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EXECUTIVE SUMMARY

From World War I until the early 1930s, butanol was produced {rom corn by the
Weizmann ABE process. Thereatter, however, the fermentation process was replaced by
the cheaper Oxo process for producing synthetic butanol from propylene. The U.S. annual
production is now close to 1 billion Ib.

Synthetic butanol currently sells for $0.38/b at a crude oil price of $17-$20/bbl.
However, considering the increases expected again in crude oil prices in the 1990s, a
doubling in the price for propylene-derived butanol is not inconceivable.

At the current state of the art, the ABE process would require butanol prices in
excess of $1.20/b to be competitive. Two major problems exist: (1) low product
concentrations in the beer resulting from inhibition of the functioning of the organism by-
product, which lead to high process investment charges; and (2) poor yields related to
large losses of substrate to carbon dioxide and by-products, coupled with high prices for
corn syrup compared with presently depressed oil prices.

To circumvent the inhibition problem, two scenarios have been developed for a
new extractive fermentation process to remove the product from the field of fermentation
"as rapidly as it forms." Both models rely on continuous fermentation instead of batch
operation to effect significant cost reductions.

In the external multistage extraction model, the fermenter is operated with a large
recycle of cells to increase volumetric productivity while maintaining product concentration
in the beer that is fed to the extractor close to the threshold of inhibition at 13 g/l.. As
a result, it appears that fermenter volume and investment could be dramatically reduced.
Raffinatc is also recycled to improve the recovery of valuable by-products. Selling prices
below $0.43/1b look feasible.

In the in situ single-stage cxtraction model, the fermentation is operated with
simultaneous extraction at high ratios of solvent to aqucous feed so that, in fact, the
product is removed into the solvent phase as rapidly as it forms. It appears that effective
concentrations in the fermenter could reach ~200 g/ while maintaining product
concentration at 13 g/L in the aqueous phase containing the organism. Since total plant

investment decreases in direct proportion to increases in concentration, major cost



reductions could be expected. For this case, cell density and product cost would be about
the same as in the external extraction case.

For either model, genetically enginecring an organism that was less inhibited by
product or substrate or that produced only butanol as the preferred product would lead
to further cost reductions. If the goal case can be achieved, cost would be reduced to
$0.35/b butanol. However, the microbiological research program that would be required
would have a lower probability of success than the engineering program required to
develop the extraction processes based on the existing organism.

Certainly, these improvements would represent major breakthroughs in not only
the Weizmann process, but, generically, in any fermentation process that suffers from
product inhibition (which is most of them). Continuing research along these lines is highly

recommended. Suggestions for {ine-tuning the program are appended.
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1. INTRODUCTION

Since the Middle East oil crisis of 1973, many people in government, academia, and
industry have been concerned about the strategic implications of a loss of a major source
of crude oil for American industry. Accordingly, over the past decade a large number of
research programs have been directed toward exploring the potential use of abundant
renewable materials as basic feedstocks for fuels and chemicals. The Biocatalyst Project,
administered by the Jet Propulsion Laboratory as part of the Energy Conversion and
Utilization Technologies (ECUT) program of the Department of Energy, is now in the
forefront of this effort.

This report represents the completion of a part of an overall project to evaluate
the technical and economic status of several newly conceptualized processes for producing
butanol, acetone, ethanol, acetic acid, and aerobically produced specialty chemicals, which
are candidates for research support. The objectives of the project are to identify strengths
and weaknesses in the proposed processes and to assist in developing an ongoing research
strategy along economically relevant lines.

The products to be studied presently comprise a collective U.S. market for 10.7
billion Ib valued at $2.8 billion. If their manufacturing processes were converted from
petroleum feedstocks to corn, they would consume 556 million bushels.

Furthermore, if ethanol could be produced at.a low enough price to serve as the
precursor to ethylene and butadiene, it and its derivatives could account for 159 billion b,
or 50% of the U.S. production of 316 billion 1b of synthetic organic chemicals, presently
valued at $113 billion.! This use would consume 3.4 billion bushels, or ~45% of the corn
crop. In addition, the use of butanol for diesel blends or in jet fuel blends to enhance the
range of military aircraft could further increase its market.

