.68 108.68
Flow rate( gallons per min) 11.45 228.74 274.42 425.70 11.57 234.90 278.68
S=Q(H"0.5) 88.09 | 1843.67 2461.55 4352.40 96.22 | 2161.52 2905.25
Cp PUMP (CE=394, carbon steel) $2080.71 | $2216.51 | $2344.10 | $2684.95 | $2056.53 | $2283.39 | $2430.02
Q (gpm) 11.45 | 228.74 274.42 425.70 1157 | 234.90 278.68
nP 0.20 0.63 0.65 0.70 0.20 0.64 0.66
density of stream (Ib/gal) 8.61 8.65 8.65 8.65 8.05 8.04 8.05
PB (Hp) 0.89 6.14 8.84 16.70 0.97 7.60 11.26
nB 0.80 0.82 0.82 0.82 0.80 0.82 0.82
PC (Hp) 1.12 7.49 10.76 20.25 1.22 9.26 13.68
Cb motor $245.16 | $465.16 $584.22 $945.74 | $248.37 | $529.16 $692.98
Cp motor (CE = 394) $441.29 | $837.29 | $1,051.60 | $1,702.34 | $447.07 | $952.49 | $1,247.36
Cpp total (motor + pump) (2009) $3,700 $4,400 $4,900 $6,400 $3,600 $4,700 $5,300
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Pumps for Main Fermentation Section

Pump P-FA P-FB P-FC P-FD P-FE

Flow rate(L/hr) 300,300.00 2,820.06 1,525,403.90 | 178,734.19 25,423.40
density of stream(kg/L) 1.04 0.96 0.96 0.96 0.96
Height of column entering(m) 21.68 21.68 7.81 21.68
density of stream(kg/m°) 1,036.39 964.62 964.55 964.55 964.55
Pressure(Pa) (not incl. 25 psi drop) 220,390.93 205,127.74 73,899.70 172,500.00 205112.2995
Head (Pa) 38.64 39.91 26.04 36.46 18.23045187
Head(ft) 126.75 130.89 85.41 119.59 59.79588214
Flow rate (gpm) 1,322.22 12.42 1,343.27 786.97 111.94
S=Q(H"0.5) 14,886.07 142.06 12,414.37 8,606.11 865.601352
Cp PUMP (CE = 394, carbon steel) $8,074.50 $1,972.05 $7,527.03 $3,301.40 $3,989.62
Q (gpm) 1,322.22 12.42 1,343.27 786.97 111.94
nP 0.79 0.21 0.79 0.75 0.55
density of stream (Ib/gal) 8.65 8.05 8.05 8.05 8.05
PB (Hp) 55.56 1.86 35.35 30.52 3.58
nB 0.83 0.81 0.83 0.83 0.81
PC (Hp) 67.22 2.31 42.77 36.94 4.39
Cb motor $2,984.15 $283.85 $1,883.37 $1,631.59 $329.71
Cp motor (CE = 394) $5,371.47 $510.93 $3,390.07 $2,936.87 $593.49
Cp total (motor + pump) (2009 $19,400 $3,600 $15,700 $9,000 $6,600

For Guthrie)
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Pumps for Separation Section
Pump P-S-101 P-S-102 P-S-104 P-S-105 P-S-106 P-$-107 P-S-108
Flow rate(L/hr) 174,995.04 180,599 | 42,441.20 29,396.57 | 205,879.00 | 223,070.46 27,022.50
density of stream(kg/L) 0.98 1.00 112 0.96 0.80 1.00 1.00
Height of column 49.37 49.37 49.38 15.25
entering(m)
density of stream(kg/m’°) 979 1005 1,118 958 803 1,004 1000
Pressure(Pa) 474,503 464,435 388,922 149602
(notincl. 25 psi drop)
Head (Pa) 67.33 35.01 31.05 67.78 71.35 35.02 32.87
Head(ft) 220.83 114.85 103.22 222.34 234.03 114.88 107.81
Flow rate(gpm) 770.50 795.00 178.88 129.43 906.49 1,02465 118.98
S=Q(H"0.5) 11,450.12 8,519.70 1,819.64 1,929.98 13,867.49 3,596.49 1,235.36
Cp PUMP (CE =394) $3,651.88 $3,290.16 | $2,211.35 $2,234.96 $3,926.21 $7,192.98 $2,080.77
Carbon Steel
Q (gpm) 770.50 795.00 178.88 129.43 906.49 1,024.65 118.98
nP 0.75 0.75 0.61 0.57 0.70 0.77 0.56
density of stream (Ib/gal) 8.17 8.39 9.31 8.00 6.70 8.38 8.35
PB (Hp) 56.16 30.83 8.60 12.28 56.43 38.69 5.81
nB 0.83 0.83 0.82 0.82 0.83 0.83 0.82
PC (Hp) 67.95 37.31 10.47 14.91 68.28 46.81 7.10
Ch motor $3,018.12 $1,647.57 $573.60 $739.38 $3,033.11 $2,060.47 $451.25
Cp motor (CE = 394) $5,432.61 $2,965.63 | $1,032.48 $1,330.88 $5,459.60 $3,708.85 $812.24
Cp total (motor + pump) $13,100 $9,000 $4,700 $5,200 $13,500 $15,700 $7,200
(2009, for Guthrie)
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Reflux Accumulator:

Reflux accumulators should be designed with mean residence times of 5 min at half full (Seider) so:
Volumetric flow rate =165,300 L/hr

Volume of Reflux Accumulator= (165,300 L/hr)*(1 hr/60 min)*(5 min)*(2)*( 0.0353146667 ft*/L)

V=606 ft*
Furthermore, it is typical to design reflux accumulators as horizontal vessels with an aspect ratio of 2, so:

D—ZL, (0] L— D/2.
=

D=11.6ft
L =5.8ft
t,=0.5in

The weight follows the vessel costing of the distillation column (see section for D-1)
W =2,596 Ibs

Cost for Horizontal vessel (Seider 527), Fy = 1 for Carbon Steel
Cy = exp [8.717 — 0.2330 In(W) + 0.04333(In(W))]

Cpy, = 1580(D;)° 202

566
Cp = (@) [FuCy + Cp.]

Cre (2009) = $47,000
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Rotary Drum Vacuum Filter:

Mass flow rate of solids in (S-S-109) =296 kg/hr biomass + (0.5)(927.39 kg/hr CSL)
(CSL is 50% solids)
=0.082244 kg/s biomass + 0.1288 kg/s CSL solids
=0.21105 kg/s (mass flow rate solids only)
Total mass flow rate =47.88 kg/s (total solution)
(0.44 wt % solids)

Area of Rotary Drum Vacuum Filter (Ulrich 222 Table 4-23) based on mass flow rate of solids in kg/s:

m
Am*) = 5oz

A=10.55m’ =113.58 ft’
Power consumption range based on area (Ulrich):
P (kW) = A°75 to 24°75

P=5.85kW to 11.71 kW.
Average =8.78 kW = 11.777 HP

Cost of Rotary Drum Vacuum Filter (Seader 555) based on A, the filtration area in ft*,

566
Cp = (@) exp [11.432 — 0.1905 In(4) + 0.0554(In(4))?]

C»(2009) = $ 184,400

Cake leaving is typically 70% solids. 90% of solids from stream are removed. (Ulrich) These assumptions
used to determine the mass flow rates of the cake and filtrate leaving the filter.

Diatomaceous Earth Filter Pre-coat Considerations (Schweitzer 4-13, 4-48):
Recommendation of Filter Pre-coat material Diatomaceous Earth (DE)
Pre-coat lasts 2-4 days = 72 hours average

Plant operational for 330 days/yr* 24 hours/ day = 7920 hr/yr

Pre-coat thickness = 3 — 5 inches = 4 inches average

DE requirement = 2 Ib/ ft*in

Costof DE=$0.15/1b

wDE_<2w

1 ><7920 hr
yro

)(4 in)(113.6 ft2) (7 —

) = 99,968 Ib/yr

ftZin lyr

99,968 Ib DE/yr * $0.15 /Ib = $15,000 / yr for Diatomaceous Earth pre-coat.
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Screw Conveyor:

After drying, the stream of succinic acid crystals (463.39 kg/hr) must be transported into the holding
tank at a height of 12 feet at a 30 degree angle, yielding a 24 foot long conveyor. Cost equation:
(Seider 554)

566
Cp = (ﬁ) $55.6(D)(L)°5°

Where D isininches and L is in feet.
The smallest Diameter system is 6 inches, which can handle up to 75 ft3/hr, is sufficient for this.

Cr(2009) = $ 12,500.60
For the drive and power requirements (Seider 548):

P =0.0146(m)°%> + 0.00182(m)(h)
Whereisinlb/sand hisin ft.

m = (463.39 kg/hr)*(2.2 Ib/kg)/(3600 s/hr)
=0.283183 Ib/s
P=10.126085 Hp, rounded up to a 1 Hp motor (Seider 510)

Cs = exp [5.4866 + 0.1314 In(P) + 0.053255(In(P))? + 0.028628((In(P))3
— 0.0035549((In(P))*]

Cs=$241.43
Cp:FT*CB
F=1.3 (from Table 16.22 Seider for 1800 rpm totally enclosed fan cooled motors between 1 & 250Hp)
Cp=$ 313.86
Cp(2009) = $ 313.86/394*566
Cp(2009) = $ 450.88
Cps(2009) Total (Motor + conveyor) = $ 13,000
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Spray Nozzles for Clean-In-Place System

As per recommendations by industrial consultant Mr. Bruce Vrana, spray nozzles will be purchased to
supply caustic to the large fermenter tanks for the Clean-In-Place system. Mr. Vrana recommends
purchasing spray nozzles from supplier Gammajet, at $10,000 per nozzle. His recommendation is 4
nozzles per 2,000,000 L tank, for a total of 48 nozzles in the main fermentation section. Additionally, the
largest seed fermenters Seed Ferm 7A/B will use 3 nozzles per tank, for a total of 6 spray nozzles.
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Storage, Mixing, and Holding Tanks

All Storage Tanks: Height: Diameter Aspect Ratio = 1:3.
T-110 has Height: Diameter Aspect Ratio of 2:1 (Solids contained)

Crude Glycerol Storage Tank (T-101), Corn Steep Liquor Storage Tank (T-103), and Gasoline Storage Tank
(T-109) and hold a 3 -day supply of feedstock. Brine Storage Tank (T-104) has a one day supply.
Denatured Ethanol Holding Tank (T-111) holds a 3 day supply of product (Seider). Succinic Acid Holding
Tank (T-110) holds a 3 day supply of product. All tanks have a working volume of 80%.

Mixing Tank (T-105) has a residence time of 10 minutes. Mixing Tank (T-108) has a residence time of 10
minutes. Mixing tanks have a working volume of 50%.

Intermediate holding tanks between the continuous and batch processes:

T-106 volume calculation:

(Amount of feed required for initializing one batch) + (Amount of feed entering tank continuously x time
for charging fermenter with feed — Amount of feed leaving during charging) / 0.8 (for 80 % working
volume)

Or volumes from stream tables:
[(S-S-115) + (S-FP-112 x 5 — S-S-115) ]/0.8

T-107 volume calculation:
(Amount of feed from one FERM1 tank) + (Amount of feed from one FERM1 tank - Amount of feed
leaving tank continuously x amount of time for draining tank) / 0.8 (for 80 % working volume)

Or volumes from stream tables:
[(S-S-137) + (S-S-137 — S-140 x 5)]/0.8

T-101, T-106, T-107, T-108, T-109, T-111 modeled as a Floating Roof Tank (Volatiles)
T-103, T-104, T-105, T-110 modeled as Cone Roof Tank (Non-volatiles)
Floating Roof Tanks (Seider 555) with V in gallons :
Co= (566/394)*375*\/°**
Cone Roof Tanks (Seider 555) with V in gallons :

Co= (566/394)*210*V°**
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Floating Roof Storage Tanks

T-101 T-106 T-107 T-108 T-109 T-111

Volume(L) 3,165,281.51 | 1,157,455.63 3,370,526.25 7,619.58 41,145.75 | 2,057,287.39
Volume(gal) 836,178.75 305,700.91 890,205.14 2,012.88 10,869.55 543,477.73
Voiume 3,165.28 1,157.46 3,370.53 7.60 41.15 2,057.29

m
l()iar)neter 22.95 5.47 23.44 3.07 5.40 19.88
(m)
Height(m) 7.65 16.41 7.81 1.02 1.80 6.62
Cp (2009) $564,600 $338,000 $582,900 $26,800 $101,000 $453,300

Cone Roof Storage Tanks
T-103 T-104 T-105 T-110

Volume(L) 83,467.68 144,969.67 61,730.95 26,477.50
Volume(gal) 22,049.82 38,296.93 16,307.59 6994.61
Volume(m®) 83.47 144.97 61.73 26.47
Diameter(m) 6.83 8.21 6.18 19.88
Height(m) 2.28 2.74 2.06 1.04
Cp $49,600 $65,700 $42,500 $27,600

243




LeGendre, Logan, Mendel, Seedial

Appendix C.

R-101 Glycerol Purification
System Patent Application
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INTEGRATED ELECTRO-PRESSURE MEMBRANE
DEIONIZATION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Mot Applicable.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable.

BACKGROUND OF THE INVENTION

[0003] 1. Field of Invention

[0004] The invention pertains 1o a system for purification
of comaminated liquids. More particularly, this invention
pertains W a system for treatment utilizing @ plurality of
electrie-driven membranes and pressure-driven membranes
in a plurality of integrated configurations for removal of
contaminants and dejonization of liquids.

[M005] 2. Description of the Related Art

[0006] In many arcas of the world, treatment of saline
water and industrial wastewater is necessary fo obtain
adequate and protect existing supplies of drinking water. In
highly developed countres, recyeling of waste liguids gen-
erated by industry 15 required by govermnment regulations,
andfor is preferred by industry to maximize recovery of
wseful liguids, 10 reduce costs of feed Bquids, and to mini-
mize waste discharge.

[0007] Currently, & number of systems are utilized for
desalination and delonization applications, and for treating
agqueons waste streams and aqueousforganic  mixtures,
including membrane-based technologics, distllation and
evaporation. and jon exchange. Membrane-based desalting
technologies may be categonized a5 pressure-dniven reverse
osmosis (RO) and manofiltmtion (NF) and electrically-
driven elecimdialysis (ED). RO, NF, and ED have common-
ality in that these processes use semi-permeable membranes
as key elements in performing the separation, resulting in
significant energy savings compared to thermal processes
stich as distillation or evaporation, and substantial opera-
tiomal cost savings compared to ion exchange resin methods.

[0008] The pressure driven processes ultrafilisation (UF),
RO, and NF rely on a semi-permesble membrane to separate
one component of a solution from another by means of size
exclusion, preferential transport, and pressure. UF typically
rejects organics over 1.000 malecular weight (MW) while
passing ions and small organics along with water, while RO
provides separation of both jons and many small organics.
NF provides separation in the range between UF and RO.
NF membranes have a wide range of performance charac-
teristics but typically reject onganic solutes on the order of
a manometer or 10 angstroms in size as well as larger, highly
charged multivalent ions such as sulfate and phosphate. NF
will typically not efficiently retain or reject smaller species
like chloride and organic acids

[0009] UF, NF, and RO systems provide varying filtration
and separation efficiencies bul many times may lack the
ahility 10 economically produce a deionized product ligud
of sufficient quality or quantity for rense in industry, dis-
charge, or municipal use: additional trestment may also be
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required as some components of the liquid may fall comside
the eperating ranges where separations are the most eficient
and economically feasible for these membrane processes

[0010] NF and RO processes have been widely utilized for
a range of desalination and deionization applications, but
product recovery has a major impact on the economics of
pressure-driven membranes and limits process applicability.
Furihermore, pressure-based membranes have several inher-
ent technieal and economical limitations 1o achieving high
feed recoveries, the most severe of which is the asmotic
pressure of the feed solution that has to be overcome by the
applied hvdrostatic (feed) pressure, The osmotic pressure of
saline solutions such as hrackish water and seawater can be
significant. Moreover, since the osmotic pressure is deter-
mined by the salt concentration directly at the membrane
surface. it can be affected by concentration polarization,
which is the build-up of salt near the surface of the mem-
brane due 1o incomplete mixing of the surface houndary
layer fuid with the bulk solution, a phenemenon accentu-
ated by high pressure fluid passing through the membrane
material, Although concenteation polarization can be mini-
mized by design and operating parameters, it can never be
completely excluded and must be overcome by increased
applied hydrostatic (feed) pressure, paticularly as feed
recovery is increased. Overcoming high osmotic pressures
and concentration polarization resulting from higher recov-
enes requires not only substantial energy o produce the
necessary higher pressures and flow rates but also additional
investment in capital cost for additional membrane anca and
pumping capacity. It can also result in shorter useful life of
the membrane due to compaction effects and enhanced
fouling that can occur at higher pressures and recoveries as
a result of the concentration of scaling components near the
surface of the membrane, particularly for membrane ele-
ments near the end of the process line where overall water
recoveries ane higher. Enhanced fouling increases the
required frequency of membrane cleaning, increasing labor
and chemical cost, and reducing throughput. For feeds with
total dissolved solids (TDS) levels typical of scawater,
recoveries approaching and bevond 50% are seldom fea-
sible; for brackish water levels of TDIS, recoveries beyond
806 are rarely economical, resulting in substantial waste of
pretreated feed that must be retumed to the source or
alemately disposed.

[0011] Funhenmore, membrane process equipment size is
determined according to feed or concentrate fow require-
ments and decreases with increased recovery rte and lower
fewd concentration; conversely, pressure based membranes
perform optimally. producing the best product quality and
highest permeate flux rates, with low recoveries and low
concentration feeds. Energy requirements are also directly
related 1o feed pressures and feed water How rates necessary
to achieve a particular recovery. The design permeate flux
rate predicted at a particular recovery likewise affects the
number of pressure vessels, manifold connections, and size
of membrane skid, as well as the size of the feed water
supply systems and prefreatment equipment that are neces-
sary.

[0012] Consequently, it is clear that a ertical parameter
that has the Jargest effect on investment and operating cost
for pressure-driven membrane methods in most apphcations
is the recovery rate ratio of permeate 1o feed. The feed flow
is inversely proportional to the design recovery rate; there-
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fore, the recovery rite directly affects the size and cost of all
process equipment and power consumption. Higher recov-
erv rle also contributes to reduced pretrestment capital cost
and chemicals used. However. higher recoveries can
increase membrane replacement cost as a result of fouling
and compaction. Furthermore, pressure based membrane
systems inherently perform better at lower feed concentra-
tions and lower recoveries in which the osmotic pressure of
the feed and its fouling and scaling potential are minimized.

[0013] In an electrodialysis (EDY) process, separation,
remaval, or concentration of jonic species is accomplished
by the selective trmnsport of the jons through ion exchange
membranes under the influence of an electrical field. Flow-
ing through the series of anion and cation exchange mem-
branes arranged in an altemating pattern between the elec-
trodes having an electrical potential difference, the water
diluate (D) feed stream (eg., scawater for desalination),
concentrate (C) stream, and electrode (E) stream are allowed
1o circulate in the appropriate cell compartments. Under the
influence of the electrical potential difference. the negatively
charged chlorides, sulfates, and other anions in the diluate
(D) stream migrate toward the anode. These jons pass
through the positively charged anion exchange membrane,
but are rejected by the negatively charged cation exchange
membrane and therefore stay in the C stream, which
becomes concentrated with the jonic contaminants. The
positively charged species such as sodium and other metals
in the 12 stream migrate toward the cathode and pass through
the negatively charged cation exchange membrane, These
ions also stay in the C stream, being rejected by the anion
exchange membrane. The E stream is the electrode stream
{e.g., a sodium sulfate solution). which docs nol become
contaminated with any ionic species from the diluate or
congentrate streams, although small amounts of hyvdrogen
are generated at the cathode and oxygen at the anode which
are subsequently dissipated as the E streams are combined 1o
maintain a newtral pH in the E stream holding tank. The
overall result of the ED) processing is an ion concentration
increase in the concentrate stream with a depletion of jons in
the diluted feed stream.

[0014] Multi-cell electrodialysis (ED) process stacks are
generally built of membrane sheets separsted from each
other by suitably configured gaskets. For eflicient separa-
tions. the distance (gap) between the sheets is as small as
possible. In most designs, a spacer is introduced between the
individual membrane sheets, both to assist in supporting the
membrane and to help control the liquid fow distribution.
The ED process stacks are typically assembled in the same
fashion as a plate-and-frame filter press, the gaskets corre-
sponding 1o the frames and the membrane sheets corre-
sponding to the plates. The ED process stack configurations
inglude flow channels for distribution of liguids to be treated
to cach of various layered compartments which are formed
by ingenious patterns of mating holes and slots through the
gaskets and the membrancs prior fo assembly of the ED
process stack (see ULS. Pat, No. 6,537.436, Schmidt et al.).

[0015] In typical EDY process stacks, the flow pattern
within each compartment (i.e., between any two successive
membranes) is determined by the configuration of the gasket
and spacer clements used between the membranes. Two
distinctively different flow amangements are typically used.
One is known as a torous-path design which can incorpo-
rate pressure differentials of up to abowt 125 pounds per
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square inch between inflow/outflow portions of the ED unit,
while the other flow arrangement makes use of a sheet-flow
prnciple which can incorporate pressure dilferentials up o
about 50 pounds per square inch between inflow/outflow
portions of the ED unit. ED process stacks include limita-
tions to constant operation at high efficiencies. One design
problem for both flow armngements for multi-membrane
and multi-cell stacks is that of assuring uniform Nuid fow 10
the various compartments and effective transport of the
separated lonic constituents to the membrane surfaces for
removal from the D process stack. These difficulties are
obstacles 1o economical demineralization.