At the present state of the antiquated art for producing these products from corn
by fermentation, product costs do not appear competitive compared with prices for
incumbent petroleum-based chemicals. Industrial interest in fermentation chemicals had
revived in the 1970s as a result of the oil crisis. However, the subsequent softening in oil

prices in the 1980s removed the competitive edge of renewable materials compared with



fossil feedstocks and resulted in an almost complete loss of momentum in research in this
arca of biotechnology.

In gencral, fermentation proccsses have two major problems:

1. inherently poor yiclds resulting from the production of by-products, including high
levels of carbon dioxide and hydrogen needed to maintain the electronic balance
of the metabolism of the organism, coupled with the current relatively high cost
of rcnewable sugars and starches compared with the presently depressed prices for
petroleum; and

2 the inhibition of most organisms by thcir own products, which causes the
fermentation to shut down after reaching only low, ~1%, product concentrations,
as a result of which the recovery of product from dilute aqueous solution is

accordingly expensive.

The problem resulting from the cost of raw materials will presumably rectify itself
in a few years after increascd demand for oil relative to Middle East production capacity
and further Middle East turmoil again force oil prices to rise. Conoco predicts that this
will happen in the 1990s (Fig. 1), at which time it is expected that the United States will
be importing half of its oil supply instcad of the 7% it imported at the time of the 1973
oil crisis.?

One possible solution to the inhibition problem would be to apply extraction or
distillation as an integral part of the fermentation process so as to remove the product
from the ficld of fermentation as rapidly as it forms. In the case of an external multistage
extraction process, this is expected to permit a proportionate increase in cell density while
maintaining product concentration in the fermenter near the threshold of inhibition. As
a result, volumetric productivity increascs and fermenter investment and cost decrcase.
Alternatively, in the casc of an in situ single-stage fermenter/extractor, this is expected to
increase productivity and effective product concentration while maintaining low
concentrations in the beer.

In the current technoeconomic study of the butanol process, the state of the art
for its fermentative manufacture was defined. From this, scenarios for an improved

process were developed bascd on the expectations for adapting extractive fermentation to
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reach plausible cell densities and effective concentration levels. The economics of these
scenarios were then developed. The sensitivity of the economics to attaining, exceeding,
or falling short of goals for key operating parameters was also determined. It is hoped
that the results will provide a strong perspective as to the relative merits for supporting
research on any of the alternatives and the direction the rescarch should be channcled so

as to be economically relevant and improve the technocconomic position of the process.

2. MARKET POSITION

The United States leads among world producers of butanol (Table 1).* Production
has risen steadily at 5% annually since 1964 to a production level of ~918 million Ib of
n-butanol plus 190 million lb of isobutanol. European production is less and stagnant;
Japanese production has declined to where Japan is now a net importer.

Almost all butanol is made from propylenc by the Oxo process. Consumption
favors n-butanol in all market areas, but especially in U.S. markets. As a result, newer
plants are based on a rhodium catalyst system that enhances the production of n-butanol,

the preferred isomer.

Table 1. Butanol production (10° Ib)

Country n-Butanol Isobutanol nfiso
United States 842 143 5.9
Europe 300 220 1.4
Japan 43 36 2.6

The major US. end uses for n-butanol in descending order are: butyl

acrylates/methacrylates for latex paints, textile finishes, and floor polishes; glycol ecthers as



solvents for surface coatings and adhesives; butyl acetate as a rapid drying solvent for
varnishes; dibutylphthalate and other plasticizers for a variety of adhesives, packaging films,
and surface coatings; amino acids; butylamines for usc in pesticides and rubber processing;
and uses in fire-resistant hydraulic fluids. Demand is expected to increase by 3.2-3.5%
annually to reach 920 million Ib in 1988.

Isobutanol has similar uses but favors direct solvent use. It also finds use in lube
oil additives. It is generally inferior to n-butanol in properties and finds use only if price
is sufficiently discounted -- historically 15%.

The use of n-butanol and isobutanol in blends with methanol as an octane
enhancer for gasoline has been introduced but has faced environmental challenges and stiff
competition from Oxinol ferf-butanol blends and ethanol blends. The economics associated
with butanol blends do not appear attractive when compared with methanol/cthanol
blends. However, butanol might find better use as blends with diesel oil and with jet fuel
for military aircraft.

Acetone, the primary by-product in butanol manufacture by fermentation, has
actually a more important role than butanol in world markets. Demand in the United
States over the decade of the 1980s has been relatively flat, at ~2.5 billion 1b. Most of this
total has been for producing methacrylates or acrylic resins (Fig. 2). It must be noted that
the acetone supply is derived from two sources: (1) as a by-product in the conversion of
cumene to phenol, or (2) by direct synthesis from isopropanol. U.S producers are listed
in Table 2 on the basis of their raw material. By-product acetone tracks the demand for
adhesives for plywood for the building trades and is always sold off first at a discount
under the cost of isopropylene-derived product. Acco;'dingly, acetone derived from
fermentation must either compete with the latter or be discounted as the former. Recent
producers of sugar-derived acetone are listed in Table 3. Of these, only the South African

plant is significant.
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Table 2. U.S. acetone producers’ "in-place” capacities

Producer

Qutput (10° Ib)

1980 1981 1982 1983 1984

Cumene-based
Allied 360 360 360 360 360
Chevron 33 33 33 33 33
Clark 54 54 54 54 54
Dow 284 284 284 284 284
General Electric 30 240 240 240 240
Georgia Pacific 177 198 198 198 198
Getty (Skelly) 57 57 57 57 57
Monsanto 300 300 300 300 300
Shell 300 300 300 300 300
U.C.C. 230 230 230 230 230
U.S. Steel 312 312 312 312 312

Subtotal 2137 2368 2368 2368 2368
Eastman 80 80 80 80 80
Exxon 140 140 140 140 140
Shell 650 800 800 200 800
U.C.C. 170 170 170 170 170

Subtotal 1040 1190 1190 1190 1190

GRAND TOTAL - 3177 3558 3558 3558 3558




Table 3. Producers of sugar-derived acetone

Producer Status
National Chemical Products Co. Operating
Transvaal, Union South Africa 12 x 25 M gal
Egyptian Sugar and Distillation Ce. Operating
El-Hawamdia, Giza, A.R.E.

Soviet Union Operating
Commercial Solvents Corp. Torn Down
Terre Haute, IN S50 M gal
Chase Chemical Torn Down

Puerto Rico 2x60 M gal
Publicker Industries Standby

Philadelphia, PA

140 Million PPY

5 x 2000 M gal (EtOH)
10 x 500 M gal

9 x 250 M gal

12 x 18 M gal

6x 1M gal




3. HISTORICAL DEVELOPMENT

The original Weizmann process for fermenting starch-containing grains to butanol
and acetone was developed under the stimulus of the World War I demand for acetone
for manufacturing "cordite," a double-based smokeless powder used for British naval guns.
The process made a successful transition to civilian products but was finally supplanted in
the 1950s by cheaper petrochemical processes. Interest in the fermentation process
revived following the energy crisis of 1973 but was cooled again as a result of the softening
in oil prices in the early 1980s.*

A few years prior to World War I, Weizmann had developed an organism, C.
acetobutylicum, which successfully fermented starchy grains to produce a mixture of
acetone, butanol, and ethanol (ABE). He applied for and received patents on the
so-called ABE process.>®  With the outbreak of World War 1, a plant was built at Kings
Lynn, England, in 1914 to produce acctone by fermentation, but operation was a failure
until Weizmann was placed in charge and installed his process. Because of the shortage
of corn in England, the process was transferred to Canada in August 1916, where it
operated until November 1918. To supplement this output, a butanol-acetone plant was
built in Terre Haute, Indiana, which operated from May to November 1918 under the
auspices of the War Production Board. While the Terre Haute Plant operated, there was
no use for butanol and it was stored.