[0016] ED also has inherent limitations, working best at
removing low molecular weight ionic components from a
feed stream. Non-charged, higher molecular weight, and bess
mobile ionic species will not typically be significantly
removed. This can be a disadvantage when potable water is
produced from feed water sources having high suspended
solids content or which are contaminated by microongan-
isms, which would require additional pre-ireatment pro-
cesses for removal prior to ED processing.

[0017] Furhermore, the concentration that can be
achieved in the ED brine stream (concentrate or *C™ stream)
is limited by the membrane selectivity loss due to the
Donnan exclusion mechanism and water transport from the
dilute to the brine caused by osmosis; in particular, at very
high eoncentrations, diffusion of jons from the concentrate
stream back into the diluate stream and transport of water
across the membranes can offset separation resulting from
the applied electric potential, resulting ina poor (i.¢., higher
ion concentration than desired) product. However, in gen-
eral, significantly higher brine concentration can be
achieved by ED than by RO and the problem of scaling (i.e.,
precipitation of insoluble di- or multi-valent salts such as
calcium sulfate) is less severe in ED than in RO since
mono-valent jons are in general transported through the jon
exchange membranes faster than multi-valent ions, resulting
in a brine less concentrated in the multi-valent jons and so
having less scaling potential. In contrast 1o RO, ED hecomes
less economical when extremely low sall concentrations in
the product are required, as the current density becomes
limited and corrent utilization efficiency decreases as the
feed salt concentration becomes lower: with fewer ions in
solution to carry current, both ion transpon and energy
efficiently greatly declines, Consequently, comparatively
large membrane areas are required o satisly capacity
requirements for low concentration (and sparingly conduc-
tive) feed solnions,

[0018] Furthermore, at low feed concentrations. the reduc-
tion of ionic concentration polarization becomes an impor-
tant design issue for ED membranes. lonic concentration
polarization is the reduction of jon concentrations near the
membrane surface compared to those in the bulk solution
fowing through the membrane compariment, With substan-
tial fonic concentration polarization, electrolytic water split-
ting oceurs due to the deficiency of solute jons adjacent 1o
the membranes that carry the requisite electric current
needed for ED membrane operation. The electrolytic water
splitting is detrimental te ED process stack efficiency
beeanse of the tendency of ionie concentration polarization
1o oceur ot the membrane surface due 1o the hydrodvnanmic
charzcteristic of channel flow providing thin viscous bound-
ary lavers adjacent 1o confining surfaces (i.e. adjacent mem-
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branes). The thin viscous boundary lavers impose a resis-
tance o passage of ions much greater than that of a layer of
like thickness in a turbulent area of channel fow, and hence
increase the likelibood of ionic concentration polarization at
the membrane surfaces. Tonic concentration polarization is
objectionable due 1o an ineflicient increase in energy con-
sumption without increasing removal of jonic constituents.
requiring increased membrane area, along with pH changes
in the feed and concentrate sircams due o water splitting
causing scale deposition in ED stacks.

[0019] In general. addittonal membrne area can be
included in an ED process stack to counteract low separation
efficiencies. However, the number of cells in an ED stack is
limited by practical considerations of assembly and main-
tenance requirements, Since the failure of 2 single electrodi-
alysis (ED) membrane can seriously impair stack perfor-
mance, the necessity to be able to disassemble and
reassemble a stack to replace membranes, and the necessity
1o be able to perform this quickly and essily, effectively
limits the number of membranes that can be practically
utilized in a stack. As a result, it is often desirable 10 use
several smaller modular-size D stacks rather than one large
ED stack by using several small subassemblies having about
50 10 100 cell pairs (CP), and arranging as many as 10 of
these subassemblies in series in a single clamping press.
However, such a configuration increases capital costs and
makes the process less economically feasible,

[0020] An alternative to utilizing modular-size D stacks
or NF or RO alone for separations is to use ED, UF,
microfiltration (MI), RO, NF, distillation. evaporation, and
ather processes in combination with or as a pretreatment in
various configurations. However. each process has deaw-
backs as discussed hereinabove, and prior utilized hyvhrid
systems (e.g.. RO coupled with distillation) for increased
recovery have been treated as individual unit operations
arranged in series sequence, with o interdependence (e.g.,
RO concentrate only affects operation of the distillation unit,
with no reciprocal impact), with each individual process
retaining its individual drrwhack {e.g.. bow recovery of RO,
high operating cost of distillation.

[0021]  Due to the insdequacics of each of the separate NI,
RO and ED treatment systems for deionization, there exists
a need for an integrated approach to defonization systems
utiliving multiple types of highly efficient liguid treatment
subunits including electrodialysis (ED) membrane units
operated in integrated configurations with nanofiltration
(NF) andlor reverse osmosis (RO) units as determined by an
operator, with the feed liquids for each subunit being chan-
neled through ot lesst one mixing unit in order to blend
numerous liquid streams into feed liquid streams having
constituents oplimized for removal of both TDS selids and
ionized constituents by the integrated deionization systen.
The current invention is not a traditional hybrid process, but
instead is an integral process, overcoming limitations inher-
ent to both single processes by integrating the two individual
unit processes into @ single interdependent system. This
integrated, imerdependent system allows hoth the pressure-
based membranes and ED membranes to operate at the
optimum efficiency point of each, with both systems” opera-
tion configured to be optimally affected and enhanced by the
presence of the other system.
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BRIEF SUMMARY OF THE INVENTION

[0022] In sccordance with the present invention. an inte-
grated electro-pressure membrane (EPM) system 15 pro-
vided for treating contaminated feed liquids in order to
generate decomtaminated and deionized product liquids for
use of for reuse in place of “virgin” liquids. The EPM system
includes a pre-filtering step for the comtaminated feed lig-
nids, followed by blending the filtered liquids in a mixing
unit, followed by any one of a plurality of treatment steps
utilizing & NF treatment unit or a RO treatment unil operated
in conjunction with an ED wmt and the mixing unit.

[0023]  Each disclosed embodiment of the integrated EPM
system includes a central control means for an operator to
control the fluid flow through respective fillering and treat-
ment units in a parallel Auid fow configuramion wilizing NIF
or RO units, with recirculation of reject liquid streams 1o at
least one ED subunit. The EPM system is also readily
operated i a sequential Mud Now configuration providing
continuous fow through a pretreatment filtration unit, at
least one ED unit, and a NF or RO unit. When operated in
the sequential mode, the contral means is adjustable 10 vary
the voltage intensity supplied 10 the electric-dnven mem-
branes of the ED unit when a high purity decontaminated
and detonized product liquid is desired.

[0024] The plurality of treatment units are maintained in
fluidic interconnection and include a pretreatment unit, ot
least one mixing tank unit, 3t least one pretreatment filter
unit, and one or more combinations of () a nanofiltration
unit, or (b) a reverse osmosis unit, in combination with an
clectrodialysis unit disposed in fluid communication in
series or parallel orientation. An operator provides input
signals by control means for routing fluid flow through any
ene or more of the subunits (a) NF, (b) RO and’or (c) ED for
generation of a product which is approximately 99% recov-
ered relative to the inpw waste stream, a substantial
improvement over the 70 10 96% recovery possible with
conventional systems.

[0025] One embodiment of a membrane-based system for
treating contaminated foed liguids includes an initial step of
providing a pretreatment filteation unit through which con-
taminated feed liquids are filtered with a selected volume of
pretreated filirate higuid being channeled 1o a mixing unit for
mixing with additional pretreated and recycled filtrate lig-
wids, A step of transfeming includes transferring through
appropriately sized fluid conduits a selected volume of the
mixed pretreated filtrate liquids 10 a second treatmem unit
consisting of an EDY unit, a nanofiltration unit, or a reverse
osmosis unit. If the second treatment unit is an ED unit, the
pretreated filmte liquids are electrically activated and are
directed along a tormous fluid path between a plurality of
ED membranes, spacers, and gaskets wherehy an onic
concentrate ligquid is separated and removied from the filirme
liquids forming a decontaminated produet liquid: channeling
the ionic concentrate higuid for mixing with a diluate liquid
stream amd directing the liquid mixture through a pressure
driven membrane unit providing pressure induced liquid
transfer across permeable membranes while excluding pas-
sage of a specified size or jonic charge of contaminants by
the pressure driven membrane unit 10 generate a decontami-
mated liquid for storage, and a concentrated reject liquid
redirected 10 the mixing unit for blending and additional
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treatment in the NF or RO units, or in the ED unit, depending
on constituents remaining in the blended concentrated reject
liquid.

[0026] Feed rate to the surge tank and permeate flow rate
out of the system can be constant, thus making it a continu-
ous process, o feed o the tank can be batch-wise added,
making the system a semi-continuous process. Feed and
product salinity may be controlled as desired by adjusting
ion-exchange membrane and pressure membrane areas of
the ED vnit and the NF or RO unit, respectively, 1o con-
tinwously remove and concentrate the desired mass of salt
necessary 1o optimize performance of the EPM svstem.
Furthermore, in addition 1o optimizing the respective ED
and NF or RO membrane areas. the selection of membrane
types for the ED. NE or RO best suited for the particular
desalting application’s  performance  specifications, and
offering the operational synergy between the ED and NF or
RO units, provides the basis for optimizing the EPM system
to provide the least cost and/or highest performance, integral
desalting system. Consequently, this integrated apparatus
and method may be used to retrofit and optimize perfor-
mance of existing NF and RO treatment systems,

[0027] Furnbennore, the proposed current EPM process
also eliminates the need for additional staging of both NF or
RO as well as the ED component, which differs from other
desalting processes in the degree of desalting achieved in a
single stage. NF or RO or jon exchange desalination may
requine mone than one pass 1o achieve desired product
quality. In ED) the degree of desalting will usually be linited
to 50 per pass, and some pe of staging is needed for
further desalting. This is normally achieved by passage
through additional stacks or intemal electric and/or hydrau-
lic stages in one stack assembly. Batch recirculation is
simplistic and the least capital cost intensive arrangement.
Batch recirculation with ED) alone however is less effective
because of the lack of steady state. the high power require-
ments, and varable current density necessary. Variable eur-
rent density leads 1o current efficiencies outside of the
optimal range in stand alone ED processes. The novel
integrated EPM process overcomes this limitation where a
constant state of high current utilization efficiency may be
maintained.

[0028] Another advantage of the proposed invention is
that a more optimum feed concentration is maintained for
both units, ED and NF or RO of the process. In the
traditional continuous NF or RO system, as permeate is
recovered, increased sall concentration is fed 1o the next
membrane element in the system. resulting in decreased flux
and lower product quality from that clement. In a batch
system in which concentrate from the NF or RO elements is
returned o the feed tank, the concentration in the feed tank
also increases over time, resulting in decreased water per-
micate fTux and product quality for all membrane ¢lements in
the system. In the current invention, both in continuous and
batch operation, the coupled ED unit works to decrease the
concentration in the feed tank, resulting in a feed 10 the NF
or RO unit with lower salt concentration, thus allowing
higher permeate flux and product quality, In addition. as
concentrate from the NF or RO unit is retumed to the surge
tank, it helps to maintain a constant sall concentration in the
tank, allowing feed concentration to the ED} unit 1o be
maintained at a level suflicient to provide good current
elficiencies for transpont of ions. Consequently, both systems
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operate in the more optimum and energy efficient range for
maximizing production and product quality.

[0029] A further benefit of the EPM process is that sealing
components and subsequent NF or RO scaling is minimized.
The ED umit actively transports multi-valent ions such as
calcium and sulfate across the ED membranes, mamtaining
these at a constant or lower level than would be observed if
NF or RO alone with multiple stages or concentrite recycle
were emploved. As a resull, reduced concentrations of
multi-valent jons such as calcium and sulfate which tend o
seale and foul NF or RO membranes are reduced, leading 1o
improved production rate and permeate charactenstics.
increasing the time required between cleaning operations,
and providing longer NF or RO membrane life,

[0030]  Another benefit of the current invention is that
improved recoveries ane possible compared to NF or RO
anly systems. Recoveries as high as 99+% ane possible using
EPM since the feed concentration is maintained at relatively
constant level due to the combined separation actions of
each sub-system. Since feed concentration is relatively con-
stant. the osmotic pressure. and so productivity, of the NF or
RO membranes remain constant over the entire processing
time (for batch) or recovery range (for continuous systems),
allowing almost complete reclamation of the feed. The
resulting enhanced recovery can greatly improve the eco-
nomic feasibility and cost effectiveness of a varety of
desalination operations. Cost components of  interest
affected by improved recovery include pretreatment costs,
value of recovered produet, cost of disposal of concentrate,
capital cost, and enengy cost required to perform the addi-
tional recovery.

[0031] Anocther advantage of the current invention is
improved produet quality compared 1o NF or ROor ED enly
systems. Since the feed concentration is relatively constant
over the whole range of recoveries. the rejection of the salts
and productivity of the NI or RO remains constant, resulting
in improved permeate product compared to NF or RO only
systemis in which the permeate product quality would
decrease as a function of recovery.

[0032] Another advantage is lower energy requirements
compared to ED only systems, While ED only systems are
capable of 994% recovery, treatment to achieve low con-
centrations or treatment of dilme or sparingly conductive
solutions results in low energy efficiencies and the need for
deereased production rate or increased membrane area and
capital costs. The EPM integrated system ensures that each
sub-system operates in the feed concentration range where it
is most energy efficient and removal effectiveness for each
subsystem is optimal, resulting in lower energy operating
costs.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0033] The above-mentioned features of the invention will
become more clearly understood from the following detailed
deseription of the invention read together with the drawings
in which:

[0034] FIG. 1 is o flow diagram of one embodiment of a
tvpical ED only system for comparison with the present
invention. illustrating pretreatment and recyeling operations
with an ED unit coupled with microfiltration;
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[0035] FIG. 2 is a flow diagram of another embodiment of
a typical ED only system of FIG. 1, including flow through
pretreatment filtmtion and  pressurized filter treatment in
conjunction with an ED unit:

[0036] FIG. 3 is a flow diagram of the current invention
EPM system, including parallel operation of an ED unit, a
filtration unit, and a NF or RO unit with a single mixing tank
serving i feed 1o both units:

[0037] FIG. 4 is a flow diagram of an additional embodi-
ment of the EPM system of FIG. 3 including sequential
liguid flow through an ED unit and a NF or RO unit with a
single mixing tank serving as feed to both units;

[0038] FIG.5A is a schematic view of one embodiment of
an EPM system illustrating a plurality of liquid treatment
units including a NF/RO unit and an ED unit controlled by
a central control mesns;

[0039] FIG. 5B is a low diagram of the embodiment of
FIG. 5A, including sequential liquid flow through a NF or
RO unit and an ED unit controlled by a central control
means;

[0040] FIG. 6 is a graphical representation of reduction in
product conductivity of permeate by an integrated EPM
svitem compared to a NF only system or an ED only system:

[0041] FIG. 7 is a graphical representation of energy use
by an integrated FPM system during generation of permeate
compared to a NF only system or an ED only system:

[0042] FIG. 8 is a graphical representation of relative
production rate for an integrated EPM svstem treating feed
liguids of about 50% ethy lene glyee] compared 1o a NF anly
system or a ED only system;

[0043] FIG. 9 is a graphical representation of total cost
savings for an integrated EPM system compared 10 a NF
only system or an ED only system: and

[0044] FIG. 10 is a graphical representation of permeate
conductivity verse recovery for an integrated EPM system
compared to a NF only system or an ED only system.

DETAILED DESCRIFTION OF THE
INVENTION

[0045] In the embodiments illustrated in FIGS. 3, 4, 5A,
and 5B of the integrated electro-pressure membrane (EPM)
systems 14, 16, 18, and 18, provide treatment of contami-
nated feed liquids 22 such as glycol based thermal transfer
liquids in which ionized constituents are present along with
metals and other insoluble contaminants and soluble or
eolloidal comaminants. Typical candidates for treatment by
an EPM system includes feed higuids such as industrial
wastewaters, industrial-grade spemt ethylene glyeol, other
glveolfwater mixtures used in vehicular engine coolant
systems, out-of-specification liquids from pharmaceutical
production, and/or waste organic chemicals from petro-
chemical industries including certain solvent liquids deemed
valuable if recovery and recycling of the solute and solvent
are not cost-prohibitive, Desalination of brackish water and
seawater is also a possible application. Purthermare, the
EPM precess should not be limited to use of ED as minor
modifications through the use of bi-polar membranes 1o
recover acids and bases from corresponding salts is possible.
Similarly. the EPM process may employ non-conventional
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electmo-deionization  methods, for instance  continuous
deionization (CDI), in conjunction with NF or RO as well.
[0046] Membrane-based deionizing technologies may be
categorized as pressure-driven membrane vnits, UF, NF
andior RO, and as electrical-driven ED units. Operation of
a pressure-driven process utilizes a plurality of senui-perme-
able membranes to separate one constituent of a solution
from another by means of constituent size exclusion and
pressure. A filtration unit 20 having at least one filtration
membrane, andfor filtration media such as lavers of screens
ar porous matenal, 1s tvpically wlilized with suflicien pore
diameters to deny passage of insoluble particles, oils and/or
organics over 1000 molecular weight (MW), and optimally
operates for selective separation of constintents in a range
between about 30 Angstroms (A) 1o about 1000 A, while
passing smaller ions along with water. A RO unit 50 15
typically wtilized for separation of constituents in the range
between about T A to about 20 A. A RO unit 50 is typically
operated ot pressures of about 200 to about 1000 pounds per
square inch maintained between inflow/outflow poertions of
the RO unit 50 A NF unit 44 is typically utilized to provide
separation of ons and selected organic compounds from
water n a sie range between UF and RO treatment. NF
membranes have a wide range of performance charscteris-
tics and typically provide removal of constituents in a range
between about ¥ A 1o about 200 A. depending on the
selectivity of the NF membranes, A pressure-driven NF unit
44 is typically operated to maintain fuid pressures between
about 50 pounds per square inch to about 1,000 pounds per
square inch madintained between inflow/outflow pontions of
the NF unit 44, One preferred EPM system includes a NF
unit 44 or a RO unit 50 capable of operations lo maintain
fuid pressures between about 50 pounds per square inch 1o
about 400 pounds per square inch for low pressure fluid
treatment  applications. Another preferred EPM system
includes a NF unit 44 or a RO unit 50 capable of operations
to maintain fluid pressures between about 400 pounds per
square inch o about 1,000 pounds per square inch for high
pressure fluid treatment applications,

[0047]  An ED system can be operated for removing low
molecular weight ionie constituents of between about 1 A 1o
about 10 A from a feed stream. As a contaminated and
pressumzed liquid is pumped through an ED membrane cell
stack 68 having a plurality of interkeaved with spacer layers.
gaskets, and at least one anion plate and ar least one cation
plate, the ionic constiluents are transported toward the
respeetive anion plate and cation plate under the infleence of
an electric field for removal of the jonic constituents from
the liguid to form a dilvate liquid referred o as a decon-
taminated product liquid 76, A dissdvantage of an ED
operation s that non-charged constituents and  higher
molecular weight contaminants are not typically efliciently
removed by an ED unit. Conversely, NF and/or RO subunits
will aperate optimally to remove highly chanzed and some
non-charged constituents and higher molecular weight con-
taminants, but will not typically be as efficient at removing
smaller molecular weight and mono-valence changed con-
stituents from a feed stream. The commonality of combining
NF or RO subunits in series or in paralle] with an ED unit,
and providing for pretreatment and blending in o central
mixing tank allows for optimal separation of contaminants
and jonized constituents by each subunit, resulting in sig-
nificant energy savings compared to thermal separation
processes such as distillation or evaporation, and substantial
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operational cost savings compared to jon-exchange resin
process units, The integrated EPM system provides a plu-
rality of treatment units including a multi-cell electrodialysis
unit 60 which removes ionic constituents and provides
treatment of the NF or RO reject liquids 72" after blending
in a mixing unit 30 thereby allowing multiple treatment
options and providing maximum recovery efficiency.
[0048] For each of the ED membrane units 60 utilized in
treatment systems 10, 12, 14, 16, 18 and 18" an ED
membrane cell stack 68 tvpically includes a plurality of
stacked membrane lavers having interdisposed spacers, gas-
kets and turbulence layers. Fach ED membrane stack 68 (sce
FIG. 5A) includes at least one inlet and at least one fuid
outlet for mpid liquid fow therethrough while an electric
potential is maintained across the stacked lavers by an Jeast
one positive electrode or plate 62 and al least one negative
electrode or plate 62, Pumps associgted with each ED
membrane cell stack 68 include a concentrate liquid pump
64 and an electrolytic liquid pump 66 (see FIG. SA). Each
ED} unit 60 is capable of operating with constant flow or
batch fluid fow during ireatrment in sequence (see FIGS, 2,
4 and 5B), or during treatment in paralle] (see FIGS, 1 and
30 A plurality of amangements of ED membranes mter-
leaved with spacers, gaskets and wrbulence inducement
layers are combined in stacked configuration 68 depending
upon the smount of membrane surface area desired for each
ED unit, In one embodiment of the integrated EPM system,
EI membranes are separated by spacers composed of eth-
ylene propylene diene terpolymer (EPDM). Those skilled in
the ant will recognize that a vanely of materials are readily
available for ED membranes and gaskets utilized in an ED
stack 68, Clamping of the ED membranes and gaskets
together in an ED stack is accomplished by perimeter
oriented connectors, or centrally oriented connectors
extended through the ED membranes and gaskets, in order
to improve the uniformity of the clamping force distribution
on the ED gasket arca. Threaded connector members are
preferably wtilized as connectors to reduce assembly labor
time for each ED stack 68 used, and w facilitate change-out
of ED) membranes when the membranes are spent.