However, shortly after the end of the war, the Dupont Company developed Duco
nitrocellulose lacquers for use in automobile finishes. It was found that n-butyl acetate
was the solvent of choice for this coating system. In order to supply the n-butanol
required for making the acetate, the Terre Haute plant was reactivated in 1920 as a
private venture by Commercial Solvents Corporation, which had acquired an exclusive
license under the Weizmann U.S. patent. Commercial Solvents used 50,000-gal
fermenters to make the solvents. The plant is now owned by International Minerals and
Chemical Corporation. It no longer operates the fermentation equipment but has
maintained the historical cultures and has advised that the technology is available for

licensing.



When the patents expired in 1936, new ABE plants were built in Philadelphia
(Publicker), Baltimore, Puerto Rico, and Japan. A flow sheet for the process as practiced
by Publicker in the late 1930s and 1940s is shown in Fig. 3. The Publicker plant was based
on the use of 5000-gal Hortonspheres through 500,000-gal tanks for the batch fermenter
train. Operation of this plant was described in detail by Beesch.” The plant was, since,
shut down but was considered for reactivation in the late 1970s. The decision to proceed
was deferred as a result of the oil glut of the 1980s.

At the present time, the only ABE plant operating in the free world is at
Germiston in the Union of South Africa at National Chemical Products, Ltd., a division

of Sentrachem Ltd. Started up in 1936, its operation was described by Spivey.?

4. TECHNICAL BACKGROUND

4.1 RAW MATERIAL DEMAND

Raw matcrial economics has always becn one of the most important parameters
in the choice between fermentation processes for producing solvents. Until 1938, the
ABE process operated solely on corn using C. acetobutylicum, with a solvents yicld of
~26.5%, based on dry corn and comprising roughly 60% butanol, 30% acectone, and 10%

171 After 1938, new organisms were developed which allowed the use of cheaper

ethano
molasses.

Early in this study, it became apparent that the stoichiometry of the fermentation
was very important to the economics. The metabolic pathway followed by C.
acetobutylicum is outlined in Fig. 4. Electron balance must be maintained among the
competing reactions. Yields to the various products are outlined in Table 4. Even though
the organism operatcs ncar its biological maximum, carbon yiclds are poor because of the
large losses to carbon dioxide. In general, the solvents are formed in the ratio 60%

n-butanol, 30% acetone, and 10% ethanol, with the corresponding releasc of hydrogen and

carbon dioxide.

10
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Table 4. Fermentation stoichiometry
(per 100 mol butanol)

Basccase

Glucose ----- > butanol + 2CO, + H,0O
100.0 160.0  200.0 100.0

Glucose -—-—-- > acetone + 3CO, + 4H,
40.0 40.0  120.0 1598

Glucose + 2H,0 ----- > 2 acetic acid + 2CO, + 4H,
125 125 250 250 50.0

Glucose ----- > 2 e¢thanol + 2CO,
83 16.6 16.6

Glucose ----- > butyric acid + 2CO, + 2H,
6.7 6.7 13.5 135

167.5 Glucose ----- > 100.0 butanol + 40.0 acetone
+ 25.0 acetic acid + 16.6 ethanol
+ 6.7 butyric acid + 375.0 CO,
+ 35.0 H,O + 2334 H,

Goal case

100.0 glucose ----- > 100.0 butanol + 200.0 CO, + 100.0 H,O




Alternatively, Weimer has postulated that an organism could be developed that
would produce only butanol according to the "goal" case of Table 3. This could
theoretically be accomplished, although with great difficulty, by blocking the acetyl CoA
to acetaldehyde (to ethanol) pathway and the acetoacetyl CoA to acetone pathway.!?
Small amounts of acetaldehyde might be added to the fermentation to inhibit the ethanol

route, but since acetaldehyde is toxic in general, it might completely stop the fermentation.

4.2 PRODUCT INHIBITION

As with most fermentations, C. acetobutylicum is inhibited by its own substrate and
products. Previous studies have shown that butanol is the most toxic of the products.!>!*
The fermentation is totally inhibited by butanol concentrations of 10-15 g/L.*%¢ Thus,
in normal batch operation, productivity is limited to ~0.25 g/(L+h), or 13 g/L butanol after
40 batch hours plus 12 h of fermenter turnaround. Productivities in the range 0.16-0.58

L) have been reported by various investigators.!>!” This experience has sugpested
p y g

to many that the fermentation rate and product concentration could be raised 1o

commercial levels by removing the butanol from the fermentation medium as fast as it

forms. This assumption forms the basis for the scenarios developed for economic
evaluation in this study.
Various methods for removing inhibitory products have been proposed. These

17-20 -

include adsorption by activated carbon,'”* jon-exchange resins,?*

or polymeric rcsins; %

29-35 36-42 43-44

extraction by aqueous solvents or organic solvents; or membrane separation.
The use of organic solvents is the subject of the butanol study.

As a preamble to extraction studies, a number of laboratories have tested the
toxicity of various solvents toward the organism.>**%4530 In many cases, it was found that
good solvents for the products were also toxic to the organism.

In the early 1980s, Leung of MIT*® studied at small scale the extraction of butanol
with corn oil during fermentation to minimize inhibition.

Gill and Ratledge® suggested that the toxicity of hydrocarbons toward specific
organisms might be related to the aqueous solubility of these compounds. They showed
that toxicity was reduced by adding a nontoxic compound such as hexadecane to the

organic phase.

14



Evans and Wang at Michigan® studied extractive fermentation at a 10-mL-test-tube
scale with the aim of optimizing distribution coefficient versus toxicity by using mixtures
of toxic solvents having good distribution coefficients with nontoxic hydrocarbons having
low solubility in the aqueous fermentation medium. Oleyl alcohol was found to be a good
solvent with low toxicity.

Japanese investigators also demonstrated the use of oleyl alcohol to extract butanol
in batch experiments.”

Blanch and coworkers at the University of California at Berkeley™ also showed in
limited small-scale tests using oleyl alcohol as a solvent that the effect of butanol inhibition
could be reduced and volumetric productivity increased by rcmoving butanol in either
batch® or fed-batch culture.®® The feasibility of using continuous processing in extractive
fermentation was also demonstrated at bench scale in experiments in which the fermenter
broth was continuously recycled to an external extraction column.”® In the fed-batch
experiments using oleyl alcohol as a solvent, they were able to increase productivity to 1.5
g/(L-h). However, in these experiments, productivity can also be inhibited by the high
concentrations of the sugar substrate required in batch culture to drive the fermentation
to high butanol productivitics. True continuous culture would circumvent this problem.
Blanch’s continuous runs were operated for over 55 h at double the productivity of batch
or fed-batch culture.

In normal batch operation, productivity is limited to ~0.25 g/(L-h), or 13 g/L
butanol after 40 batch h plus 12 h of fermenter turnaround. Productivities in the range
of 0.16-0.58 g/(L-h) have been reported by various investigators,>>*4425037

The extractive fermentation program at Battelle Memorial Institute picked up
where these studics left off.  Since ecarly 1986, Battelle had been developing its
"multi-phase fluidized-bed (MPFB) bioreactor” concept with the intent to enhance
fermentation by removing product as fast as it forms using an in situ solvent (oleyl alcohol,
ctc.) that is not soluble in the aqucous fermentation medium and nontoxic to the organism.
A schematic drawing of the biorcactor concept is shown in Fig. 5. This design was used
to represent the fermenters in this study. The production of butanol/acctonc/cthanol by
C. acetobutylicum was chosen as the demonstration example {or the gencric process. More

recently, this program has becn transferred to the Oak Ridge National Laboratory. If

15



MULTIPHASE FLUIDIZED BED BIOREACTOR
WITH CELL RECYCLE

> Discharge (Liquid or
( Liquid and Gas)
e L]
o o Entrained Phase
o °® Separator
L 4 i hd
[ ]
MPFB Reactor ce °
® L 4
* Liquid
o * Recycle
° ®
L ]
®
® ©
e ®
L
b ®
e
Entrained {], |, ° ¢y 00 °*
Phase . oo
o P .
P o
o » ©
Dense Bed

Feed (Liquid or Fig. 5. Muluphase Fluidized Bed (MPFB) Concept.