[0049]  One embodiment of the integrated elecim-pressure
membrane (EPM) system 14 includes paralle]l treatment of
contaminated feed liquids 22 wilizing pressure-drven mem-
brane units 44, 50 having a plurality of pressure-driven
membranes through which hquids from the mixing tank 30
are channeled, and at least one electrodialysis membrane
unil 60 (see FIG, 3). A volume of contaminated feed liquids
22 is pumped 32 through a pretreatment filtration unit 20, for
removal of micron-sized particles before transfer from at
least one effluent channel of the filtrate 28 1o the mixing tank
30. Either within the mixing tank 30 or partially extemal of
the mixing tank, a means for mixing is provided in order 1o
rapidly mix the filtrate 28 and additional tTuids rewrned 10
the mixing tank 42°, 58, 72, 72" (discussed further hercin).
The means for mixing can include a mechanical mixing
device having an interior rotating or pivoling member, an
interior vibrating member, an interior fuid channel outbet
from recirculating pumps, or a similar mixing device as
known by those skilled in the ant. The integrated EPM
system 14 includes an operator adjusted control means 80
providing liguid transter 58 from mixing tank 30 into an ED
unit 60 for electric-driven liquid treatment. A dejonized
liquid 58' is generted and returnad 10 the mixing tank 30 in
order 10 reduce the concentration of fonic constituents in
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feed liquids in the mixing tank 30 before mixed liquids are
transferred 38 and pressurized by the second pump means 36
to the NF unit 44, or to a RO unit 50, for pressure-driven
removal of contaminans. A polishing step is provided for
liquids transferred through a micron filter unit 40 concurment
with operation of the ED unit 60, in which an operator
selects transfer 42 of mixed liguids through micron filter unit
40 or a UF unit before a filtrate 42' is trnsfemred back w0 a
mixing tank 30 for subsequent transfer 3. pressurization by
the second pump means 36, and transfor 38 for pressure-
driven treatment in NF unit 44, or RO unit 50, if wtilized.
The maximum practical efficiency of a typical nonintegrated
ED unit is typically about 90%% to about 96% removal of
fonic constituents. Testing resulis 90, 92 have provided
efficiency values for the diluate forming the decontaminated
product liguid 76 recovered from integrated EPM embodi-
ments 14, 16, 18, and 18 (see FIGS. 3, 4, 5A, and 5B).
including treatment in a NF 44 or a RO unit 50, and an ED
unit 60, of abowt 98+% efficiency 92 over a significantly
short run time (see FIG. 6).

[0050] Additional configurations for combining the two
sub-systems include providing sequential treatment of lig-
wids (see FIGS, 4 and 5B), or parallel treatment of liquids
(see FIG. 3), in numerous combinations of an ED unit 60
and a NF unit 44, or a RO unit 50 if wtilized, and a liquid
mixing tank 3. For each integrated EPM system disclosed
herein, when the feed rate 28 1o the mixing tank and the
effluent flow rate for decontaminated product liquid 76 are
generally constant, the treatment system is identified as a
continuous process, When the feed rte 28 1o the mixing tink
30 includes sequential bateh volumes, the system is classi-
fied a5 a semi-continuous process. For each integrated EPM
system, the volume and conductivity is monitored by sam-
pling devices such as conductivity sensors reporting to
contral means 80 for specific liquid transfers within the
system, such as mixed liquids transfer 38 to the NF or RO
units, and liquids transfer 58 1o the ED unit 60, In addition,
manitoring of the filtration pressures for the NIF or RO units,
and the strength of electrical field(s) for each ED unit 60 are
monitored and controlled by the control means 80 which
includes computer circuitry for multiple analyses of liquids
during transfers, of liquids blended in mixing unit 30, and of
liquids after each treatment unit. The control means 80 and
includes visual readouts of the liquid conductivity and
pressure parameters for each subunit, and adjustable con-
trols 82 for operating each unit of the integrated EPM
system. The visual readouts and controls 82 allow an opera-
tor to monitor performance of each unit during operation and
provide a control means for an operalor 10 increase or
decrease the operating parameters of mixing tank 30, the NF
unit 44, the RO unit 50 if utilized. and the ED unit 60.

[0051] Bach integrated EPM system utilizes a comman
mixing tank 30 from which feed liquids are transferred 34,
5810 each of a plurality of treatment units 40, 44, 50 and 60,
Control of the liquids added to the common mixing tank 30
by an operator’s adjustments of control means 80, provides
for optimized parameters of low concentrations of non-ionic
contaminants and comrol of mixed lquids conductivity
when liquids are transferred to each treatment unit 40, 44,
50, 60, thereby providing improved overall system effi-
cieney as measured by a decrease in decontaminated product
liguid 76 conductivity (i.e. removal of jonic constituents),
Actual performance parameters of the inegrated EPM sys-
tem 90, 92 have been tested to maintain about 98+%
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recovery efficiency during integrated system operations, as
compared to a NI only system 110, 112 (about %0%), or an
ED only svstem 120, 122 {about 40P% 1o about 96%) over
similar run times (FIG, 6). Use of a common mixing tank
30, as opposed 1o two or more separate filtrate and permeate
storage tanks, provides a central control of feed liguid fow,
and allows for rapid adjustments to the system ran time for
optimizang reduction in permeate conductivity during run
time to maintain performance at 984+% while minimizing
energy usage for the integrated EPM system 90, 94, com-
pared to a NF only system 110, 114, or an ED only system
120, 124 over similar ron times (see FIG. 7).

[0052] The integrated system illustrated in FIG. 4 is a
sequential process having a filtrtion unit 40 operating in
parallel with eperation in series for the ED unit 60 and NF
unit 44, or a RO unit 50. Contaminated feed liquids 22
having ionic constituents and non-ionic constituents are
pumped 32 through o preireatment filtration unit 20, for
removal of micron-sized particles and delivery of the filtrate
28 to the mixing tank 30. The integrated EPM system 14
includes an operator adjusted control means 80 providing
control of the mixed liquid transfer 58 into the ED unit 60
for electric=driven liguid treatment, Treatment in the EDY unit
60 provides for generation of a detonized product liquid 76
which 15 released for reuse in commerce, and concentrated
brine 74 which is removed for discard. Additional efluents
from the ED unit 60 can include a non-specification liguid
pontion 72 (see FIGS. 1 and 2) which is transferred by a
recyele channel to the mixing tank 30, or discarded. Alter-
native pathways for panially deionized fluids 58" are illus-
trated in FIGS. 3, 4 and 5B, with the effluent 58 from the
ELY unit 60 being transferred to pressure-driven filtration
units 44 or 50 (see FIG. 4), or the partially deionized fluids
5% being transferred by recvele channels for mixing in the
mixing tank 30 (see FIG, 5B), The detonized diluate liquid
5% is trans ferred and pressurized by the second pump means
36 for pressure-driven treatment in the NI unit 44, andlor in
a RO umit 50 if wilized. w generate a pressure-driven
memhbrane separation of non-ionized constituents to gener-
ale a permente liguid identified as the decontaminated prod-
uet liquid 76. A second non-specificaion liquid portion 72'
is generated and transferred after NI or RO treatment to the
mixing tank 30 for blending with pretreated liquid 28 and
filtrate liquid 42" in order 1o reduce the concentration of ionic
constituents in feed higquids in the mixing tank 30 hefore
mxed liquids are transferred 38 and pressurized by second
pump means 36 w the NF unit #4, or 10 a RO unit $0, for
pressure<dnven removal of non-tonized contaminants. A
detonized and decontaminated product liguid 76 is generated
by the integrated svstem 16 which is reduced in conductivity
at an overall efficiency of about 98+%. when compared to a
NF only system 110 (approximately 90%% efficient 112), or
an ED only system 120 (approximately 96% efficient 122)
over similar ran times (see FIG. 6).

[0053] In FIG. SA, an cquipment conliguration 18 is
llustrated for equipment typically wilized for each of the
treatment units of the imtegrated EPM system 16. All of the
treatmient units of FIG. $A are not required for operation of
integrated EPM systems. The control means 80 provides a
means for an operator”s control and shu-down of treatment
units not needed for treating feed liguids 22 lacking centain
contaminants, The integrated system optimizes treatment
options while delivering energy cost savings by selectively
channeling filtered and mixed liquids 42', 58 by activation of
appropriately positioned valves and pumps to allow liquid
flow 10 appropriate system unils as sebected by an operator
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having knowledge of the composition of the mixed liquids
42, 58 in conjunction with knowledge of the current opera-
fional performance parameters of each svsiem unit. The
specific treatment units of FIG. SA are discussed funther
herein for the embodiments illustrated in FIGS. 3, 4, and SB.

[0054]  Anadditional embodiment for an integrated system
18 is illustrated in FIG. 5B, which utilizes the equipment
and control means 80 illustrated in FIG. 5A. The integrated
syslem 18° s a sequential process providing liquid treatment
ina NF unit 44 or & RO unit 50, followed in series by liquid
treatment in an ED unit 60, Contamnated feed liquids 22
having jonic constituents and non-ionic constituents are
pumped 32 through a pretreatment filtrtion unit 20, for
removal of micron-sized particles and delivery of the filirate
28 to the mixing tank 30 for blending of a variety of
concentrated liquads. The goal is to manage separate con-
centrated liquid streams 58'. 72° in onder w0 reduce the
average concentration of jonic constituents and dissolved
solids in mixed liquids transferred 34 to additional treatment
units 44, 50. 60. The integrated svslem 18' provides for
blending in the mixing tank 3 of two or more liquids
including the pretrested feed liquids 28, deionized product
liquids 58’ from an ED unit, and non-specification liquids 72
from treatment in a NF or RO unit, in order to reduce the
average concentration of jonic constituents and dissolved
solids in permeate liguids in the mixing tank 30 before
treatment. The mixed liquids are transferred 34 and pres-
surized by the second pump means 36 for transfer 38 10 a NF
unit 44, or 1o a RO unit 50, for pressure-driven removal of
constituents such as inorganic compounds and soluble con-
taminants such as synthetic dyes and onganic compounds, 1T
a decontaminated product liquid 76" is needed which is not
deionized, then an effuent product liquid 76 is separated
from the NF/RO unit for wse in commerce. 11 additional
deiontzation tremtment is preferred, the pressure treated
liquad 58" 15 transferred to an ED unit 60 for deionization
and separation as decomaminated and deionized product
liquid 76. The integrated FPM system 1% includes an
operator adjusted control means 80 providing transfer of the
reject liquid 72' from the NF/RO unit to the mixing tank 30,
and transfer of a pantially deionized Muid 58' from the ED
unit 60 to the mixing tank 30 for further mixing and
additional treatment. The final product can be cither the NF
or RO treatment unit efflvent separated as a product liquid
76, or the decontaminated and deionized product hiquid 76
from the ED unit 60, Either product hiqud 76, 76 is
decontaminated at efficiencies of at least 98%, for produc-
tion of reclaimed liquids having sulficient purity 10 meet
“virgin™ liquid specifications.

[0055]  Benefits of the integrated EPM systems described
herein include high production rates for decontaminating
clhylene glycel with recovery rates in excess of 98%, with
high gallons per hour (gph) throughput as illustrated for an
integrated EPM system 96, compared 1o NF only 116, or ED
only 126 systems (see FIG. 8). Additional benefits for the
integrated  EPM systems inclede relatively low capital
expenditures and operating costs, leading 1o significant total
cost savings of about 75% for integrated EPM systems 98
having recovery efliciencies of 98+%, compared w the costs
to obtain 3 maximum practical NF only recovery eficiency
of about 0% for NF only systems 118 (see FIG. 9).
Alternately, significant 1otal cost savings of about 65% for
integrated EPM svstems 100 having recovery efficiencies of
98+% for integrated EPM systems 98, compared to the costs
to obtain 2 maximum practical recovery efficiency of about
6% for EDY only systems 128 (see FIG. 9). The integrated
EPM systems typically do not generate hazardous by -prod-

258



US 2006/0144787 Al

ucts, are easy o operate, control and automate, and easy 1o
maintain. Also. studies indicate that the invention is capable
of producing a product with extremely fow conductivily
levels {down to as low as 2.6 pMho/cm). Those skilled in the
art will recognize that this represents a substantial improve-
ment compared to traditional ED designs, which are typi-
cally limited to product with conductivities =30 pMho/em.
As a result, the mvention would represent a new pretreat-
ment option for production of ultra-pure water. The resulls
of a plurality of production runs of varying lengths and with
different configurations of treatment units are ilustrated in
FIGS. 6-10, Production nins have indicated that the embod-
ments of the integrated EPM system are o substantial
improvement over traditional designs. As illustrated in FIG.
10, comparisons of permeate conductivity as a function of
recovery for feed liquids of 50% ethylene glycol solution,
indicate that the integrated EPM systems 130 readily per-
form at 98+% efficiency 140, compared to RO only systems
132 providing about $6-97% efficiency 142, or NI only
svstems 134 providing about 90-97% efficiency 144. Those
skilled in the art will recognize that the improved design of
the integrated EPM systems result in cach ED membrane
cell steck requiring significantly less ED membrane arca
while being more encrgy efficient.

[0056] In addition to the described use of the method and
apparatus lo decontaminate and deionize used antifreeze, the
svitem may be used to decontaminate and deionize wash
water (vehicular, laundry, mop water, trailertank washout,
textile rinses, metal, aqueous parts cleaners), ol and gas
field fhids (glveol base natuml gas dehydration fluads,
glveol/water heat transfer fluids, amines from treatment of
natural gas, produced water), other thermal transfer fluids
{secondary coolants from HVAC systems and coolants from
ice-skating rinks). cooling water reuse, nuclear wastewater,
mixed wastewater having nuclear/radiozctive and hazand-
ous/chemical contaminates, hazardous wastewater, desali-
nation of sea or brackish water, and drinking water produc-
tion and/or provide pretreatment for ulira-pure water
production.

[0057] While the present invention has been illustrated by
descniption and while the illustrative cmbodiments have
been deseribed in considerable detail. it is not the intention
of the applicant 1o restrict or in any way limit the scope of
the appended claims 10 such detail. Additional advanages
and modifieations will readily appear to those skilled in the
art, The invention in its broader aspects is therefore mot
limited to the specific defails, representative apparatus and
methods, and illustrative examples shown and desenbed.
Accordingly, departures may be made from such details
without departing from the spint or scope of applicant’s
general inventive copcept.

Having thus described the aforementioned invention, we
claim:
1. A membrane-based system for treating contaminated
feed liquids, comprising the steps oft

providing contaminated feed liguids having a plurality of
insoluble and soluble contaminants and fonic constitu-
ents therein:

removing insoluble particles from said contaminated feed
liquids in @ pretreatment filtration voil for removal of
particles thereby generating a pretreated filtmte liguid;

channeling said pretreated filtrate liquid 10 & mixing unit
for blending thereby forming a blended filrate liguid:
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filiering insoluble contaminants from swd blended fltrate
liquid in 3 microfiltration unit in Muidic connection with
sond mixing unit;

transferring a selected flow rate of said blended filtrate
liquid to an electric-driven membrane unit:

separaling ionic constituents in said blended filtrate liquid
during passage through said electric-driven membrane
unit having a plurality of electrically charged mem-
branes interspaced with gaskets and having channels
threrebetween, said separating step providing electric-
driven membrane removal of ionic constituents thereby
forming a deionized product liquid and a separated
jonic diluate liquid;

redirecting soid separated onic diluate Tiquid 1o said
mixing unit for additional blending and further treat-
ment by said step of separating ionic constituents; and

removing said deionized product liquid from said mem-
brane-based system for reuse.
2. The system of claim | further comprising the step of:

controlling fow of pretreated filirate liquid transferring to
snd electric-driven membrane unit, wherein said step
of separating ionic constituents is continuously oceur-
ring in parallel with said step of fillering soluble
contaminants from sad blended fltre Tgquid before
transfer through said electric-driven membrane unit.
1, The system of claim 2 wherein said step of separating
ionic constituents includes:

providing an electrodialysis unit having o least one each
of anode and cathode energized membranes; and

securing a plerality of membranes having liguid flow
channels therein interspaced with a plurality of spacers
and interleaved with said energized membranes to
define said electrodialysis umit through which said
blended filtrate liguid is transferred therethrough by
said step of transfernng, wherehy said ionic constitu-
ents are separated and divented for removal from said
electrodialysis unit by induced transport across sakd
anode and cathode energized membranes thereby said
deionized product liquid is separated from said sepa-
rated ionic diluate liquid and redirected 1o said mixing
unit for additional blending and further treatment by
said step of separating,

4. The system of claim 2 further comprising the step of:

pressurizing said delonized product liquid during passage
through a pressure-driven membrone unit having a
plurality of permeable membranes responsive to pres-
sure-driven flow differences of said deionized product
liquid for separation of soluble contaminants from said
deionized product liquid thereby generating a decon-
taminated product liquid.

5. The system of claim 4 wherein said step of pressurizing
including pressurizing said dejonired product liquid during
passage through said pressure-driven membrane unit to
pressures between about 50 pounds per square inch to about
400 pounds per square inch maintained on opposed inflow
and outflow portions of said pressure-driven membrane unit
including a plumlity of nanofiltmtion membranes for
removal of soluble contaminants from said deionized prod-
uet liquid for generating said decontaminated produst liquid.
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6. The svstem of claim 4 wherein sard step of pressunizing
including pressurizing said defonized product liquid during
passage through said pressure-driven membrane unit 1o
pressures between about 200 pounds per square inch 10
about 1,000 pounds per square inch maintained on opposed
inflow and outllow portiens of said pressure-driven mem-
brane unit including a plurality of reverse osmosis mem-
branes for removal of soluble contaminants from said deion-
ized product hquid for generating said decontaminated
product iquid,

7. A membrane-based system for treating contaminated
feed liquids, comprising the steps of:

providing contaminated feed liquids having a plurality of
insoluble and soluble contaminants, and fonic constitu-
ents therein;

filtering said contaminated feed liquids in a pretreatment
filtration unit for removal of particles thereby generat-
ing a pretreated filirte liquid;

channeling said pretreated filtrate liquid 1o a mixing unit
for blending thereby forming a blended liquid:

separating ionic constituents from said blended liquid
during passage through an electric-driven membrane
unit having a plurality of electrically charged mem-
branes interspaced with gaskets and having channels
therehetween, said separating step providing electric-
driven membrane removal of fonic constituents thereby
forming a deionized product liquid and a sepamted
wonic diluate liquid: returning said deionized product
liquid 1o said mixing tank for blending with said
blended liguid:

transferring a selected flow rate of said blended filtrate
liquid to a pressurization unit;

discarding said fonie diluate liquid from said electric-
driven membrane unit;

pressurizing said deionized produet liquid during passage
through a pressure-driven membrane unit having a
plerality of permeable membranes responsive to pres-
sure-driven flow of said deionired product liquid for
separation of soluble contaminants from said deionized
product liguid therehy gencrating a decontaminated
product liquid separated from a deionized concentrated
liquid; and

removing said decontaminated product liquid from said
pressure-driven membrane unit for reuse,
8. The system of claim 7 further comprising the step of:

comrolling flow of pretreatesd filtrate liquid transferring 1o
said electric-driven membrane unit, wherein said step
of separating ionic constituents is continuously oceur-
nng in parmllel with said step of pressurizng sad
detomized product liquid thereby generating said
decontaminated product liguid separated from said
deionized concentrated liquid.

9. The system of claim 7 further comprising the step of:

controfling the flow of pretreated blended filtrate liquid
transferring to said step of separating ionic constituents
whereby said steps of separating and pressurizing are
occuming m series thereby generating said decontami-
nated product liquid separated from said deionized
concentrated liquid.
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10, The system of claim 7 wherein said step of separating

ionic constitvents includes:

providing an electrodialysis unit having at keast one each

of anode and cathode energized membranes; and

securing a8 plurality of spacers interleaved with said

enengized membranes to define said electrodialysis unit
through which said hlended filtrate liquid is transferred
by application of continuous liquid Now therethrough
whereby said jonic constiteents are separated and
diverted for removal across said anode and cathode
energived membranes thereby said defonized liquids
are separated for removal from said electrodialysis unit.
11. The system of claim 7 wherein said step of pressur-

izing includes:

providing said plurality of membranes for separation of

contaminants from said dejonized produoct liquid, said
plurality of permeable membranes being configured as
an ultrafiltration unit, a nanofiltration unit, or a reverse
osmosis unit through which said ionic diluate liquid is
pressire driven across a plurality of semi-permeable
membranes whereby said semi-permeable membranes
selectively separate said jonic diluate liguid into sakd
decontaminated product liquid separate from  said
deionized concentrated liquid.

12, An apparatus for electrodialysis treatment of contami-

nated feed liguids, comprising:

a pretreatment filtration: unit having ot least one filtration

membrane through which contaminated feed liquids
are directed, said at Jeast one filtration membrane
having sufficient pore diameters W deny passage of
insoluble particles and to allow passage of filtrate
liquids, said pretreatnyent filtration unit having at least
one effluent channel for passage of said Glrate liquids;

a mixing unit in hvdraulic connection with said at least

one eflluent channel of said pretreatment filtration unit,
said mixing unit including means for mixing fuids
transferred 1o said mixing umit; and

an electrodialysis unit in hydraulic connection with said

mixing unit, said electrodialysis unit including a
stacked configuration of a plurality of interdisposed
anion cell membranes and cation cell membranes inter-
leaved with a plurality of spacers, said electrodialysis
unit providing at beast one fluid path therethrough for
movement of said filtrate liquids whereby a defonized
product liquid and partially deionized fuids are sepa-
rated from said filtrate liquids by said at least one fluid
path through said stacked configuration of said clec-
trosdialysis unit with smd deionized product liqued
channeled for release from said electrodialysis unit; and

a reeyele conduit through which partially deionized fuids

are transferred to smid mixing unit,
13. The apparatus of claim 12 further comprising:

a pressure-driven filtration unit including at least one of a

manofiltration or reverse osmosis membrane through
which said deionized product liquid is channeled for
separation of jonie and nonionic contaminants from
said deionized product liguid. at least cne of said
manofiltration or reverse osmosis membrine having a
plurality of fluid paths through which said delonized
product liguid is pressure driven whereby said pres-
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sure-driven filtiration unit separaies said deionized
produet liquid into a decontaminated product liquid and
a concentrated liquid;

an effluent channel for release of said devontaminated
product hiquid from said pressure-driven filiration unit;
and

ol least one recvele channel through which said concen-
trated liquid is transferred to said mixing unit.
14, The apparatus of ¢laim 13 further comprising:

a computer circuitry controlling flow of filrate liquids
transferred through sakd mixing tank and said electrodi-
alysis unit, wherehy said computer circuitry controls
flow to said electrodialysis unit in parallel with move-
ment of said filrate liquid through at least one of said
nanofiltration or reverse osmosis membrane therehy
st decontaminated produst liquid is separated from
said concentrated liquid.

15. The apparatus of claim 13 further comprising:

a computer circuitry controlling flow of filtrate liquids
transferred to said mixing tank and said electrodialysis
unit, whereby said computer circuitry controls flow to
said electrodialysis unit in series with said deionized
product liguid channeled through at least one of sad
nanofiltration or reverse osmosis membrane therehy
sl decontaminated product liquid is separated from
said concentrated liquid.

16. The apparatus of claim 12 wherein said electrodialysis

unit further includes:

said stacked configuration having at least one each of
anode and cathode encrgized membranes; and

said plurality of spacers interleaved with said anode and
cothode coergized membranes 10 define sid stacked
configuration through which said pretreated filirate
liguids are transferred by application of continuous
liquid flow therethrough whereby said jonic constitu-
ents are divented for removal from said stacked con-
figuration and said deionized product liquid is sepa-
rated for release from said electrodialysis unit.
17, A method of electrodialvsis and pressune dnven fil-
tration treatment of contaminated feed liquids comprising
the steps of:

pretreating by filteation of contaminated feed liquids
having inorganic contaminants and organic contami-
nants mixed therein, wherein said pretreating step
removes particulates and generates pretreated filtrate
liguicls;

channeling said pretreated filtrate liquids channeled 1w a
mixing umit for blending with additonal pretreated
filtrate liquids:

directing saad mixed pretreated filtmte liquids through a
pressure driven membrane unit providing pressure
induced liquid tmnsfer across permeable membranes
thereby generating a permeate liquid stream and a
concentrated reject liquid;
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deionizing said permeate hquid stream by pumping
through a multiple flow path electrodialysis unit, said
step of electrically treating producing a ionic diluse
liquid portion channeled to a storage wnit, and further
producing a decomaminated product liquid portion
directed for exiting said electrodialysis unit; and

channeling said ionic diluate liquid portion for mixing in
said mixing unit with said pretreated filtrate liquids:
andd

redirecting said concentrated reject liquid for mixing in
said mixing unit with said ionic difuate liquid portion.
18. The method of claim 17 wherein said siep of deion-
izing includes:
providing said multiple flow path electrodialysis unit with
a plurality of electrodialysis membranes in a stacked
configuration including 2 cathode electrode plate and
an anede electrode plate between which a plurality of
spacers are interleaved with said plurality of dlectrodi-
alysis membranes whereby a plurality of fluid fow
paths are maintamed within said electrodialysis unit;
andd
supplying a voltage differential between said cathode
electrode plate and said anode electrode plate, wherehy
said step of deionizing produces said decontaminated
product liquid directed for existing said electrodialysis
unit,
19. The method of claim 18 wherein said contaminated
feed liquids include glyeo! based thermal transfer liquids.
20. A method for treatment of contaminated jonized
liquids, comprising the steps of:
providing contaminated feed liquids having a plurality of
insoluble and soluble contaminants, and ionic constitu-
ents therein;
channeling said contaminated feed liquids to a mixing
unit for blending:
pressurizing said contaminated feed liquids during pas-
sage through a pressure<driven filtration unit for
filtration of insoluble particle contaminants from the
contaminated fonized liquids, said pressuring step
produces a filered permeate liquid;
purifying said fillered permeate liguid utilizing an
electrodialysis membrane stack unit having a plusal-
ity of electrically charged layers interspaced with
noncomducting layers, said purifyving step providing
removal of jonic consfiiuents thereby forming a
decontaminzted product liquid and a separated ionic
diluate liquid;
redirecting said separated fonic diluate liquid to said
mixing unit for additional blending and further treat-
ment of hlended fonic diluate liquid by said steps of
pressurizing and purifying; and
remaving said decontaminated product liquid from said
punfving step for reuse in commerce,
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Appendix D. Glycerol Purification System Supplier Information, from website for EET Corporation

EET's glycerol purification process, based on its patented and patents pending HEED® processes and
equipment, is the economical solution for the purification of glycerol streams derived from the biodiesel
industry (read more about biodiesel production) and from soap production by saponification. With EET
technology, biodiesel-derived and saponification -produced glycerol can be refined up to quality
requirements of USP grade™ 99.7. Alternately, lower cost, intermediate purity grades can be produced
for direct use, subsequent chemical conversion into other compounds such as propylene glycol, or
further purification with evaporation or distillation. The EET membrane-based technology avoids many
of the issues associated with standalone evaporation and distillation such as foaming, carryover of
contaminants, corrosion, limited recovery, and high capital, energy, maintenance and operating costs.

The robustness of the process allows the EET technology to be applied prior to or after methanol
removal for biodiesel-produced crude, over a range of feed compositions. In particular, it can purify:

Neutralized glycerol streams containing methanol (before methanol stripping)

Neutralized glycerol streams from which methanol has been stripped

Refined glycerol streams which have been distilled or evaporated but still contain residual salts
and organics and require further treatment

EET's glycerin purification process begins with pretreatment of the glycerol to remove any solids and
fouling organics and partially remove color-causing organics. The HEED® or HEEPM™ system
configuration is used, with customized automated controls and control logic, providing optimal desalting
of the preatreated crude glycerol. The result is a colorless liquid with low salt content.

Specifications

Available for licensing in capacities from
1,000 to 200,000 gallons glycerol feed per
day (3.8 to 760 cubic meters per day; 3
million to 730 million pounds per year)
USP 99.7 production rates from 850 to
170,000 gallons per day (3.2 to 644 cubic
meters per day; 3 million to 620 million
pounds per year)

Feed TDS up to 12 wt%

Feed temperatures to 35°C (95°F) using
standard system components

FeedpH3to 7
Up to 99+% glycerol recovery, depending on HEED® Model 400-B-75.2
feed composition and end product Glycerol Desalting System

characteristics
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Key Features

Proven technology with full-scale installations currently in operation

High recoveries with much lower capital and operating costs compared to other technologies
Salt removal to specified levels, including to USP glycerol, with the system able to adapt to
changing feed supply contaminant types and concentrations

Robust unit operation(s) for removal of Free Fatty Acids (FFAs), Matter Organic Not Glycerol
(MONG), organic acids, color and odor

Modular systems, easily scaleable to increase capacity

Semi-automated system easy to use and control

Minimum downtime required (typically 23+ operating hours per day)

Nonhazardous side streams consisting of dry filter cake and aqueous brine solution for easy
disposal

Space, Utility, and Tank Requirements

The space/footprint needed will depend on the overall production capacity, feed chemistry, and
product characteristics. In general, the process equipment requires only a fraction of the space
of storage tanks for feed and product. For example, processing equipment with work tanks for a
10 million pound/year (~2,500 gpd) plant producing USP 99.7 grade glycerol using typical
chloride containing crude feed will occupy about 7,000 square feet, while the actual process
equipment will occupy only about 1,000 square feet (see EET facility photos)

Three-phase 480V electrical utility preferred; three-phase 230V or single-phase 110V acceptable
for some size units

Process air

Softened, de-chlorinated make-up water (or tap water with <3 ppm free chlorine)

Appropriate feed, product, and brine concentrate tanks and lines to and from these to the
working tanks of the EET-supplied systems

Maintenance

Maintenance requirements for the EET glycerol purification system are minimal. Depending on feed
characteristics, periodic cleaning, typically <1 hour per day, is required. Although each installation and
application will vary, installed units have been in operation for over 5 years with no change in HEED®
membrane stack and no major component (e.g., pumps, rectifier, controls) replacement.

By-products of Glycerol Purification

Concentrated brine stream, typically dischargeable as sanitary wastes (check with your local
regulators)

A dry solid waste (nonhazardous) passing the paint filter test (no free liquids). The amount of
solid waste will depend on the amount of MONG and FFAs in the biodiesel-derived glycerol
Small amounts of hydrogen and oxygen gas, which are typically vented to atmosphere
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Appendix E. Carbon Dioxide Cap and Trade Legislation

Cap and Trade Pending Legislation

The idea behind Cap and Trade programs is that each company, power plant, or other large-
scale carbon emitter will be able to reduce carbon emissions at different rates. Each will be given a
capped amount of carbon it can emit. Over time, the caps get stricter and stricter until the ultimate
emissions goals are reached. Since some carbon emitters will be able to reduce emissions more easily
and cheaply than others, those that can reduce to levels below their specified caps can sell on the open
market, carbon allowances to emitters that cannot meet their specified levels. This is trade part of the
system.

The 110™ US Congress, which was in session in 2007 and 2008, introduced a flurry of proposals
to address climate change, 235 pieces in total. By the end of January 2008, seven main congressional
bills addressed carbon and other greenhouse gas emissions through a variety of methods. All set goals
for at least slowing the rate of emissions to the atmosphere. The Pew Center on Global Climate Change
summed up each of these bills and created a chart of what effects on emissions these bills would have if

each of their goals were met (Pew), which is Fig CT-1 below.
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Figure CT-2. The Pew Center on Global Climate Change summary of congressional bills. Graph shows what
effects on Carbon Dioxide emissions these bills would have if each of their goals were met

The most radical of these plans is the Sanders-Boxer/ Waxman proposal (s.309), an amendment
to the Clean Air Act, which calls for a steady 2% reduction in emissions year-on-year, so that by 2050
total emissions will be reduced 80% from their 1990 value. This plan does not require Cap and Trade,
but allows for systems of cap and trade to exist to assist in meeting the goals. The amendment also did
not specify which sectors the caps would be placed on, instead just listing total national goals. This
amendment never came up for a vote, and expired when the 110" Congress did last year (Gov Track).

Many of the other plans drafted called for slightly less reduction. The Lieberman-Warner
(s.2191) bill, called for caps to be auctioned off on the open market and gave incentives for carbon
sequestering, and the Olver-Gilchrest (H.R. 620) bill would have provided for a step-down approach to
limiting emissions(Gov Track). The bills set target years for emissions to be reduced to certain levels, and

had no specifications on reduction in between these target years. The Lieberman-Warner bill reached
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the committee phase, but no further action was taken; the Olver-Gilchrest bill did not even make it to
committee(Gov Track).

The one proposed bill that took on the issue slightly differently was Spector-Bingham (s.1766)
The bill calls for a reduction back to 1990 emissions levels by 2030, primarily through Cap and Trade. The
bill has many incentives for research, including special carbon capture allocations and funding for green
research. The bill also gives the President the power to set the goals to a more aggressive level, up to
60% below 1990 levels by 2050, in the event that international regulations or actions change over this
time period. The bill did not make it past introduction.

In short, it seems to be a few years before the Cap and Trade system will be applied within the

United States.
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Appendix F.

Problem Statement
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Glycerol to Ethanol
(recommended by Bruce Vrana, DuPont)

Glycerol is a byproduct of biodiesel manufacture, with relatively few industrial uses. As the
production of biodiesel increases, particularly in Europe due to government regulations but
also in the U.S. due to public demand for renewable fuels, the price of glycerol is expected
to continue to decrease.

Your research organization has recently isolated a naturally occurring E. coli, code-named
Penn09, that will ferment glycerol to ethanol and a small amount of succinic acid. Ethanol
is in high demand for transportation fuel, and succinic acid is a high-value specialty
chemical.

You have been asked to determine whether this technology could be commercially
successful, using the following assumptions, determined by your research director. You
need to design a plant that will make 50MM gallons per year of fuel ethanol using this
technology and estimate the economics.

Crude glycerol is a good substrate for this strain of E. coli. The salts in the glycerol contain
all the nutrients that the organism needs to survive and reproduce. The fermentation is
anaerobic, and the overall reactions can be written as:

CH,OH-CHOH-CH,0H & CH3-CH,0H + CO; + H, (1)
Glycerol Ethanol

CH,0H-CHOH-CH,0H + CO, & HOOC-CH,-CH,-COOH + H,0 (2)
Glycerol Succinic acid

Assume that 98% of the glycerol is converted in reaction 1, 1% of the glycerol is converted
in reaction 2, and 1% is converted to biomass. The overall reaction rate is 1.6 g EtOH
formed/L of reaction volume/hour. Feed only enough glycerol to the batch fermenter to
reach a final ethanol titer of 100 g/L.

Sterility in the fermentation area is a significant concern. Suitable measures must be taken
to ensure that no adventitious organisms enter the process, eating feedstock and
generating undesired products. Everything entering the fermenter must be sterile, except
of course for the innoculum.
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The organism is a naturally occurring strain that poses no known hazards to humans and
thus is less stringently regulated than if it were genetically modified. Nonetheless, it would
be prudent to design facilities to physically contain the live organism. Prior to removal
from containment, the organism must be deactivated or killed and then disposed of
properly. Landfill is adequate for final disposal. Likewise, operating vents and spills that
could contain the live organism are to be contained and treated. The operating vent could
be treated with a scrubber using a low concentration of bleach. Spills could be sent to a
tank and heated to sterilization temperature prior to discharge.

Also fed to the fermenters is your E. coli inoculum, which you produce in a separate seed
fermentation train. The biochemistry of the organism is outside the scope of this project.
Fortunately, your research organization has developed a simple scenario for your use. The
organism will come from 1 ml vials stored in a freezer on site. It will be grown in successive
stages each 20 times the size of the prior stage, each stage taking 24 hours.* After 24
hours, it is put in the next larger vessel along with water and a sugar source. If you use less
than a 20 X factor for any stage of fermentation, you must still allow 24 hours for that
stage of fermentation to take place. 10 liters is the largest stage that can be grown in the
lab before transferring to the first seed fermenter in the plant. Lab scale fermentations
will use clean glycerol and other nutrients, the cost of which can be ignored for this
evaluation, along with the cost of the initial vial of organism. (Note, however, that the vials
do have a cost, so you may only use one vial per production fermenter batch.) Once the
laboratory-produced seed is taken to the plant seed fermentation train, each stage of seed
fermentation will be fed with plant water and enough glycerol to produce the maximum
titer of 100 g/L ethanol before transfer to the next larger seed fermenter, or ultimately the
production fermenter(s). Your material and energy balance should include the amount of
water and glycerol fed to the plant seed train.

Fermentation is the only batch step in the process. Your design must consider how to best
match up fermentation with the continuous back end of the plant. A Gantt chart may be
helpful to illustrate the filling, fermentation, emptying and cleaning process for however
many production and seed fermenters your design employs.

Fermentation off-gas will, unlike in ethanol plants, contain a significant amount of
hydrogen, as shown in the stoichiometry above. Your design needs to handle this stream
in a safe, environmentally acceptable and economical manner before discharge to the
atmosphere. You may assume a slight positive pressure in the fermenters, say 5 inches of
water gauge, which will help keep the fermentation anaerobic.

*This 24 hour time period was found to be in disagreement with the calculated 60 hr period using the given growth rate
and end ethanol concentration, so this 24-hour time period was ignored at the later suggestion of Mr. Vrana.
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Downstream of fermentation, it is expected that this process will have many similarities to
the fuel ethanol process used in the U.S. and Brazil. Should you wish to use the fuel
ethanol industry process standard for drying ethanol from near the azeotrope to 99.5%
purity, molecular sieves, you need to know that regeneration of the molecular sieves
requires recycling 20% of the dry ethanol product back to the sieves. This regeneration
stream, which on average contains 37% water after leaving the molecular sieves, must
then be recycled back to your separation process. The composition of the regeneration
stream varies with time, so your design should take that into consideration. A brief, but
informative, discussion of the ethanol molecular sieve process is contained in Aden et al.
(2002).

A packaged unit for drying ethanol with molecular sieves costs $2.5 million to process
34,000 Ib/hr on a pure ethanol basis. The feed is saturated vapor at 1 atm, 92% ethanol,
8% water by weight. The products are saturated liquid at 1 atm. Scale the cost with a 0.6
exponent. Electrical usage is 0.002 kWhr/lb of product. Steam usage is 0.04 Ib/Ib of
product for additional heating. Cooling water usage is 3 gal/lb of product. Since this is a
packaged unit, it includes local piping, instrumentation, etc. and thus should have different
installation factors than most other purchased equipment.

Ethanol must be denatured on site with 2-5% by volume of unleaded gasoline, to conform
to the Bureau of Alcohol, Tobacco and Firearms regulations (preventing human
consumption of untaxed alcohol). Prior to denaturing, it must be 99.5% pure ethanol.

Corrosion and cleanliness dictate that most process equipment be fabricated from 304
stainless steel. This holds for any equipment that contains water. Exceptions include corn
silos, product storage tanks, and any distillation or other separation systems that contain
less than 1% water, which may use carbon steel.

Since your product is intended for transportation fuel use, it is imperative that the process
be as energy efficient as possible. The current benchmark for energy use in a fuel ethanol
plant is about 35,000 BTU/gallon of product. (This is calculated as the amount of heat and
electricity needed by the process, not the amount of fuel consumed in the boiler.) You
should certainly be able to surpass that benchmark, due to differences in the process.

The plant design should be as environmentally friendly as possible. Recover and recycle
process materials to the maximum economic extent. Also, energy consumption should be
minimized, to the extent economically justified. The plant design must also be controllable
and safe to operate. Remember that you will be there for the start-up and will have to live
with whatever design decisions you have made.
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Your purchasing organization believes that the equilibrium price for byproduct glycerol is
$0.15/1Ib, delivered to your U. S. Gulf Coast plant. Your marketing organization believes
they can sell denatured ethanol for $2.50/gal. Succinic acid can be sold for $2.00/Ib
provided it meets normal purity specs. Unleaded regular gasoline used for denaturing
costs $2.50/gallon wholesale. All prices referenced here are in 2009 dollars. Obviously,
you will want to test the sensitivity of your economics to these price forecasts.

Undoubtedly, you will need additional data beyond that given here. Cite any literature
data used. If need be, make reasonable assumptions, state them, and whether your design
or economics are sensitive to the assumptions you have made.

References

The Renewable Fuels Association web site has a good description of the fuel ethanol
process and industry. http://www.ethanolrfa.org

A good model for much of the dry grind ethanol process is discussed on
http://www.intelligen.com/literature.shtml which links to a paper by Kwiatkowski et al.
This includes a SUPERPRO DESIGNER model that works with their evaluation version of the
software. Note, however, that SUPERPRO DESIGNER does not handle VLE rigorously and
thus is not suitable for designing this process.

Dharmadi, Y., A. Murarka, and R. Gonzalez, “Anaerobic Fermentation of Glycerol by
Escherichia coli: A New Platform for Metabolic Engineering”, Wiley InterScience, 5/20/2006
contains a description of the biochemistry in a similar organism.

Aden, A, et al., “Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing
Co-Current Dilute Acid Prehydrolysis and Enzymatic Hydrolysis for Corn Stover”, NREL/TP-
510-32438 (2002).
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Appendix G.

Relevant MSDS
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Material Safety Data Sheet Ailrgas

Carbon Dioxide

Section 1. Chemical product and company identification

Product Mame : Garbon Dioxlde
Supplier = AIRGAS INC._, on behalf of its subsidiaries
298 North Radnor-Chester Road
Saife 100
Radnor, PA 19087-5283
1-610-68T-5253
Product use ¢ SyntheticiAnalylical chemistry.
MsDs# H i
Date of ;411112005
Preparation/Revision
In case of emergency : 1-B00-B48-7937
Section 2. Composition, Information on Ingredients
Name CAS number It Volume Exposure limits
Carbon Dioxide 124-38-9 100 ACGIH TLV (United States, 9/2004).
STEL: 54000 mg/m? 15 minutes). Form; &l
farmes
STEL: 20000 ppm 15 minube(s). Form: All
forms

TWA: 9000 mgim® B hour{s). Form: All forms

TWA: 5000 ppm 8 hour(a), Form: All forms
MIOSH REL (United States, 6/2001).

STEL: 54000 mgim® 15 minute{s). Form: Al

farms

STEL: 20000 ppm 15 minute(s). Form: all
forms

TWA: 9000 mgi'm™ 10 hour(s). Form: Al
forms

TwA: 5000 ppm 10 hour{s). Form: All forms
OSHA PEL {United States, 5/1993).

TWA: 9000 mgim* & hourfs). Form; &1l forms

TWA: 5000 ppm 8 hours), Form: All forms

Section 3. Hazards identification

Physical state : Gas.
Emergency overview 1 Warning!
CONTENTS UNDER PRESSURE.
CAUSES DAMAGE TO THE FOLLOWING ORGANS: LUNGS, CARDIOVASCULAR

SYSTEM, SKIM, EYES, CENTRAL NERVOUS S5YSTEM, EYE, LENS OR CORMEA.
MAY CAUSE RESPIRATORY TRACT, EYE AND SKIN IRRITATION.

Avoid contact with skin and clothing. Awoid breathing gas. Do nol puncture or incinerate
container. Keep container closed. Use only with adequate ventilation. Wash thoroughly
after handling.

Contact with rapidly expanding gas, bgued, of solid can cause frosthite.

Routes of entry : Inhalation Dermal Eyes
Potential acute health effects
Eyes : Moderataly imitafing to the eyes.
Skin 1 Moderately imitating to the skin.
Inhalation : Maoderately irmitating to the respiratory system.
Ingestion  Ingeston is not @ nommal route of exposure for gases

Page: 1/6
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Carbon Dioxide

Potential chronic health
effects

Medical conditions -
aggravated by overexposure

: CARCINOGENIC EFFECTS Mot available.