Liquid and Gas)
16



successful with this system, the Oak Ridge program will be expanded to the acetic acid,
ethanol, and other systems.

The goals of the Battelle program are to (1) demonstrate the feasibility of the
MPFB bioreactor [or producing bulk chemicals in a continuous mode and (2) provide a
generic design basis which can be scaled up beyond the current prepilot scale to the
commercial production of butanol as well as other major products.

The program to date has been aimed at developing a cell immobilization system;
testing this in a fluidized-bed reactor; determining in separate tests the toxicity of the
candidate solvents for butanol toward the immobilized organism; and in the course of all
this, to design, build, and operate a process development unit (prepilot plant) to study

operation. Progress has been reported in a number of papers.™*

5. PROCESS DEVELOPMENT STRATEGY

5.1 BATCH MODE

In the operation of the conventional batch fermenter on C. acetobutylicum, it is
well known that as the product accumulates in the fermenter, a point is reached at which
product inhibition of the functioning of the organism shuts down the fermentation. The
amount of product produced is controlled by the volume of the fermenter at the maximum
attainable product concentration -- usually a low amount.

In view of this limitation of the batch system, many rescarchers have cvaluated the
advantages of removing product from the batch fermenter "as fast as it forms” by various
means in order to sustain the fermentation over a longer period. In such cascs, additional
substrate must be added in such a manner as to not adversely aftect the [ermentation by
substrate inhibition. This condition usually results in the use of a fed-batch mode.

In effect, however, this approach actually represents a conversion of the batch
mode to a continuous mode in which cells are prevented from leaving the fermenter.
Thus, in any continuous system, the product is always being removed from the fermenter

as fast as it forms.
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5.2 CONTINUOUS MODE

It appears then that the development of a continuous fermentation system is a
fundamental requirement for improving the economic viability of the butanol process. As
noted earlier, Blanch has operated a small research unit in a continuous mode, as has Scott
of Oak Ridge National Laboratory.?® Scott incorporates lactic acid in an immobilized cell
system to act as a mild hydrogen donor to scavenge oxygen so as to maintain a strict
anaerobic environment and prevent cell deactivation. These results are encouraging, but
it is imperative that continuous operation be demonstrated over an extended period at
pilot scale.

This study was based on a continuous fermentation system in which product is
removed from the broth either by an extcrnal, multistage extractor or by the in situ, single-
stage extraction of product within the fermenter itself. The two approaches differ in that
in the external case, the beer (at the maximum allowable, but low, product concentration)
is the feed to a multistage extraction; whereas in the in situ case, the same beer is the

raffinate lcaving a single-stage extraction. In the latter case, the "cffective concentration”

in the fermenter (the"feed” to the in situ extraction) can be 10-15 times higher than in the
aqueous beer phase, although the single-stage extraction is not as efficient as the
multistage approach. Work is under way now to develop a model based on an in situ

multistage extractor/fermenter design.

5.2.1 External Multistage Extractor

This study was based on a continuous fermentation system in which cells are
maintained in the fermenter at a desired, maximum level. Thus, assuming that specific
productivity [g product/g cell-h] remains constant at constant (but maximum allowable)
product concentration, the higher the cell density the greater the volumetric productivity
[g product/L-h], the shorter the fermentation time, and, hence, the smaller the fermenter
size and investment required for a desired design capacity; or, for an existing fermentation
plant, the greater the throughput and production level.

This result can be accomplished either by immobilizing the cells to prevent their

loss from the fermenter or by filtering the cells from the beer and recycling them. The
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immobilization approach would be preferred; it would avoid passing cells through a filter
and, possibly, an extractor with possible deactivation of cells by mechanical attrition or
exposure to solvent and with possible plugging of the trays of an extractor.