MUTAGEMNIC EFFECTS Nat available.
TERATOGENIC EFFECTE Mot available.

: Acute or chronic respiratory conditions may be aggravated by overexposure to this gas.

See toxicological Information (section 11}

Section 4. First aid measures

Mo action shall be taken involving any personal risk or without suitable training.|f fumes are still suspected to be present,
the rescuer should wear an appropriate mask or a seff-contained breathing apparatus it may be dangerous to the persan
providing aid to give mouth-to-mouth resuscitation.

Eye contact

Skin contact

Frostbite
Inhalation

Ingestion

: In case of contact, immediately flush eyes with plenty of water for at least 15 minutes.

Get medical attention immediately.

2 In case of contact, imimediately Bush skin with plenty of water. Remove contamnated

clothing and shoes. Wash clothing before reuse. Thaoroughly clean shoes before reuse.
Get medical attention,

: Try to warm up the frozen tissues and seek medical atiention,
¢ WWinhaled, remove to fresh air. |f not breathing, give arbificial respeation. If breathing is

difficult, give cxygen. Get medical attention

: Do NOT induce vomiting unless directed to do so by medical personnel. Mever give

anything by mouwth to an unconscious person. Get medical attention if symploms
Bppear.

Section 5. Fire fighting measures

Flammability of the product :

Fire fighting media and
instructions

Special protective
equipment for fire-fighters

MNon-flammable,

: Lse an extinguishing agent suitable for surounding fires

Ifinvialved in fire, shut off flow immediately if it can be done without risk. Apply waler
from a safe distance to cool container and protect surmounding area,

Mo specific hazard.

: Fire fighters should wear approprate protective equipment and self-contained breathing

apparaius (SCEBA) with a full facepiece operated in positive pressure mode.

Section 6. Accidental release measures

Personal precautions

Environmental precautions

» Immediatefy contact emergency personnel. Keep unnecessary personnel away. Use

suitable protective equipment [Section &), Shut off gas supply if this can be done safely.
Isalate area until gas has dispersed.

1 Avoid dispersal of spilled material and runeff and contact with soil, waterways, drains

and sewers

Section 7. Handling and storage

Handling -

Storage

Awoid contact with eyes, skin and clothing. Keep container closed. Use only with
adeguate ventilation, Do not puncture or incinerale container. Wash thoroughly after
handing. High pressure gas, Use equipment rated for cylinder pressure, Close valve
after each use and when empty. Frotect cylinders from physical damage; do not drag,
roll, slide, or drop. Use a suitabde hand fruck for cylinder mevement

Mever allow any unprotected part of the body to touch uninsulated pipes or vessels that
contain cryegenic liguids. Prevent entrapment of liquid in closed systems or piping
without pressure relief devices, Some materials may become brittle at low temperalures
and will easily fracture.

1 Keep container tightly closed, Keep container in a cool, well-ventilated area, Cylinders

should be stored upright, with valve protection cap in place, and firmly secured to
prevent falling or being knocked over. Cylinder temperatures shouwld not excesd 52 °C
{125 °F).
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Carbon Dioxide

Section 8. Exposure Controls, Personal Protection

Engineering controls
Personal protection

Eyes

Skin

Respiratory

Hands

Personal protection in case
of a large spill

1 Use only with adequate ventilation, Use process enclosures, local exhaust ventilation, or

other engineering contrals o keep airborne levels below recommended exposure limils.

: Gafely eyewear complying with an approved standard should be vsed when a risk

assessment indicates this is necessary to avoid exposure o iquid splashes, mists or
dusts.

‘When working with cryogenic liquids, wear a full face shield.

: Personal protectve equipment for the body should be selected based on the task being

performed and the risks involved and should be approved by a specialist before handling
this product.

: Use a properly fitted, air-purifying or air-fed respirator complying with an approved

standard if a risk assesament indicates this is necessary Respirator selection must be
based on known or anticipated exposure levels, the hazards of the product and the safe
working limits of the selected respirator,

The applicable standards are (US) 29 CFR 1910.134 and (Canada) 294 4-53

: Chemical-resistant, impervious gloves or gauntlets complying with an approved standard

should be worn at all Broes when handing chemical products if a nisk assessment
indicates this is necessary,

Insulated gloves suitable for low femperatures

1 Aself-contained breathing apparatus should be used to avoid inhalation of the product.

Consult local authorities for acceptable exposure limits.

Section 9. Physical and chemical properties

Molecular weight
Molecular formula
Boiling/condensation point
Melting/freezing point
Critical temperature

Vapor pressure

Vapor density

Specific Volume (ftib)
Gas Density (Ib/E)

Physical chemical
COMMents

: 4401 gimale

- CO2

: -FBE5"C {-108.4°F)

: Sublimation temperature: -78.5°C (-109.3°F)
1 30.9°C (8T.6°F)

: B30 psig

¢ 1.53 (Air=1)

: B.rA83

0114

1 Mot available,

Section 10. Stability and reactivity

Stability and reactivity

: The product is stabla.

Section 11. Toxicological information

Toxicity data
IDLH
Chronic effects on humans

Other toxic effects on
humans

Specific effects
Carcinogenic effects
Mutagenic effects
Reproduction toxicity

2 40000 ppm

: Causes damage to the following organs: lungs, cardiovascular system, skin, eyes,

central nervous systermn (CHNS), eye, lens of comea,

: Mo specific infarmation is available in our database regarding the other toxic effects of

this material for humans

: Mo known significant effects or critical hazards.
: Mo known significant effects or cnibical hazards.
1 Mo known significant effects or critical hazards.
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Carbon Dioxide

Section 12. Ecological information

Products of degradation ¢ These products are carbon oxides (GO, GOz

Toxicity of the products of | The product itself and its products of degradation are not toxic
biodegradation

Environmental fate : Mot available.
Environmental hazards ¢ Mo knowmn significant effects or cribeal hazards.
Toxicity to the environment © Mol available.

Section 13. Disposal considerations

Product removed from the cylinder must be disposed of in accordance with appropriate Federal, State, local
regulation.Return cylinders with residual product to Airgas, Inc.Do not dispose of locally,

Section 14. Transport information

Regulatory UM number |Proper shipping Class |Packing group Label Additional
information name information

DOT Classification |UN1013 CARBON DIOXIDE |22 Mot applicable {gas). Limited
-
e Yes,
UmM2187 Carbon dioxide,

refrigerated liquid Packaqing

Passenger
Aircraft
Cluantity
limitation; 75
k

Cargo Alrcraft

Quantily
limitation; 150
ki

TDG Classification |UN1013 CARBON DIOXIDE |22 Not applicable {gas). Explosive
0 - :

UM2187 Carbon dioxide, Cuantity
refrigerated ligusd Index

Passenger
Carrying
Road or Rail
Index

Fi

Mexico UN1013 CARBON DIOXIDE 22 Mat applicable {gas)
Classification

UM2187 Carbon deoxlde,
refrigerated ligusd
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Carbon Dioxide

Section 15. Regulatory information

United States
U5, Federal regulations

State regulations

Canada
WHMIS {Canada)

: TSCA B(b) inventory: Carbon Dicxide

SARA 3027204031 1/312 extremely hazardous substances; No products were found.
SARA 3027304 emergency planning and notification: No products were found.

SARAL 3022043111312 hazardous chemicals: Carbon Dioxide

SARA 311/312 MSDE distribution - chemdcal imventary - hazard identification: Carbon
Dioxide: Sudden Release of Pressure, Immediate [Aoute) Health Hazard, Defayed
{Chronic) Health Hazard

Clean Water Act (CWA]) 307 Mo products were found,

Clean Water Act (CWA) 311: Mo products were found,

Clean abr act (CAA) 112 accidental release prevention: No products were found,
Clean air act (CAA) 112 regulated lammable substances: No products were found.
Clean air act (CAA) 112 regulated toxic substances: No products were found.

¢ Pennsylvania RTE: Carbon Dioxide: (generc environmental hazard)

Massachusetts RTK: Carbon Dioxide
Mew Jerzey: Carbon Dioxide

; Class A Compressed gas.

CEPA DSL: Carbon Digxide

Section 16. Other information

United States
Label Requirements

Canada

Label Requirements
Hazardous Material 2
Information System (U.S.A.)

National Fire Protection
Association (U.5.A.)

: CONTENTS UMDER PRESSURE.

CAUSES DAMAGE TO THE FOLLOWING ORGANS: LUNGS, CARNOVASCULAR
SYSTEM, SKEIN, EYES, CENTRAL NERVOLS SYSTEM, EYE, LEMNS OR CORMEA,
MAY CAUSE RESPIRATORY TRACT, EYE AND SKEIM IRRITATION.

: Class &; Compressed gas,

Health i &
Fire hazard o
Reactivity 0
Personal protection c

liquid:
Health

Fire hazard
Reactivity

Personal protection

Flammability
Instability
Special

Health

liquid:
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Carbon Dioxide

Flammability

Health * Instability

Special

Notice to reader

To the best of our knowledge, the information contained herein is accurate. However, neither the above named
supplier nor any of its subsidiaries assumes any liability whatsoever for the accuracy or completeness of the
information centained herein,

Final determination of suitability of any material is the sole responsibility of the user, All materials may present
unknown hazards and should be used with caution. Although certain hazards are described hergin, we cannot
guarantee that these are the only hazards that exist.
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Material Safety Data Sheeat
Eghyl Abcobal. Tirta
ACCE #1790

Section 1 « Cheadoal Product s Comigpamy Tdemtfcation |

MEDS Name: Ethyl Akoohol, 70%
Catalog Numbers:S7511%, 575120, S556054
Symonyms: Ethyl Alcohel, Ethyl Hydrate; Ethyl Hydroxide; Fermentation loohal; Grain alcohal; Methylcarbined;
Melasses Alcohel; Spirits of Wina.
Company Identification:
Fisher Scientific
1 Reagent Lane
Fair Lawn, NI 07410
For information, call: 201-798-7100
Emergency Mumber201-796-7100
For CHEMTREC assistancos, call:800-424-5300
For International CHEMTREC assistance, calld03-527-3087

Seckion 2 - Cornposition, Information on Ingredients |

CARY I Chetinical Masse Peroanl EINECSELINCS
175 IEIJ‘l\I. abzilel T 2HLSTE-6
TTAZ-1E-5 I'I.'.'n.-r ) 231-790-2
Hazrard Symbolsa F

Risk Phrases: 11

Section 3 - Hazards [dentification |

EMERGENCY OVERVIEW

Appearance: colorless clear liguid. Flash Point: 16.6 deg C. Flammable liguid and vaporMay cause central nervous
systern depression. Causes savere eye rritation. Couses respiratory tract irritation. Cavses moderate skin irritation.

This substance has chused adverse reproductive and fetal effeds in humans. Warning! May cause liver, kidney and
heart darmage.

Target Organs: Kidneys, heart, central nervous system, liver.

Potential Health Effects

Eyer Causes severs eye irritation. May cause painful sensitization to Hight. May cause chernical conjunctivitis and corneal
damage.

Skinp Causas moderate skin irmtation. May cause cyanoss of the extremities

Ingestion: May causas gastrointestinal irritation with nauses, verniting and diarrhes. May cause systemic toxicity with
acidosis. May causs cantral nervous systermn depression, characterized by excitemant, follewed by headache, dizziness,
drowsiness, and neusea. Advanced stages may cause collapse, unconscicuzness, coma and possible death due to
respiratary fallure.

Inhalation: Inhalation of high concentrations may cause central nervous systern effects characterized by nauss=a,
hesdache, dizriness, unconsdousness and coma. Causes respiratary tract irritation, May cause narcotic effedts in high
cancentration. Vapars may cause dizziness or suffocaticn.

Chronic: May cause reproductive and fetal effects. Laboratory expariments have resulted in mutagenic effects. Animal
studies have réperied the development oF tumars. Predonged exposure may cause liver, Kidney, and heart damage.

Section 4 - First Aid Measures

Eyes: Immediately flush eyes with plenty of water for ot least 15 minutes, occasicnally lifting the upper and lower ayealids.
Get medical aid. Gantly lift eyelids and flush continuously with water,

Skinr Get madical aid. Flush skin with planty of water for at least 15 minutes while rermoving contaminated cdothing and
shoes. Wash clothing before reuse. Flush skin with plenty of soap and water.

Ingestion: Do NOT induce worniting. IF victim IS conscious and alert, give 2-9 cupfuls of millk or water. Hever give
anything by meuth to an uncensceus person. Get medical aid.

Inhalation: Remove frorm exposure and move to fresh air immediately. If nat breathing, give artificial respiration. 17
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breathing i difficult, give oxygen. Get medical aid. Do HOT wse mouth-ta-mouth resusdtation.

Motes to Physician: Treat syrmptomatically and supportively. Persons with =kin or eye disorders or liver, kidney, chronic
respiratory diseases, or central and peripheral nervous sytem disesses may be at increased risk from exposure to this
substance.

Antidobe: Replace fluid and electrolytes.

Section § - Fire Fighting Measures

General Information: Containers can build up pressure if exposed to beat and/or fire. &s in any fire, wear a self-contained
breathing apparatus in pressure-demand, MSHANIOSEH [approved or equivalent), and full protective gear. Vapors may
form an explosive mixture with air. Yapors can travel to & source of ignition and flash back. Will burn if invalved in a fire
Flammable Liquid. Can relsase vapars that form explosive miktures st termperalures abowe the Mashpoint. Use waber
spray o keep fire-exposed containers cool. Containers may explade in the heat of & fre.

Extinguishing Media:For small fires, use dry cheérmical, carban dioxide, water spray or alcohol-résistant foam. For large
fires, use water spray, Tfog, or alcohol-resistant foam. Use waler spray to cool fire-expased cantainers. Water may b
inefactive, Do NOT use straight streams ol water,

Flash Point: 16.6 dag C [ 61,68 deg F)

Autoignition Temperatwre: 363 deg C [ 68540 dag F)

Explosion Limits, Lower3.3 vol %

Upper: 19.0 vol &

NFPA Rating: (estimated) Health: 2; Flarnmability: 3; Instability: ©

Section 6 - Accidental Release Measures |

General Information: Use proper personal profective equipment as indicated in Section &,
Spills/ Leaks: Absorlk spill with inert material (e.g, wvermiculite, sand or earth), then place in suitable contaimer. Rermotve all
sources of ignition, Use & spark-proof tool. Provide ventilation. & wvapor suppressing foarm may be usad to reduce vapors,

Section 7 - Handling and Storage

Handling: Wash thoreughly after handling. Use cnly in 8 well-vantilabed area, Ground and bond containars when
transferring material, Usa spark-proof toels and explosion prool equiprment. Avoid contact with eyes, skin, and clothing.
Ermply containers retain product residue, [liguid and’er vapor), ard can b dangerous. Keep container Ughtly closed.
Avioid contiact with heat, Sparks and Marme. Avoid ingestion and inbalation. Do Aot pressurize, cul, weld, braze, solder,
drill; grire, or expose emply containers [o heat, sparks or open Nameas,

Storage: Keep away from heat, sparks, and fMame. Keap away Mmom sources of ignitien. Store in a Lightly dosed container,
Kesp from contach with oxidizing materiaks. Stere in a cool, dry, well-ventilated area away Trom incompatibhe substances.
Flarmmmables-area. Do nol store near perchlerates, peroxides, chromic acid or nitric acid.

Saction 8 - Exposure Contrels, Parsonal Protection

Enginearing Contrals:VUse explosion-progt ventilaticn equiprment. Facilities stering or utilizing this material should ba
equipped with an eyewash facility and a safety shower, Use adaquate genaral or local exnaust vantilation to keep alrberna
cancentrations belw the pammissible exposure limits.

E!EM Limits
— —
Chemical Mamse ACEE MO CISFLA - Final PEL=
Iid1=| alcohul ]I.Jl.l'l'lw (R II'F-"I.Jr!p'r_n TWA: II'i'l.I'Ei'mJ TW A 3l ppem mLH I'-’l.i'l.lm TWA; Iil.l'lmm.’l (L)
Waler mone lisied mone lisked mone lisked

OSHA Vacabed PELs: Ethyl alcehol; 1000 ppm TWA; 1800 mg/m3 TWA Water; No O5HA Vacated PELS are listed tar this
chamical,

Parsgnal Proteclive Equipmant

Eyas: Weaar appropriate protective ayedlassas or chamical sataty gogales a5 desoripad by DSHA'S eye and faga

protection ragulaticns in 28 CFR 1910133 or European Standard EN16S,

Skim: Waar appropriata protactive gloves o prevent skin axpesura,

Clathing: Wear apprepriate protective clething Do pravant skin exposurna

Respirators: A respiratory protection pregram that mests QSHA's 29 CFR 1910.134 and AMST Z88.2 requirermsants or
Eurgpaan Standard EN 149 must be followed whanaver workplace conditions warrant a respiraters use

Section 9 - Fhysical and Chemical Fropartias ||
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Section 9 - Fhysical and Chemical Propartias

Physical Stata: Clear liquid

Appaarance: colorless

Odor: Mild, rathar plaasant, like wing or whis
PH: Mot available,

Vapor Pressura: 59.3 mm Hg @ 20 dag C
Vapor Density: 1,59

Evaporation Rata:MNot avallable

Viscasily: 1,200 cP 0 20 dag

Boiling Paint: 78 dag ©

Freazing / Malting Point-114,.1 deg
Decomposition Temparaturalio? availlable,
Sohability: Miscibh

Specilic Gravity / Density:0. 790 @ 20°C
Molecular FormulaliH50H

Molecular Weight:+5.0414

T

Chemical Stability: Stable under normal termperatures and preéssures,

Conditions to Aweid: Incormpatible materials, ignition seurces, excess heal, oxidizers.

Incompatibilities with Other Materials: Strong exidizing agents, acids, alkali metals, ammonia, hydrazine, perogides,
sadiurm, acid anhydrides, calcium hypochlorite, chromyl chloride, nitrosyl perchliorate, bromine pentalluoride, perchloric
acid, silver nitrale, marcuric nitrate, potassium-tert-butoxide, magnasiuvm perchlorate, acid chlorides, platinum, uranium
hexaluoride, silver axide, iodine heptafluaride, acetyl bramide, disulfuryl difucride, tetrachlorosilane = water, acatyl
chloride, permanganic acid, ruthenium (VII) oxide, uranyl parchiorate, potassium dioxide,

Hazardous Decomposition ProductsCarbon monoxide, irritating and texic fumes and gases, carbon diaxide,
Hazardous Polymerization: Wil not aoour.

Sectian 11 - Toxicobagical Infarrmation

RTECS#:

CASH G4-17-5: KQAEZ00000

CASH 7732-18-5: ZC0110000
LO50/LCS0;

CAS® 64-17-3:

Draize test, rabbit, eye: 500 rmg Severe;
Diraize test; rabbit, eye: 500 mg/24H Mild,
Draize test; rabbit, skin: 20 mgs24H Moderate;
Inhalation, mousa: LCS0 = 3% g3 4H,
Inhalation, rat: LCS0 = 20000 ppen10H,
Oral, mguse: LDESD = 3450 mgikg,

Cral, rabbil: LSO = G300 mg kg,

Oral, rab: LDS0 = 9000 ma'kg,

Qral, rab: LDS0D = 7060 mg'kg,

CASA FPE2-16-5:
Qral, ral: LDE0 = =90 mbLkg;

Carcinogenicity:

CAS® 64-17-5:

BACGIH: A4 - Mot Classiliable as 8 Hurnan Carcinegen CASN 7732-18-5: Mot listed by ACGIH, [ARC, NIOSH, NTR, ar
OEHA.

Epidemiology: Ethancel has bean shown to produce fetotoxicity in the ambry o or fetus of laboratory animals. Prenatal
exposure 1o ethancl is associaled with a distinct pattarn of or ngenital malformations that have collecatively baen tarmed
the "Tetal alcobol syndrome”,

Teratogenicity: Jral, Hurnan - woman: TDLo = 41 grykg [female 41 weaek(g] after concaption) EMects on Mewborm -
Apgar score (human enly) and EfMects on Mewbom - other neonatal rmeasures or effects and EMects on Newborm - drug
dapandanoa,

Reproductive Effects: Intrauterineg, Human - worman: TDLo = 200 regikg (female 5 day(s) pre-mating) Fertility - famale
Tertility imdex (2.9, ¥ fermales pregnant per @ spemm positive fermales; § females preghent per ¥ femalas mated).
Meurotoxicity: Mo infarmation available.

Mutagenicity: DMNA Inhibiticn: Human, Lymphodyle = 220 mmel/l; Cytogenetic Analysis: Human, Lympheiyte = 1160
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grmf'L; Cytogenetic Analysis: Human, Fibroblast = 12000 ppm.; Cytogenetic Analysis: Human, Leukocyte = 1 pph/F2H
[Continuous).; Sister Chrormatid Exchange: Human, Lyrmiphooyte = 500 ppm/72H [Continwaus).

Other Studies: Standard Draize Test{Skin, rabbit) = 20 mg/24H (Moderate) 5 tandard Draize Test: Administration into
the eye [rabbit) = 500 mg (Severe).

Sectien 12 - Ecological Information

Ecotoxicity: Fish: Rainbow trout: LCS0 = 12500- 15300 mg/L; 96 Hr; Flow-through @ 24-24.3°C Rainbew trout: LCSD =
11200 mg/L; 24 Hr; Fingerling {Unspecified) ria: Phytobacterium phosphoreum: ECS0 = 24930 mgsL; 5-30 rmin;
Microtox test When spilled on land it is apt to vaolatilize, biedegrade, and leach into the ground water, but no data an the
rates of these processes could be found. [ts fate in ground water is unknown. When released into water it will volatilize
and probably biodegrade. It would not be expected to adsorb to sediment or bioconcentrate in fish.

Environmental: When released ta the atmosphere it will photodegrade in howrs (polluted urban atrmosphere) to an
estimated range of 4 to & days in less polluted areas. Rainout should be significant.

Physical: No information available.

Other: No information available.

Sectien 13 - Disposal Considerations ||

Chemical waste generators must determine whether 8 discarded chermical is classified as a hazardous waste, US EPA
guidelines for the classification determination are listed in 40 COFR Parts 261.3. Additionally, waste generaters rmust
cansult state and lecal hazardeus waste regulations to ensure complete and accurate dassification.

RCRA P-Series: Mona listed.

RCRA U-Series: Mona listed.

US [NFT LATA | RITVALR | A Canada TG
Shipgng Saie: ETHANCL T nbceratian available.
Hazand liss: E
U Smmber: =
FPecking Croup Bl
Section 15 - Regulstory Information |
USs FEDERAL
TSCA

CasE B4-17-5 is listed on the TSCA inventory.

Case FP32-16-5 is listed on the TSCA inventary.

Health & Safety Reporting List

Hone af the chermicals are on the Health & Safety Reperting List.
Chemical Test Rules

Hone af the chernicals in this preduct are under 8 Chermical Test Fule.
Section 12b

Hone af the chernicals are listed under TSCA Section 12b.

TSCA Significant New Use Rule

Hone af the chernicals in this material have 8 SHNUR wnder TSCA.
SARA

CERCLA Hazardous Substances and corresponding RQs
Hone af the chermicals in this material have an B3,

SARA Section 302 Extremely Hazardouws Substances
Hone af the chermicals in this preduct have a TPG.

SARA Codes

Cas & 64-17-5: acube, chranic, flammable.
Section 313

Mo chernicals are réporable under Saction 313,
Chean Air Act:

This rnaterial does not conlain any hazardeus air pollutants. This meterial does not contain any Class 1 Ozone depletars.
This rnaterial does net contain any Class 2 Ozone depletars.
Clean Watber Act:
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Clean Water Act:

Hone af the chermicals in this preduct are listed as Hazardouws Substances under the WA, None of the chemnicals in this
praduct are listed as Pricrity Pollutants under the S8, None of the chernicals in this preduct are listed as Taxic
Pollutants under the SWA_

O5HA:

Hone aof the chernicals in this product are considered highly hazardous by CSHA.

STATE

CasSe B4-17-5 can be found on the following state right to know lists: California, New Jersey, Pennsylvania, Minnesata,
Massachusetis.

Casg FP32-16-5 iz not presant on state lists from CA, P, MM, MA, FL, ar ND.

WARMING: This praduct cantains Ethiyl alcahol, 8 chamicsl knovin to the state of Californis to cause birth defiects or
ather reproductive harm. California No Significant Risk Lavel: None of the chernicals in this preduct are listed.

European/International Regulations

Eurocpean Labeling in Accordance with EC Directives
Hazard Symbols:

E

Risk Phrases:

R 11 Highly flammable.

Safety Phrases:

S 16 Keep away from sources af ignition - No
=rmoking.

S 33 Take precautionary measures ageinst static
discharges,

5 7 Kesp container tightly clased.

5 9 Kesp container in & well-ventilated place.

WGK [Waber Danger/ Protection)

CASH 64-17-5: 0

CASE T732-16-5: Mo infermation available,

Canada - DEL/NDSL

CASH 64-17-5 ia listed on Canada's DSL List,

CASE F732-16-5 ie listed on Canada’s DISL List.

Canada - WHMIS

This praduct has a WHMIS classification of B2, D2A, D2B.

Canadian Ingredient Disclosure List

CASP 64-17-5 ia listed an the Canadian Ingredient Disclosure List,

Exposure Limits

CASE 54-17-5! QEL-AUSTRALLA TWSA 1000 ppm (1900 mg'm3) OEL-BELGIVM:T
‘WA 1000 ppm (1880 mg'm3) OEL-CZECHOSLOVAKLAZTWA 1000 mg'm3;STEL 5000
migsm3 CEL-DENMARKITWA 1000 ppm (15900 mgm3] OEL-FINLAND:TWS, 1000 ppm
(1500 rg/m3),STEL 1250 popm (2400 mgimd) OEL-FRANCE:TWA 1000 ppm (190

0 mig 3} STEL 5000 pp OEL-GERMANY: TWA 1000 ppen (1900 rmg/m3) OEL-HUNG
ARY:TWA 1300 rg/m3STEL 3000 mg/m3 OEL-THE NETHERLANDS (TWA 1000 ppm |
1900 mg/m3) QEL-THE PHILIPPINES: TWA 1000 ppm (1930 mig'm3) OEL-POLAND
(TWA 1000 rg/m3 OEL-RUSSTA:STEL 1000 mg/m3 OEL-SWEDEN:TWA 1000 ppm |
1900 mg/m3) QEL-SWITZERLAND:TWA 1000 ppm (1900 mg/m3) OEL-THAILAND:T
WA 1000 ppm (1900 mg'm3) OEL-TURKEY: TWA 1000 pprm (1900 mgim3) SEL-UN
ITED KINGDOM: TWA 1000 ppra (1900 rmg/m3) JANS OEL IN BULGARLA, COLOMBIA
o JORDWAM, KORER check ACGTH TLY OEL IN NEW ZEALAMD, STNGAPDRE, WIETHMA

® cheack ACGI TLY

Section 16 - Additional Infarmation

MSDS Creation Daterd, 17/ 2001
Revision &1 Dater 4,/17/20401

The infarmation above i3 belizved bo be sccwrate and represants dhe bast information currently availabie o us. However, we make
no waranty of merchantability ar any other warranty, sxpress or imphed, with respect bo such information, and we assume no
labifity resuliog from ks use. Usars should make their own investigalions fo debarming the switabiity of the informabion for

their particwlar purposes, [n no evenl shall Bsher be Yable for any claims, lossas, or damages of any third party or fior fost

prafils or any special, indirect, modental, consaguential or exemolary damages, howssever arising, even if Fzher has baen
advized of the possibilty of such damagas,
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MATERIAL SAFETY DATA SHEET
Gasoline, All Grades MSDS No. ¥950

EMERGEMNCY OVERVIEW
DANGER!
EXTREMELY FLAMMABLE - EYE AND MUCOUS MEMBRANE IRRITANT
- EFFECTS CENTRAL NERVOUS SYSTEM - HARMFUL OR FATAL IF
SWALLOWED - ASPIRATION HAZARD

High fire hazard. Keep away from heat, spark, open flame, and other ignifion e e )

SOUNCes.

Ifingested, do NOT induce vomiting, as this may cause chemical preumenia (fuid in the lungs). Contact
may cause eye, skin and mucous membrane imitation. Harmbul if absorbed through the skin, Avoid
prolonged breathing of vapors or mists, Inhalation may cause jrritation, anesthetic effects (dizziness,
nausea, headache, infoxicalion), and respiratory system effects.

Long-term exposure may cause effects to specific organs, such as to the liver, kidneys, blood, nervous
system, and skin. Contains benzene, which can cause blood disease, including anemia and leukemia.

| 1. CHEMICAL PRODUCT and COMPANY INFORMATION
Hess Corporation
1 Hess Plaza
Woodbridge, NJ 070950961
EMERGENCY TELEPHONE NUMBER (24 hrs): CHEMTREC (800)424-3300
COMPANY CONTACT {business hours): Corporate Safety (732)750-8000
M3DS ([Environment, Health, Safety) Internet Website wine hess com

SYNONYMS. Hess Conventional {Owvgenated and Mon-oxygenated) Gasoline; Reformulated Gasoline
(RFG); Reformulated Gasoline Blendstock for Oxygenate Blending (RBOEB); Unleaded
Motos or Automative Gasoling

Ses Section 16 for abbreviations and acronyms.

[ 2. COMPOSITION and INFORMATION ON INGREDIENTS * |

INGREDIENT NAME (CAS No.) COMCENTRATION PERCENT BY WEIGHT
Gasoline (36290-81-5) 1040
Benzene (71-43-2) 0.1-4.9(01-1.3 reformulated gasdfine)
n-Butane (108-97-8) =10
Ethyl Alcohol (Ethanal) (64-17-5) 0-10
Ethyl benzene {100-41-4) <3
n-Hexane {110-54-3) 0.5 to 4
Methyl-tertiary butyl ether (MTBE) (1634-04-4) Oto15.0
Tertiary-amyd methyl ether (TAME) (9894-05-8) Oto 172
Toluene (108-88-3) 1-26
1,2 4- Trimethylbenzene (95-53-8) <6
Eylene, mixed isormers (1330-20-T) 1-15

A complex blend of petroleum-derived normal and branched-chain alkane, cycloalkane, alkene, and
aromatic hydrocarbons. May contain anfioxidant and multifunctional additives, Non-oxygenated
Conventonal Gasaline and RBOB do not have oxygenates (Ethanal or MTEE andior TAME]).

Revision Date: 09/25/2007 Page 1 of 9
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MATERIAL SAFETY DATA SHEET
Gasoline, All Grades MSDS No. 9950

Oxygenated Conventional and Reformulated Gasoline will have oxygenates for oclane enhancement or
as legally reguired,

| 3. HAZARDS IDENTIFICATION

EYES
Moderate irmitant. Contact with liquid or vapor may causs irritation.

SHKEIN

Practically non-toxic if absarbed following acute (single) exposure. May cause skin imitation with
prolonged or repeated contact. Liquid may be absorbed through the skin in toxic amounts if large areas of
skin are exposed repeatedly,

INGESTION

The major health threat of ingestion occurs from the danger of asplration (breathing) of hould drops into
the lungs, parficularly from vomiting. Aspiration may result in chemical pneumaonia (fluid in the lungs),
severe lung damage, respiratory fallure and even death

Ingestion may cause gastrointestinal disturbances, including irritation, nausea, vomiting and diarrhea, and
central nervous system (brain) effects similar to alcohol intoxication. In severe Gases, tremors,
convulsions, loss of consciousness, coma, respiratary arrest, and death may cccour,

INHALATION

Excessive exposure may cause irmtations to the nose, throat, lungs and respiratory tract, Central nenvous
syslem (brain) effects may include headache, dizziness, loss of balance and coordination,
unconscicusness, coma, respiratory failure, and death,

WARMNING; the buming of any hydrecarbon a3 a fuel inan area without adequate ventilation may result
in hazardouws levels of combuston products, including carbon monoxide, and inadeguate oxygen levels,
which may cause uncensciousness, suffocation, and death,

CHROMNIC EFFECTS and CARCINOGENICITY

Containg benzene, a regulated human carcinogen. Benzene has the potential to cause anemia and other
blood diseases, including leukemia, after repeated and prolonged exposure. Exposure to light
hydrocarbens in the same boiling range as the product has been assoclated in animal studies with
systemic foxicity. See also Section 11 - Towicological Information,

MEDICAL COMDITIONS AGGRAVATED BY EXPOSURE

Irritation from skin exposure may aggravate existing open wounds, ekin disorders, and dermatitis (rash).
Chronic respiratory disease, liver or kidney dysfunclion, or pre-existing cenfral nenvous system disorders
may be aggravated by exposure,

| 4. FIRST AID MEASURES |
EYES

In case of contact with eyes, immediately flush with clean, low-pressure waler for at least 15 min. Hold
eyelids open to ensure adequate flushing. Seek medical attention

SKIN

Remove contaminated dothing. Wash contaminated areas thoroughly with soap and water or waterless
hand cleanser. Obtain medical attention if irritation or redness develops.

INGESTION

Revision Date: 09/25/2007 Page 2 of 9
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MATERIAL SAFETY DATA SHEET
Gasoline, All Grades MSDS No. 9950

DO NOT INDUCE VOMITING. Do not give liguids. Obiain immediate medical attenbon. If spontaneous
vomiting ocours, lean victim forward to reduce the nisk of aspiration, Small amounts of material which
enter the mauth should be rinsed out untd the taste is dissipated.

INHALATION

Remove person to fresh air, If person is not breathing, ensure an open airway and provide artificial
resplration. If necessary, provide additional oxygen once breathing Is restored if tralned o do 0. Seek
medical attention immediately.

5. FIRE FIGHTING MEASURES
FLAMMAELE FPROPERTIES:

FLASH POINT: -45°F (-43°C)

AUTOIGNITION TEMPERATURE: highly variable: = 530 °F (=280 °C)
OSHANFPA FLAMMABILITY CLASS: 1A {flammable liquid)

LOWER EXPLOSIVE LIMIT (%): 1.4%

LUPPER EXPLOSIVE LIMIT (%) T.6%

FIRE AND EXPLOSION HAZARDS

Vapors may be ignited rapidly when expesed to heat, spark, open flame or other source of ignition.
Flowing product may be ignited by self-generated static electricity. When mixed with air and exposed to
an lgnitien source, flammable vapors can burn in the apen of explode in confined spaces. Belng heavier
than air, vapors may travel long distances to an ignition sowrce and flash back. Runoff to sewer may
cause fire or explosion hazard.

EXTINGUISHING MEDIA
SMALL FIRES: Any extinguisher suilable for Class B fires, dry chemical, 02, water spray, fire fighting
foam, or Halon,

LARGE FIRES: Water spray, fog or fire fighting foam_ Water may be ineffective for fighting the fire, but
may be uged to cool fire-exposed containers

Dwring certain imes of the year andfor in cerfain geographical locations, gasoline may centain MTBE
andior TAME. Firefighting foam suitable for polar solvents iz recommended for fuel with greater than
10% axygenate concentration - refer to NFP& 11 “Low Expansion Foam - 19584 Edition.”

FIRE FIGHTING INSTRUCTIONS
Small fires in the incipient (beginning) stage may typically be extinguished using handheld porfable fire

extinguishers and other fire fighling equipment.

Firefighting activities that may result in potential exposure to high heat, smoke or toxic by-products of
combustion should require NIOSH/MSHA- approved pressure-demand sell-contained breathing
apparatus with full facepiece and full protective clothing.

Isolate area around container invalved in fire. Cool tanks, shalls, and containers exposed o fire and
excessive heat with water,  For massive fires the use of unmanned hose holders or monitor nozzles may
be advantageous to further minimize personnel exposure. Major fires may require withdrawal, alowing
the tank to burn. Large storage tank fires typically require specially trained personnel and equipment to
extinguish the fire, often including the need for properly applied fire fighting foam.

See Section 16 for the NFPA 704 Hazard Rating,

Revision Date: 09/25/2007 Page Jof 9
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MATERIAL SAFETY DATA SHEET
Gasoline, All Grades MSDS No. 9950

| 6. ACCIDENTAL RELEASE MEASURES |
ACTIVATE FACILITY SPILL CONTINGENCY or EMERGENCY PLAN.

Evacuate nonessential personnel and remove or secure all ignition sowrces, Consider wind direction; stay
upwand and uphill, if possible. Evaluate the direction of product travel, diking, sewers, atc. to confirm spill
areas, Spills may infilirate subswrface soil and groundwater, professional assistance may be necessary
to detarmine the extent of subsurface impact.

Carefully contain and stop the source of the spill, if safe to do s0, Protect bodies of water by diking,
absorbents, or absorbent boom, if possible. Do not lush down sewer or drainage systems, unless
system is designed and permitted to handle such material. The use of fire fighting foam may be useful in
cartain situations to reduce vapors. The propar use of water spray may effectively disperse product
vapaors or the liquid itself, preventing contact with ignition sources or areasfequipment that require
proteciion.

Take up with sand or other oil absorbing materials. Carefully shovel, scoop or sweep up into a waste
container for reclamation or disposal - caution, Bammable vapors may accumulate in closed containers.
Response and clean-up crews must be propery trained and must utilize proper protective equipment
(see Saection 8).

[ 7. HANDLING and STORAGE |
HANDLING PRECAUTIONS

FTEUSE ONLY AS A MOTOR FUEL™
DO NOT SIPHON BY MOUTH®
Handle as a lammable liguid. Keep away from heal, sparks, and cpen flame! Electrical equipment
should be approved for classified area. Bond and ground containers during product transfer to reduce the
possibility of statlc-dnitiated fire or explosion.

Special slow load procedures for "switch loading”™ must be followed to avoid the static ignition hazard that
can exist when higher flash point material (sech as fuel oll) i loaded inlo tanks previously containing low
flash point products (such as this product) - see API Publication 2003, "Protection Againat [gnitions
Arrzing Out Of Statie, Lightning and Stray Cumrenis.

Keep away from lame, sparks, excessive temperatures and open flame. Use approved vented
containers, Keep containers dosed and clearly labeled. Empty product containers or vessels may contain
explosive vapors. Do not pressurize, cul, heal, weld or expose such containers o sources of ignilon.

Store in a well-ventilated area, This storage area should comply with NFPA 30 "Flammalde and
Combushble Liquid Code”. Awvoid storage near incompatible materials. The cleaning of tanks previously
containing this product should follow APl Recommended Practice (RP) 2013 "Cleaning Maobile Tanks In
Flammable and Combustble Liquid Service™ and AP| BP 2015 "Cleaning Petroleum Storage Tanks®.

WORK/HYGIENIC PRACTICES

Emergency eye wash capability should be available in the near proximity to operations presenting a
potential splash exposure. Use good personal hygene practices, Avold repeated andior prodonged skin
exposure. Wash hands before eating, drinking, amaoking, or using toilet facilities. Do not use as a
cleaning solvant on the skin. Do not use solvents or harsh abrasive skin cleaners for washing this product
from exposed skin areas. Wateress hand cleaners are effective, Promptly remove contaminated
clothing and laundar before reuse. Use care when laundenng to prevent the farmation of lammable
vapors which could ignite via washer or dryer, Consider the need to dizcard contaminated leather shoes
and gloves_

Revision Date: 09/25/2007 Page 4 of 9
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| 8. EXPOSURE CONTROLS and PERSONAL PROTECTION |
EXPOSURE LIMITS

Comganend (CAS No) Exposure Lirmila
Sourca TWA STEL Mote
{ppen}  (p
Sasdlipe (PEFS0ANG) o ACGIH 800 800 A .
Banzams {71-43-2) OEHA 1 =1 Carcinogen
ACGEIH 05 25 &1, skin
UsSCG 1 5
n-Butare (108-57-8) ACGIH 1000 - Aliphatic Hydrocarbon Gau:-_.l‘.llzne (C1-Cd)
Eibwl alcabol felhamaly (§4-17-5) CEHA 1000 -
ACGIH 1000 - A4
Ethyt Darana | 100-4-1-4) LEHA 100 -
ACGEIH 100 125 RS
n-Hemana (110-54-3) CEHA 00 -
ACGEIH 50 - Shin
Methylberiiary butyl cther [MTEE| (1834-04-4) ACGEIE B A3
Tertiarg-amyl meli] ether [TAME] g0a-06-8y _ _____ ___________  MNoneestablshed .
Todgne {108-38-3) CEHA 00 Calling: 300 ppm; Pask; 500 ppm {10 min)
ACEIH 20 - Ad
T N TTWNNWIRNE N ity - - o BRI e e e i e S
Hylere, mined momers (1330-20-7) CEHA 100 -
ACGEIE 1 150 Ad

ENGINEERING CONTROLS
Use adequate ventilation to keep vapor concenfrations of this product below occupational exposure and
flammability limifs, particularly in confined spaces,

EYE/FACE PROTECTION
Safety glasses or goggles are recommended where there is a possibility of splashing or spraying,

SKEIN PROTECTION
Gloves constructed of nitrile or neoprene are recemmended. Chemlcal protectve clathing such as that
made of of El, DuPont Tychem &, products or equivalent is recommended based on degree of exposure,

Mote: The resistance of specific material may vary frem product to product as well as with degree of
exposure, Consult manufacturer specifications for further information.

RESPIRATORY PROTECTION

A MICSH-approved air-punfying respirator with organic vapeor cartridges or canister may be permissible
under certain circumstances where airbome concentrations are or may be expected to excesd exposure
limits or for oder or imitation. Protection provided by air-purifying respirators is imited, Refer to QSHS 29
CFR 1810.134, NIO5H Respirator Decision Logic, and the manufaciurer for additional guidance on
respiratory protection selection and limitations,

Use a positive pressure, air-supplied raspirator if there is a potential for uncontrolled release, exposure
levels are not known, in oxygen-deficient atmospheres, or any other greumstance where an air-purifying
respirator may nol provide adequate protection.

[ 8. PHYSICAL and CHEMICAL PROPERTIES |
APPEARAMNCE
A transhucent, straw-colored or light yellow liguid

Revision Date: 09/25/2007 Page Sof 9
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ODOoR
A strong, characteristic aromatic hydrocarbon odor. Oxygenated gasoline with MTEBE andior TAME may
have a sweet, ether-like cdor and is detectable at a lower concentration than non-oxygenated gasoline.

O0DOR THRESHOLD

Crdor Detmction Crdor Recognition

Mon-oxygenated gesaling: 05 - 0.6 pprn 08 -1.1 pprn

Gamaline with 15% MTHE 0.2 - 0.3 ppr 04 - 0.7 pprn

Gasoling with 15% TAME: 0.1 ppm 0.2 ppm
BASIC PHYSICAL PROPERTIES
BOILING RAMNGE: 8510437 °F {38 to 200 *3)
VAFDR PRESSURE! B.4-15 RVP @ 100 °F (38°C) (275-475 mm Hg @ 68 °F (20 “C)
WAPDR DEMEBITY [air= 1) AP o 4
SPECIFIC GRAVITY {HzOD =1y  070-078
EVAFORATION RATE 10-11 [n-bulyl acetate = 1)
PERCENT VOLATILES: 100 %
SOLUBILITY (HyO): Hon-oxygenatad gasaling - negligible (= 3.1% @ 77 "F). Gaesaline with 15%

MTEE - slight (0.1 = 3% @ 77 F); ethand is readily scluble in water

10. STABILITY and REACTIVITY ) |
STABILITY: Stable. Hazardous polymerization will not occur.

CONDITIONS TO AVOID

Awvnid high temperatures, open flames, sparks, welding, smoking and other ignition sources

INCOMPATIELE MATERIALS
Keep away from strong oxidizers,

HAZARDOUS DECOMPOSITION PRODUCTS

Carbon monoxide, carbon dioxide and non-combiested hydrocarbons (smoke). Contact with nitrfic and
sulfuric acids will form nitrocresaols that can decompose violenthy .