If for some reason the cells cannot be immobilized, then, two alternative recycle
schemes can be considered: (1) a single recycle in which the cells are carried with the beer
through an extractor and recycled with raffinate to the fermenter, or (2) a double recycle
in which the cells are separated from the beer before the extractor and recycled, while
cell-free raffinate from the extractor is recycled separately so as to assist in recovering
by-products.

The economic consequences for any of the above options would be the same

except for certain limiting situations.

5.2.2 External Extraction With Single Recycle

The single-recycle mode was used as the basis for this study as a "worse" case. It
has the drawback that recycled cell density and recycled raffinate cannot be controlled
separately. Thus, for this model, a point is reached at a recycle ratio of 15:1 beyond which
recycle supplics all the need for makeup water in the fresh feed. To go higher would
require that the 45% syrup feed to the fermenter be evaporated to maintain the water
balance. This would greatly increase the cost of substrate and must be avoided.

This limitation may be moot, however, since at a 15:1 recycle, cell density has been
increased from 1.4 g/L at zero recycle to 22.3 g/L, dilution rate from 0.03 h™ to 0.48 h,
and volumetric productivity from 0.4 to 6.3 g/L.-h. As a result, total plant investment has
been reduced from $228 million to $41 million for a 160-million-pound-per-year production
level and the cost-plus-return selling price from $1.08/1b butanol to $0.43/1b. Although cell
density could presumably be increased above 22 g/ without adverse etfect, further

increases would lead to marginal improvements in cost.

5.2.3 External Extraction with Double Recycle

In the double-recycle case, cell density could reach higher levels than are possible

with the water balance limitations of the single-recycle case. Likewise, cells would have
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less exposure to solvent with concomitant possible toxic side effects. Process control
would have to be more sophisticated, but this is not an insurmountable problem.

In either recycle case, the recycle of raffinate is mainly desirable to reduce product
losses to the aqueous purge. It also reduces the fluid load on the first raffinate still,
thereby reducing the cost of this large still and its attendant steam consumption and
investment. Raftinate recycle is also ostensibly desirable to (1) enhance the extraction of
less extractable by-products such as acetone and ethanol; (2) conserve process water; and
(3) recycle cells in the single-recycle case. None of the latter arguments are critical to the
process. For the basis of this study, the recovery of low-boiling chemicals by distillation
of the raffinate is definitely economically justified. This prevents the loss at any recycle
ratio of valuable byproducts that are not recovered by extraction. Conservation of process
water is of minor importance compared with other cost elements. As noted, cell recycle

can be accomplished by separate recycle or immobilization.

5.2.4 In Situ Extraction

In the in situ case, cells are either recycled, immobilized, or allowed to grow in a
first-stage fermenter to the level required to produce the desired amount of product in a
second stage, such that the raffinate (beer) leaving the fermenter does not exceed the
threshold level of inhibition of product concentration. The effective concentration (i.e.,
amount produced divided by the aqueous flow) would be many times this since the bulk
of the product leaves in the solvent extract. The multiplier would approximately equal the
solvent/feed ratio times the distribution coefficient (~12X for the basis used).

In summary then, in external extraction, cell density is increased to reduce
fermentation time and fermenter volume at the maximum allowable product concentration
in the beer for a desired production lcvel. In situ extraction cell density is increased to
increase effective product concentration at the maximum allowable product concentration

in the aqueous beer and constant fermentation time for the desired production level.
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6. EXTRACTIVE FERMENTATION PROCESS SCENARIOS

6.1 PROCESS SCENARIO FOR EXTERNAL EXTRACTION

A flow sheet for the process model of external extraction is shown in Fig. 6. Beer
leaving the fermenter train is passed to a multistage extractor (or first to a filter in the
double-recycle model), whereupon substantially all of the product is removed by a sclective
solvent. Some of the by-product acetone and ethanol are removed also, as are the higher-
boiling acids: acetic and butyric. Actually, as a worse case it was assumed, rather than
known, that the acids would be, indeed, produced and that the pH of extraction would be
low enough for the acids to exist as acids rather than as salts. In salt form, they could not

be extracted and would stay with the raffinate.