[ 11, TOXICOLOGICAL PROPERTIES |
ACUTE TOXICITY
Acute Dermal LDSD (rabbits): = 5 mifkg Acute Oral LOSO (rat): 18.75 mlikg
Primary dermal irritation {rabbits): slightly imitating Draize eye irritation {rabbits): non-imtating
Guinea plg sensitization: negative

CHRONIC EFFECTS AND CARCINOQENICITY
Carcinogenicity-OSHA: NO  1ARC: YES-28 NTP: NO ACGIH: YES (A3)

IARC has determined that gagoline and gasoline exhaust are posaibly carcinegenic in humans. Inhalation
exposure o comgpletely vaporized unleaded gasoline caused kidney cancers in male rals and liver tumors
in fernale mice. The U.5. EPA has determined that the male kidney tumars are species-specific and are
irrelevant for human health risk assessment. The significance of the tumors seen in femalks mice is not
known, Exposure to light hydrocarbons in the same boiling range as this product has been associated in
animal studies with effects to the central and peripheral nemnvous systems, liver, and kidneys. The
significance of these animal models to predict similar human response to gascline is uncertain,

This product contains benzene. Human health studies indicate that prolonged andior repeated
oversxposure to benzens may cause damage to the blood-forming system (particularty bone marraw),
and serious blood disorders such as aplastic anemia and leukemia. Benzene is listed as a human
carcanogen by the NTP, IARC, OSHA and ACGIH.

Revision Date: 09/25/2007 Page 6 of 9
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This product may contain methyl tertiary bubyl ather (MTEE }: animal and human health effects studies
indicate that MTBE may cause eye, skin, and respiratory tract irritation, central nervous system
depression and neurotoxicity. MTBE is classified as an animal carcinogen (42] by the ACGIH.

[ 12. ECOLOGICAL INFORMATION |
Keep out of sewers, drainage areas and waterways. Report spils and releases, as applicable, under
Federal and State requlations, If released, oxygenates such as ethers and alcohols will be expectad to
exhibit fasrly high mobility in so0dl, and therefore may leach into groundwater. The AP (wawei.api.org)
provides a number of useful references addressing petroleum and oxygenate contamination of
groundwater.

[13. DISPOSAL CONSIDERATIONS |
Consult federal, state and local waste regulations to determinge appropriate disposal options,

[14. TRANSPORTATION INFORMATION |

FLACARD:
DOT PROPER SHIPPING MAME: Sasoline ﬁ
DOT HAZARD CLASS and PACKING GROLUP 1, PG L2
DOT IDENTIFICATION MUMBER UN 1203 FLAMMABLE
DOT SHIPPING LAEBEL FLAMMAELE LIQLHD

[ 15, REGULATORY INFORMATION |

This product and its constituents listed herein are on the EPA TSCA Inventory. Any spill or uncontrolled
release of thiz product, including any substantial threat of release, may be subject to federal, state and/or
local reporting requirements. This product andior its constifuents may also be subject to other federal,
state, or local regulations; consult those regulations applicable to your facility/operation.

CLEAN WATER ACT (OIL SPILLS}

Ay spill o release of this preduct to “navigable waters™ (essentially any surface wates, ncluding certain
wetlands]) or adjoining shorelines sufficient to cause a visible sheen or deposit of a sludge or emalsion
must be reporied immediately to the Matonal Response Center (1-800-424-8802) as required by U5,
Federal Law, Also contact appropriate state and local regulatory agencies as required.

CERCLA SECTION 102 and SARA SECTION 304 (RELEASE TO THE ENVIRONMMEMT]

The CERCLA definition of hazardous substances confains a "petroleum exclusion” clause which exempts
crude oil, refined, and unrefined petroleum products and any indigenoiss components of such. However,
other federal reporting requirements (e.g., SARA Section 304 as well as the Clean Water Act if the spill

occurs on navigable waters) may sbll apply.

SARA SECTION 311/312 - HAZARD CLASSES

SARA SECTION 313 - SUPPLIER NOTIFICATION
This product containe the following toxic chemicals subject to the reporting requirements of section 313 of
the Emergency Planning and Community Right-To-Know Act (EPCRA) of 1986 and of 40 CFR 272:

INGREDIENT NAME (CAS NUMBER] CONCENTRATION WT. FERCENT
Benzene (71432 01 o 48 (001 b 1.3 for reformulated gascline)
Ethyl benzene {100u41.4) =2
Revision Date: 0252007 Page T of 9
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n-Hexane {110-54.3) OS5t 4

Methyl-tertiary butyl ether (MTBE) (1624-04-4) Q150

Toluene {108-86-3) 1t 13

1.2 4- Trimethylbenzene (@5-636) <&

Kylene, mixed isomers [1330-20.7) 18215

US EPA guidance documents (www gpa qevinl) for reporting Persistent Bicaccumulating Toxies (PETs)
indicate this product may contain the followsing deminimis levels of toxic chemicals subject to Section 213
reporting

INGREDIENT NAME [CAS NUMBER) - [ mil h
Polycyclic arematic compounds (PACs) 17

Benzo (g,h.i} perylene (1591-24-2) 255

Lead {7439-92-1) 0.079

This product contains the following chemicals that are included on the Proposition 65 “List of Chemicals™

required by the California Safe Drinking Water and Toxic Enforcement Act of 1935

INGREDIENT NAME [CAS NUMBER Dute Listed
Borzon: 22757
Eifvyl benzers B1152004
Tokgne 111

Class B, Division 2 (Flammable Liguid)
Class D, Division 2A (Very toxic by other means) and Class D, Division 2B (Taoxic by other means)

16. OTHER INFORMATION

MFPAE HAZARD RATING HEALTH: 1 Slight
FIRE: 3 Serious
REACTIVITY: 0 Minimal
HMIS®E HAZARD RATING HEALTH: 1*  Slight
FIRE: 3 Berious
PHYSICAL: 0 Minimal
" CHRONIC
SUPERSEDES MSDS DATED:  07/01/06
ABBREVIATIONS:
AP = Approximately < m Less than = m Greater than
WA = Mot Applicable W'D = Mot Determined ppm = parts per million
ACROMNYMS:
ACGIH  American Conference of Governmental CERCLA Comprehensive Emergency Response,
Industrial Hygienists Compensation, and Liability Act
AlHA American Industrial Hygiens Association  DOT LU.5. Depantment of Transportation
AMSI Amercan Mational Standards Instifute [General Info: (BOOMET-4522)
{212)642-2900 EPA LS. Envirenmental Protection Agency
AP American Petredeum Institute HMIS Hazardous Materials Information System
{202)682-3000
Revision Date: 09/25/2007 Page Eof 9
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ARG International Agency For Research On REL

Cancer SARA
MZHA  Mine Safety and Health Administration
MFP& Malional Fire Protection Association SCEA

(617)770-3000 SPCC
MIOSH  Mational Instifute of Cecupational Satety

and Health STEL
MNCHC Mofice of Intended Change {proposad

change o AGGIH TLV) TLY
NTF Mational Toxicology Program TSCA
OPA Ol Polluton Act of 1920 TWA
0O5HA  US. Cccupational Safety & Health WEEL

Administration
FEL Permissible Exposure Limit (OSHA) WHMIS

RCRA  Resource Conservation and Recovery Act

DISCLAIMER OF EXPRESSED AND IMPLIED WARRANTIES

Recommended Exposure Limit (MIOSH)
Superfund Amendments and
Reautharization Act of 1986 Title (|
Sell-Contamed Breathing Apparatus
Zpill Prevention, Control, and
Countarmeasures

Short-Term Exposure Limit (generally 15
mimubes

Threshold Limit Value (ACGIH)

Toxic Substances Confrol Act

Time Weighted Average (8 hr)
Waorkplace Environmental Exposure
Laweel (AHA)

Waorkplace Hazardous Materials
Information System (Canada)

Infarrmation prasenbed ferein Ped been compiled from sources condicdened 10 be dependabie, and B accurste and reliable 1o 1 Baal
af our krnowdedge and belef, but is ol guaranteed fo be 0. Since conditions of use are beyond owr conlrod, we make o vamanbies,
expressad or impled, excepl those that may be conlained in our written camacl of sale or acknowledgment.

‘erdor assumes no responsibility for impury o vendes or third persons proximately caused by the malenal if reasonable safety
procedures ane not adhared to & stipulated infhe dala sheat  Additienally, vendor assumas Na rasponsiity for iInuny (2 vendas or
Ehird parsons proximately cavsad by abnermal wea of the matanal, evan i reasonable safaly procecures A folcesed. Furthanman,

wiamdee asaumes the risk in thei use af te materal.

Fevision Date: 09/25/2007
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Creation Date: :3-26-2002
Revision Date: 03-10-2003

»>

Material Safety Data Sheet

1. CHEMICAL PRODUCT AND COMPANY IDENTIFICATION

Material Name GLYCEROL, [14C(U)]-
Varsion # 01
Item # MEC441X000MC

Manufacturer Information  PerkinElmer Life Sciences
549 Albany Street
Boston, MA 02118
CHEMTREC BD0-424-9200
Technical Support 800-445-0035

2. COMPOSITION / INFORMATION ON INGREDIENTS

Hazardous ingredient|s) CAS # Percent PEL TLV
ETHAMOL 64-17-5 40 - 60 1000 pprn 1000
MNon-hazardous ingredient(s) CAS # Percent

WATER 7732-18-5 40 - 860

GLYCEROL 56-81-5 0.01-01

3. HAZARDS IDENTIFICATION

Emergency Owerview

Flammable.
Imitating to respiratory system and skin.

4. FIRST AID MEASURES
First Aid
Skin contact
Wash off immediately with soap and plenty of water,
Eye contact
Rinse immeadiately with planty of water for at least 15 minutes
Inhalation
Mowve to fresh air.
Ingestion

Clean mouth with water and drink afterwards plenty of water. Mevar give anything by mouth to a
UNCONSCIOUS pErson

5. FIRE FIGHTING MEASURES

Suitable extinguishing media
use dry chemical, CO2, water spray or "alcohol” foam

Material ID 2416 Material Name GLYCEROL, [14C(L)-
MSDE US
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Special protective equipment for firefighters
In thie @vent of fire, wear self contained breathing apparatus,

6. ACCIDENTAL RELEASE MEASURES
Personal precautions
FRemove all sources of ignition. Ensure adequate ventilation. Use personal protective eguipment.
Environmental precautions
Me spacial environmental precautions required
Methods for cleaning up
Soak up with inert absorbent material. Clean contaminated surface thoroughly. Keep in suitable and
closed containers for disposal
7. HANDLING AND STORAGE
Handling
Use only in area provided with appropnate exhaust ventilation. \Wear personal prateciive
equipment. Do not breathe vapours/dust. Keep away from heat and sources of ignition. Avoid
contact with skin and ayas,
Storage
Keep container tightly closed. Store in cool place. No special restrictions on storage with other
praducts,
8. EXPOSURE CONTROLS / PERSONAL PROTECTION
Exposure Controls
Engineering measures to reduce exposure
Provide adeguate ventilation
OSHA - Final PELs - Time Weighted Averages (TWAs)
ETHANOL 64-17-5 1000 ppm TWA; 1900 mgim3 T
Hygiene measures
Handle in accordance with good industrial hygiene and safety practice. Keep away from food and
drink. Avoid contact with skin, eyes and clothing. Wash hands before breaks and at the end of
workday
Respiratory protection
Mo personal respiratory protective eguipment normally required.
Hand protection
salvent-resistant gloves
Eye protection
safety glasses with side-shields
Skin and body protection
lab coat
9. PHYSICAL & CHEMICAL PROPERTIES
General Information
Foerm
liquid
Color
colorless, clear
Odor
not significant
Material ID 2416 Material Name GLYCEROL, [14Z{U))-
MSDE US 21 4
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Flash Point 24 - 26 "C (75.2-TB.B°F)
Flammability Class Flammahble 1C

10. CHEMICAL STABILITY & REACTIVITY INFORMATION
Stability
Stable
Hazardous decomposition products
carbon oxides
Conditions to avoid
Heat, flames and sparks.
Incompatibility
oxidizing agents; alkaling metals; ammaonia

11. TOXICOLOGICAL INFORMATION

Acute Toxicity

=kin irmitation, Eye irritation, imitation of mucous membranes
May be harmful by inhalation, ingestion, skin adsorplion.

MNIOSH - Selected LD50s and LC50s

ETHANOL B4-17-5  Inhalation LC50 Rat: 20000 ppm/10H; Inhalation
LCS0 Mouse: 39 gm/m3/4H; Oral LDS0 Rat:
7080 mg'kg, Oral LDS0 Mouse: 3450 mofkg

ETHAMNOL ACGIH Not Classified Carcinogen

Symptoms and Target Organs
MIOSH - Pocket Guide - Target Organs

ETHANOL 654-17-5 respiratory system, skin, eyes, CMNS, liver, blood,
reproductive system

12. ECOLOGICAL INFORMATION

Ecotoxicity
Mot available

13. DISPOSAL CONSIDERATIONS

Disposal Instructions
In accordance with local and national regulations.

Waste from residues | unused products
Dispose of in accordance with local regulations

14. TRANSPORTATION INFORMATION

15. REGULATORY INFORMATION

SARA TITLE Il RATINGS
Immediate Hazard, Delayed Hazard, Fire Hazard

Material ID 2416 Material Name GLYCEROL, [14C{U3]-
MSDE US
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State Regulations
California - Prop. 65 - Developmental Toxicity
ETHANOL Bd-17-5  developmental toxicity (when in alcoholc

beverages), miial date 10/1/87
Florida - Substance List

ETHANOL B4-17-5  [present]
Massachusetts - Right To Know List
ETHANOL Bd4-17-5  feratogen
Mew Jersey - Department of Health RTK List
ETHANGL Bd-17-5  sn 0844
Pennsylvania - Right to Know List
ETHANOL G4-17-5  [present]
Rhode Island - Hazardous Substance List
ETHANOL 64-17-5  Towmic, Flammable
Risk Codes
R10
16. OTHER INFORMATION
Risks
Flammable.

Recommended use
For research use only.
Disclaimer

The information provided in this Material Safety Data Sheet is based on our presant knowledge,
and beleved to be correct at the date of publication. However, no represantation 1s made
concerning its accuracy and completeness. It is intended as guidance only, and is not to be
considerad a warranty or quality specification. All materials may presant unknown hazards, and
should be used with caution. Although certain hazards are described, we cannof guarantee that
these are the anly hazards which exist, PerkinElmer Life and Analytical Sciences shall not be held
liable for any damage resulting from handling or from contact with the product.

Material ID 2416 Material Name GLYCEROL, [14C{U3]-
MSDE US 414
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iSOC® Technology

Product Name: Hydrogen CAS: 1333-74-0

Hydrogen, Caompressed (D.0.T); Water .

Cas DOT I.D No.: UN 1049
Chemical Name and Synonyms: DOT Hazard Class: Division 2.1

Hydrogen, Nomal Hydrogen

Chemical Family: Inorganic Flammabla

Formula: Hz Ting

HEALTHH RD DATA

Time Weighted Average Exposure Limit:

Hydrogen is defined as a simple asphyxiant (ACGIH 1994-15985); OSHA 1993 PEL (8
Hr. TWWA) = No Listing

Symptoms of Exposure:

Inhalation; High concentrations of hydrogen sa as o exclude an adequate supply of
oxygen to the lungs causes dizziness, deeper breathing due to air hunger, possible
nauwsaa and eventual unconsciousness.

Toxicological Properties:
» Hydrogen is inactive biologically and essentially nontoxic; therefore, the major
praperty is the exclusion of an adequate supply of oxygen to the lungs

« Hydrogen is not listad in the IARC, NTP or by ©5HA as a carcinogen or polential
carcinogen.

= Persons in ill health where such iliness would be aggravated by expasure fo
hydrogen should not be allowed to work with or handle this product,
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Hydrogen is flammakble over a very wide range in air.

Boiling Point: -423°F {-252 8°C)

Hazardous Mixtures of other Liquids, Solids or Gases:

PHYSICAL DATA

Liguid Density at Boiling Point:
4.43 lofita (70.96 kg/ma3)

Vapor Pressure @ 70°F (21.1°C) = Above the
critical temperature of 399 8°F (-238.6°C)

Gas Density at T0°F. 1 atm 0052

Solubility in Water: Very slighthy

Freezing Point: -434.8"F (-258.2°C)

Evaporation Rate: MN/A (Gas)

Specific Gravity (AIR=1) @ 70°F
(21.1°C) = 069

Appearance and Odor; Colorless, odorless gas

FIRE AND EXPLOSION HAZARD DATA
. o Flammable Limits %
Flash Paint (Method used): Auto Ignition Temperature; .
N Gas 1058°F (570°C) oy ;" olume: LEL 4 LIEL
Electrical
Extinguishing Media: Water, carbon dioxide, dry chamical Classification: Class 1,
Group B

thermal radiation,

Special Fire fighting Procedures: If possible, stop the flow of hydrogen. Cool surrounding
containers with water spray. Hydrogen bums with an almost invisible flame of relatively low

Unusual Fire and Explosion Hazards: Hydrogen is very light and rises very rapidly in air.
Should a hydrogen fire be extinguished and the fiow of gas continue, increase ventilation to
prevent an explosion hazard, particularly in the upper portions.

REACTIVITY DATA

Stability: Stable

Incompatibility (Materials to Avoid): Oxidizers
Hazardous Decomposition Products: Mona
Hazardous Polymerization: Will not occur
Conditions to Aveoid: None
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SPILL OR LEAK PROCEDURES

Steps to be taken in case material is released or spilled:

Evacuate all personnel from affected area. Use appropriate protective equipment. If leak
is in user's equipment, be cerlain to purge piping with an inent gas prior to attempling
repairs. If leak is in confainer or container valve, confact your closest supplier location or
call the emergency telephone number listed herain.

Waste disposal methods:

Do not attermnpt to dispose of waste or unused quantities. Retum in the shipping
container properly labeled, with any valve outlet plugs or caps secured and valve
protection cap in place fo your supplier. For emergency disposal assistance, contact
your closest supplier location or call the emergency telephona number listed herein

SPECIAL PROTECTION INFORMATION

Respiratory Protection (Specify type): Positive pressure air line with mask or seff-
contained breathing apparatus should be available for amergancy use,

Ventilation: Hood with forced ventilation

Local Exhaust: To prevent accumulation above the LEL
Mechanical (Gen.): In accordance with elecincal codes
Protective Gloves: Plastic or rubber

Eye Protection: Safety goggles or glasses

Other Protective Equipment: Safely shoes, safetly shower

SPECIAL PRECAUTIONS

Special Labeling Information:
DOT Shipping Mame: Hydrogen, Compressed
COT Hazard Class: Division 2.1
DOT Shipping Label: Flammable Gas
.. Mo UN 1049

Special Handling Recommendation:

Use onby in well-ventilated areas. Valve protection caps must remain in place unless
container is sacured with valve outlet piped to use point. Do not drag, slide or roll
cylinders. Use a suitable hand truck for cylinder movemeant. Lse a pressure reducing
regulator when connecting cylinder to lower pressure (<3,000 psig) piping or systems.
Do not heat cylinder by any means o increase the discharge rate of product from the
cylinder, Use a chack valve or trap in the discharge line to prevent hazardous back flow
info the cylinder. For additicnal handling recommendations, consult Compressed Gas
Association's Pamgphlets G-5, P-1, P-14, and Safety Bulietin SB-2
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Special Storage Recommendations:

Protect cylinders from physical damage. Siore in cool, dry, well-ventilated area of |
nencombustible construchion away from heavily frafiicked areas and emergency exits.
Do not allow the temperature where cylinders are stored to excead 125F (52C).
Cylinders should be stored upright and firmiy secured to prevent falling or being knocked
over. Full and empty cylinders should be segregated. Use a "first in -first out” inventory
system to prevent full cylinders being stored for excessive periods of ime. Post *No
smoking or Open Flames™ signs in the storage or use area. There should be no sources
of ignition in the storage or use area. For additional storage recommendations, consult
Compressed Gas Association’s Pamphlats G-5, P-1, P-14, and Safaety Bulletin 58-2.

Other Recommendations or Precautions:

Earth-ground and band all lines and equipment associated with the hydrogen systam,
Elecirical equipment should be non-zparking or explosion proof. Compressed gas
cylinders should not be refilled except by qualiied producers of compressed gases.
Shipment of a compressad gas cylinder which has not been filled by the owner or waith
his (written) consent is a viclation of Federal Law {49CFR).

Special Packaging Recommendations:
Hydregen is non-corrosive and may be used with any commeoen structural material.

www.isocinfo.com
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24 hour Emargancy Talephong:
Chamirac: 1 -800-424-5000

Cutsige U5, and Canada Chemnes: 202-383-7616
Material Safety Data Sheet _
NOTE: CHEMTREC and Mational Response

Ceanter amengancy numbers ta be used anly in

the event af chemical emergencies invelving a

From.  Winguiy, Inc. f spill, leak, fire, expasure of accident invelving
TTES Bel Road chemicals,
Winosor, G 95482

All Non-emergency questions should be direcied to Customer Senvice [1-707 -838-6312) for assistance,

Sodium Hydroxide 10%
Sodium Hydroxide 1IN
Sodium Hydroxide 2N
Sodium Hydroxide 0.50N

SODIUM HYDROXIDE

MSDS Number: SH227—-Effective date: 010104

1. Product ldentification

Synonvms: Sodium hyvdroxide, (0.2 to 2.0 normal volumetric solutions; Sodium Hvdroxide Concentrate
Solution

CAS No: [ 310-73-2

Maolecular Weighi: 4000

Chenical Formula: NaOH in water

Vinguiry Product Codes: [0-227-0000, 10-227-00 18, 10-227-0237, 10-227-0473, [0-227-09406, 10-
2320000 10=-232-01 18, 10-232-0237, 10=232-0473, 10=232-09406, [0-233=0473 10=235-0:F M}, [{=235-
0118, 10-235-0473

2. Composition/Information on Ingredients

Ingredient CRS Ha Farcent Hazardous

Sodium Hydroxide 1
Water T3
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Hazards Identification

Emergency (verview

DANGER! CORROSIVE. HARMFUL IF SWALLOWED OR INHALED. CAUSES BURNS TO
ANY AREA OF CONTACT. REACTS WITH WATER. ACIDS AND OTHER MATERIALS.

Yinguiry Safety Data Ratings (Provided here for vour convenignce)

Health Rating: 2 - Moderate

Flammahility Rating: 0 - Mone

Reactivity Ranng: 1 - Slight

Contact Rafing: 3 - Severe (Corrosive)

Lab Protective Equip: GOGGLES & SHIELD; LAB COAT & APRON; VENT HOOD; PROPER
GLOVES

Storage Color Code: White Stripe (Store Separately)

Potential Healih Effecis

The health effects from exposure to diluted forms of this chemical are not well documented. They are
expected to be less severe than those for concentrated forms which are referenced in the descriptions
helow

Inhalation:

Severe irntant. Effects from inhalaton of mist vary from mild irmitation to seriows damage of the upper
respiratory tract, depending on severity of exposure. Symptoms may include sneezing, sore throat or
runmy nose, Severs pneumonits may ocour

Ingestion;

Corrosive! Swallowing may cause severe bumns of mouth, throat, and stomach. Severe scarmng of tissue
and death may result. Svmptoms mav include bleeding, vomiting, diarrhea, fall in blood pressure
Damage may appears days after exposure.

Skin Contact:

Cormosive! Contact with skin can cause irmitation or severe bums and scarring with greater exposures
Eye Contaci:

Cormrosive! Causes irnitation of eyes, and with greater exposures it can cause bumns that may result in
permanent impairment of vision, even blindness.

Chronic Exposure:

Prolonged contact with dilute solutions or dust has a destructive effect upon tissue.

Aggravation of Pre-existing Conditions:

Persons with pre-existing skin disorders or eye problems or impaired respiratory function may be more
susceptible 1o the effects of the substance

First Aid Measures

Inhalation:

Remove to fresh air. Get medical attention for any breathing difficulty

Ingestion;

If swallowed, DO KOT INDUCE VOMITING. Give large quantities of water, Never give anything by
mouth o an unconscions person. Get medical attention immaediately,
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Skin Contact:

Immediately flush skin with plenty of water for at least 15 minutes while removing contaminated
clothing and shoes, Call a physician, immediately. Wash clothing before reuse.

Eye Contact:

[mmediately flush eves with plenty of water for at least 15 minutes, lifting lower and upper evelids
occasionally, Get medical attention immediately

Mote to Physician:

Perform endoscopy in all cases of suspected sodium hydroxide ingestion. In cases of severa esophageal
corrosion, the use of therapeutic doses of steroids should be considered. General supportive magsures
wath contimual momtoring of gas exchange, acid-base balance, electrolytes, and fluid intake are also
required.

Fire Fighting Measures

Fire:

Mot considered o be a fire hazard

Explosion:

Mot considered to be an explozion hazard.

Fire Extinguishing Media:

Use any means suitable for extinguishing surrounding fire. Adding water to caustic solution generates
large amounts of heat.

Special Information:

Use protective clothing and breathing equipment appropriate for the surrounding fire.

Accidental Release Measures

Yentilate area of leak or spill. Kesp unnecessary and unprotectad people away from area of spill. Wear
appropriate personal protective equipmant as specified in Section B, Contain and recover liguid when
possible. Do not flush caustic residues to the sewer. Residues from spills can be diluted with water,
neutralized with dilute acid such as acetic, hvdrochlonc or sulfunc. Absorb neutralized caustic residue
on clay, vermiculite or other inert substance and package in a smtable container for disposal

US Regulations (CERCLA) require reporting spills and releases to soil, water and air in excess of
reportable quantities, The woll free number For the U8 Coast Guard Natonal Response Center is (300)
4Z4-8802,

Handling and Storage

Keep in a tightly closed container, Protect from physical damage, Store in g cool, drv, ventilated ares
away from sources of heat, mosture and incompatibilities. Protect from freezing. Alwavs add the
caustic 1o water while stirring, never the reverse. Containers of this material may be hazardous when
empty since they refain product residues (vapors, hiquid); observe all warmings and precavtions hsted for
the prodect. Do not store with aluminum or magnesium. Do not mix with acids or orzanic materials,

305



LeGendre, Logan, Mendel, Seedial

8. Exposure Controls/Personal Protection

Airborne Exposure Limits:

Sodium hydroxide:

-O3HA Permissible Exposure Linut (PEL)
2 mg/m3 Ceiling

=ACGIH Thresheld Limit Walue (TLY Y
2mg'm3 Caling

Yentilation Systems:

A system of local and'or general exhaust 15 recommended to keep employes exposures below the
Airbome Exposure Limits. Local exhaust ventilation is penerally preferred because it can contral the
emissions of the contaminant at its source, preventing dispersion of it info the general work area, Please
refer to the ACGIH document, fndisirial Ventilation, A Mamial of Becommended Practices, most recent
edition, for datails

Personal Respivators (NIOSH Approved):

If the exposura limit iz exceeded and engineenng controls are not feasible, a half’ facepiece particulate
respirator (NIOSH type N93 or better filters) may b worn for up to ten times the exposure limit or the
maximum use concentration specified by the appropriate regulatory agency or respirator supplier,
whichever is lowest.. A full-Tace piece particulate respirator (KIOSH type N100 filters) may be wom up
to 50 times the exposure limit, or the maximum use concentration specified by the appropriate
regulatory agency, o respirator supplier, whichever 15 lowest. If o1l pariicles {e.g. lubricants, cutting
flundds, glycenne, etc. ) are present, use a NIOSH type R or P filter. For emergencies or instances whens
the exposure levels are not known, use a full- facepiece positive-pressure, air-supplied respirator.
WARNING: Air-punifying respirators do not protect workers in oxygen-deficient atmospheras.

Skin Protection:

Wear impervious protective clothing. including boots, gloves, lab coat, apron or coveralls, as
appropriate, o prevent skin contact.

Eve Protection:

Use chemical safety goggles and/or a full face shield where splashing is possible. Maintain eve wash
fountain and quick-drench facilites in work area

9. Physical and Chemical Properties

Physical data is displayed for a 5% solution of sodium hydroxide
Appearance:

Claar, colorless solution,

O

Odorless.

Solubility:

Miscible in water,

Density:

%% soluton: 1,05

pH:

14.0

" Volatiles by volume @ 21C (TOF):
Mo information found.

306



LeGendre, Logan, Mendel, Seedial

Bailing Point:
10ZC (210F) (5% solution)

Melting Point:

-4 (25F) { 5% solution)
Vapor Density | Air=1):

Mo information found,

Vapor Pressure (mm Hg):
Mo information found.
Evaporation Rate (BuAe=1):
Mo information found.

10. Stability and Reactivity

Stahility:

Stable under ordinary conditione of use and storage.

Hazardous Decomposition Producis:

No hazardous decomposition products.

Hazardous Polymerization:

Will not ocour,

Incompatibilities:

Sodium hydroxide in contact with acids and organic halogen compounds, especially tnchloroethylene,
mav causes violent reactions. Contact with nitromethane and other similar nitro compounds causes
formation of shock-sensitive salts. Contact with metals such as aluminum, magnesium, tin, and zne
capse formation of flammable hydrogen gas, Sodium hydrosade, even in fairly dilute solution, reacts
readily with various sugars to produce carbon monoxide. Precautions should be taken including
monitonng the tank atmosphere for carbon monosade to ensure safety of personne] before vessel entry
Conditions to Avoid:

Heat, mowsturs, incompatibles.

11. Toxicological Information

Sodium hydroxide: irritation data: skin, rabbit 500 mg/24H severe; eve rabt: 50 ug/24H severe
Investigated 8= a mutagen.

---NTF Carcinogen---

Ingredient Enown Rnticipated IARC Category
Zodium Hydroxide (1310-T73-2) Bl Bl Mo
Water {(77312-18-5) o Mo Hone

12. Ecological Information

Environmental Fate:
Mo information found
Environmental Toxicity:
Mo information found
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13. Disposal Considerations

Whatewver cannot be saved for recovery or recveling should be managed in an appropriate and approved
waste facility. Although not a listed RCRA hazardous waste, this matenal may exhibit one or more
charactenstics of a hazardous waste and require appropnate analysis (o determine specilic disposal
requirements. Processing, use or contamination of this product may change the waste management
options. State and local disposal regulations mav differ from federal disposal regulations. Dispose of
contaner and unused contents in accordance with federal, state and local requirements

14. Transport Information

Domestic {Land, D.0O.T.)

Proper Shipping Name: SODIUM HYDROXIDE SOLUTION
Hazard Class: 8

LUMN/MA: UNIE24

Packing Group: 11

Information reported for product/size: 200L

International {Water, LM.0O.)

Proper Shipping Mame: SODIUM HYDROXIDE SOLUTIOMN
Hazard Class: 8

LNMNAL LNIE24

Packing Group: 11

Information reported for product/size: 200L

International {Air, LC.ALO.)

Proper Shipping Name: SODIUM HYDROXIDE SOLUTION
Hazard Class: 8

UMN/MNA: TUNIB24

Packing CGroup: 11

Information reported for product/size: 200L

15. Regulatory Information

-------- wWChamical Inwvenktary Status - Part liy--——————memememeee e e e
Ingradient TsChR  EC Japan Bustralisa
Sadium H?ﬂ:ﬂﬂlﬂf §1310=73=2] Yes Yes Yen Yean
Waker (TT732-18-5]) Tes Yz Yo s Yes

Canada
Ingredient Koarea DEL HDEL Phil.
Zodium Hydroxide (1310-73-2) You Yos o You
Water (7732-18-5) Tas Tas Mo Tas
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-------- “Faderal, State & International Regulations - Part l\--=-=—=———eeeeeee--
SRRR 302 EARR 313
I:I'.Il;':'l'.-l.‘l lant RQ TEQ Lizst Chemical Cd.tg' .
Eodium Hydroxide (13110-73-2) Ma Ma Ma =]
Water (7732-18-3) Ha Ha Ha Ha
-------- YWFedaral, State g Inbernational Regulations - Parkt 2\-----memecemeeeee——-—
- RiZRA- -TECh-

Ingradient CERCLA 261,33 84
Sodium Hydroxide (1310-73-2) Loon Ha Ha
Water (773Z2-18-5) Ha i =] Ha

Chemical W-’.—aj.:-ons Conventliand Ma TECA 1Zib): Ma COTA: Ma

EpRA 31173123 Aeuke: Yes Chranie: Ma Fire: MNa Pressure: Ha

Fesactivity: MNa (Pure J Liguid)

Ausiralian Hazchem Code: 21
Poison Schedule: 55
WHMIS:

This M5DS has been prepared according 1o the hazard criteria of the Controlled Produels Regulations
(CPR) and the MSDS contains all of the information required by the CPR.

16. Other Information

NFPA Ratings: Health: 3 Flammahility: © Reactivity: @

Label Hazard Warning:

DANGER! CORROSIVE. HARMFEUL IF SWALLOWED OR INHALED. CAUSES BURNS TO ANY
AREA OF CONTACT. REACTS WITH WATER, ACIDS AND OTHER MATERIALS.

Label Precautions:

Do not get i eyes, on skin, or on clothing,
Do not breathe mist,

Keep contanear closed.

Use only with adequate ventlaton.

Wash thoroughly after handling,

Label First And:

If swallowed, give several glasses of water or milk to dnnk. Vomiting may occur spontanecusly, but D0
NOT INDUCE! Never mive anything by mouth o an unconsciows person. In case of contact,
immediately flush eves or skin with plenty of water for at least 15 minutes while removing contaminated
clothing and shoes. Wash clothing before reuse. If inhaled, remove wo fresh air. If not breathing give
artificial respiration, If breathing 15 difficult, give oxyeen, In all cases get medical attention immediately

Product Use:
Laboratory Reagent.
Revision Information:
MNone,
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Disclaimer

WVinguiry Inc. provides this information in good faith but makes no representation &5 1o 115 comprehensiveness
or accuracy. This document 13 intended only as a guide to laboratory use of this matenal by a properly trained
parson. Individuals recerving this information must exercise their independent judgment in determining its
appropniateness for a particular purpose. Vinguiry Ine, will not be responsible for damages resulting from use or
raliance upon this information.
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Science Lab .com

Chemicals & Laboratory Equipment Reactivity 0
Personal E
Protection
Material Safety Data Sheet
Succinic acid MSDS
Section 1: Chemical Product and Company ldentification
Product Name: Succinic acid Contact Information:
. 44 Sciencelab.com, Inc.
Catalog Codes: SL34558, SLS2Z3 14025 Smith Rd.
CASH: 110-15-5 Houston, Texas 77396
. US Sales: 1-B00-901-7247
e International Sales: 1-281-441-4400
TSCA: TECA &{b) inventory: Succinic acid Order Online: Sclencelab. com
Ch¥: Mot available CHEMTREC [24HR Emergency Telephona), call:

1-B00-424-0300
Synonym: Butanediolc acid

; International CHEMTREC, call; 1-703-527-3887
Chemical Formula: (CHZCOOH)2

For non-emergency assistance, call: 1-251-441-4400

Section 2: Composition and Information on Ingredients

Composition:
Name [ case % by Weight
Suwccinic acid 110-15-6 1040

Toxicological Data on Ingredients: Succinic acid: ORAL (LDS0): Acute: 2280 ma'kg [Rat].

Section 3: Hazards Identification

Potential Acute Health Effects: Hazardous in case of skin contact (irritant), of eye contact (iritant}, of ingestion, of inhalation,

Potential Chronic Health Effects:

CARCINGGEMC EFFECTS: Not available

MUTAGENIC EFFECTS: Mol available.

TERATOGEMIC EFFECTS: Mot available,

DEVELOPMENTAL TOXICITY: Mot available,

Repeated or prolonged exposure i not known to aggravate medical condition.

Section 4: First Aid Measures

Eye Contact:
Check for and remove any contact lenses, Immediately flush eyes with running water for at least 15 minutes,
keeping eyelids open, Cold water may be used. Do not use an eye ointment. Seek medical attention,
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Skin Contact:

After contact with skin, wash immediately with plenty of water. Gently and thoroughly wash the contaminated skin
with runming water and non-abrasive soap. Be particularly careful to clean folds, crevices, creases and groin,
Coold water may be used. Cover the irritated skin with an emollient. It irritation persists, seek medical attention.
Wash contaminated clothing before reusing.

Sericus Skin Contact:

Wash with a disinfectant soap and cover the contaminated skin with an anti-bacterial cream, Seek medical
attertion.

Inhalation: Allow the victim to rest in a well ventilated area, Seek immediate medical attention.

Sericus Inhalation: Mot available

Ingestion:

Do notinduce vomiting. Loosen tight clothing such as a collar, tie, belt or waistband. If the wichim is not

breathing, perform mouth-to-mouth resuscitation, Seek immediate medical attention

Sericus Ingestion: Mot available

Section 5: Fire and Explosion Data

Flammability of the Product: May be combustibde at high temperature,
Auto-gnition Temperature: Mot available.

Flash Points: OFEN CUP: 180°C {320°F)

Flammable Limits: Mot available

Products of Combustion: These products are carbon oxides (SO, CO2)

Fire Hazards in Presence of Various Substances: Mot available.

Explosion Hazards in Presence of Various Substances:

Rizks of explosion of the product in presence of mechanical impact Mot available,
Risks of explosion of the product in presence of static discharge: Mol available,
Fire Fighting Media and Instructions:

SMALL FIRE:; Use DRY chemical povder

LARGE FIRE: Use water spray, fog or foam. Do not use water jet.

Special Remarks on Fire Hazards: Not availabde,

Special Remarks on Explosion Hazards: Mot available.

Section 6: Accidental Release Measures

Emall Spill:

Use appropriate tools o put the spilled solid in a convenient waste disposal contalners. Finish cleaning by
spreading water on the contaminated surface and dispose of according to local and regional authority
requiraments,

Large Spill:
Use a shovel to pul the material into a convenient waste disposal containes. Finish cleaning by spreading water
on the contaminated surface and allow lo evacuate through the sanitary system.

Section 7: Handling and Storaga
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Precautions:

Keep away from heat. Keep away from sowrces of ignition. Empty containers pose a fire nsk, evaporate the
residue under a fume heod. Ground all equipment containing material. Do nat ingest. Do not breathe dust,

Weear suitable protective clothing In case of insufficient ventilation, wear suitable respiratory equipment I
ingested, seek medical advice immediately and show the container or the label, Avoid contact with skin and eyes

Storage:

Keep container dry. Keep In a cool place. Ground all equipment containing material. Keep contalner tghtly
closed. Keep in a cool, well-ventilated place. Combustible maternals should be stored away from extreme heat
and away from strong oxidizing agents.

Section 8: Exposure Controls/Personal Protection

Engineering Controls:

Use process enclesures, local exhaust ventilation, or other engineering contreds to keep airborne levels below
recommended exposure limits. If user operations generate dust, fume or mist, use ventilation o keep exposure to
airborne contaminants below the exposure limit,

Personal Protection:
Splash goggles. Lab coal. Dust respirator. Be sure 1o use an approvedicertified respirater of equivalent.
Gloves.

Personal Protection in Case of a Large Spill:

Splash goggles. Full suit. Dust respirator. Boots, Gloves, A self contained breathing apparatus should be used
to avold inhalation of the product. Suggested protective clothing might not be sufficlent; consult a specialist
BEFORE handling this product.

Exposure Limits: Mot available.

Section 9: Physical and Chemical Properties

Physical state and appearance: Solid.
Odor: Mot available.

Taste: Mot available.

Molecular Weight: 118.09 g/male
Color: Mot available,

pH (1% solnfwater): Mot available.
Baoilimg Point: Decomposes. (235°C or 455°F)
Melting Point: 188°C (370.4°F)
Critical Temperature: Not available.
Specific Gravity: 1.56 (Water = 1)
Vapor Pressure: Not applicable.
Vapor Density: Not available,
Volatility: Not available.

Odor Threshold: Mot available.

Water/Oil Dist. Coeff.; Mot available,
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lonicity (in Water): Mot available.
Dizpersion Properties: See solubility in water

Solubility: Partlally seluble in cold water,

Section 10: Stability and Reactivity Data

Stability: The product is stable.

Instability Temperature: Mot available,

Ceonditions of Instability: Mot available

Incompatibility with various substances: Mol available
Corrosivity: Mon-corrosive in presence of glass.
Special Remarks on Reactivity: Mot available,

Epecial Remarks on Corrogivity: Mot available

Polymerization: No.

Section 11: Toxicological Information

Routes of Entry: Eye contact, Inhalation, Ingestion.

Toxicity to Animals: Acute oral toxicity {LOS0): 2260 mgikg [Raf]

Chronic Effects on Humans: Not available.

Other Toxic Effects on Humans: Hazardous in case of skin contact (irritant], of ingeston, of inhalation.
Special Remarks on Toxicity to Animals: Mot available

Special Remarks on Chronic Effects on Humans: Mot available

Special Remarks on other Toxic EMects on Humans: Mot available.

Section 12: Ecological Information

Ecotoxicity: Mot available.

BODS and COD: Mot available,

Products of Biodegradation:

Possibly hazardeus short term degradation products are not Bkely, However, long term degradation preducts may
aremsae.

Toxicity of the Products of Biodegradation: The products of degradation are mare foxic

Special Remarks on the Products of Biedegradation: Not available

Section 13: Disposal Considerations

Waste Disposal:
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Section 14: Transport Information

DOT Classification: Mot a DOT confrolled material {United States).
Identification: Mot applicable

Special Provisions for Transport: Not applicat-e,

Section 15; Other Regulatory Information

Federal and State Regulations: TSCA B(b] inventory; Succinic acid
Other Regulations: Mot available
Other Classifications:
WHMIS [Canada): Mot controlled under WHMIS (Canada).
DSCL (EEC): RA873E- Imitating to eyes and skin,
HMIS (U.S.A.):
Health Hazard: 2
Fire Hazard: 1
Reactivity: 0
Personal Protection: E
National Fire Protection Association (U.5.4.):
Health: 2
Flammalbility: 1
Reactivity: 0
Specific hazard:
Protective Equipment:
Gloves.
Lab coat
Dust respirator. Be sure to use an
approvedicertified respirator or

equivalent
Splash gogales

Section 16: Other Information

References: Nol available,
Other Special Considerations: Mot available.
Created: 10/10/2005 08:28 FM

Last Updated: 11/06/2008 12:00 PM

The information above is beffeved fo be accurate and represents the best infarmation currently avalable to us, However, we
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mahs no warranty of marchanisbility or any offer warranfy, express or implied, with respect fo such informabon, ard we
assume ne lishilly resufing fram its wse Users showld make their own invesfigations (o defermine the suitabildy of the
infarmation for ther parficular purposes. In no event shall Sclencelab com be lable for any claims, losses, or damages of any
fhurd parfy or far lost profifs ar any special indirect, incidandal, conssquenbal or axemplany damages, howsogver ansng, even
if Bciencelab com has been advised of the possibiify of such damages
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