The aqueous raffinate, countaining cells in the single-recycle case, leaving the
extractor is recycled to the desired, highest possible level to the fermenter. The balance
is filtered to remove residual cells. The filtrate is sent to the raffinate still train to recover
by-product acetone and ethanol. Residual salts cither fed to or produced in the
fermenters are purged as the tails from the first raffinate still.

Butanol, by-product acetone and ethanol, and solvent contained in the extract are
separated in a low-boilers still train. Butanol and acetone are recovered in pure form in
this train, whereas crude ethanol is sent to the raffinate train for purification. Solvent is
scparated from lower-boiling wastes in the high-boilers still and recycled to the extractor.

Onc potential problem with the use of a high-boiling solvent must be noted. If the
solubility of solvent in water is high enough, the loss of solvent to the aqueous waste
leaving the process as the tails from the first raffinate still might be unacceptable. A
solubility of 20 ppm was assumed in this study, while Blanch assumed 100 ppm in his study.

Either would be satisfactory.
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6.2 PROCESS SCENARIO FOR IN SITU EXTRACTION

The [low sheet for the in situ case is substantially the same as for the cxternal
extractor case except that extraction is carried out in the fermenter and no additional
extraction vessel is required. Also, aqueous raffinate containing cell debris and
unextracted product and by-products is sent to waste disposal. The evaluation of this case
did not include the recovery of chemicals in the raffinate. This would probably be
justified; in which case the raffinate still train used for the external extractor case would

be added. The process is shown in Fig. 7.

7. OPERATING CONDITIONS

It was assumed that the plant would be sited in the Midwest adjoining a wet corn
mill, with dilute 45% syrup supplied over the fence by pipeline. Capacity was sized to a
180-million-pound-per-year butanol plant having a midpoint of construction in 1984 and
operating in 1988 at a 160-million-pound-per-year production rate. Technical and financial
data for the cases evaluated are provided in the appendixes.

Basic data for the external extraction process are outlined in Table 5 according to
whether they are independent or dependent variables. Key equipment dimensions are
shown to provide a fecling for scale of the operation. The basecase data for fermentation
without cell recycle were obtained from the literature sources discussed carlier.
Distribution coefficicnts were determined by Battelle.”? A comparison with the basis uscd
by Blanch is shown in Table 6.

The main differeaces among cases were whether or not raftinate with cells was
recycled and whether raffinate chemicals were recovered.  As can be noted from the

selling prices required to provide an adequate return on investment, the recycle of cells
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Table 5. The external extraction process

Process basic data
Model stoichiometry
With recycle of ralfinate/cells
With recovery of raffinate chemials

Butanol cost-+return selling price, $/1b

Specified operating parameters
Annual capacity, 10° [bjyear
Butanol concentration in beer, g/L
Specific productivily, g BuOH(g celis-h)
Glucose ta products, % of converted
Solvent-to-beer ratio

Butanotl yield to extract, Ib/lb in beer
Ratiinate & cell recycle ratio

Dependent variables
Glucose demand, 1b/lb butanol
Cell density, »f
Dilution rate, L/h
Volumetric productivity, g BuOH(Lh)
Butanol yield across refining, § fed

Fermenter volume, 1000 gal (gross)

Extractors - Stages
- Height, ft
- Diameter, ft
- Number

Beer still #1 - Plates
- Height, ft
- Diameter, {t

Raffinate still #1 - Plates
- Height, {1
- Diameter, {1

Goal Base Base Base Base
Yes Yes Yes No No
N/A Yes No Yes No
0.35 0.43 0.48 1.07 1.05
. J
h'd
180
13
0.283
95%
0.3
0.970 0.970 0.970 0.999 0.999
27:1 15:1 15:1 -0- -0-
2.56 4.29 4.29 4.29 4.29
211 21.8 21.8 1.4 1.4
0.46 0.48 0.48 0.03 0.03
6.0 6.2 6.2 0.4 0.4
99.4 98.8 988 98.9 98.9
635 616 616 9654 9654
9 9 9 20 20
28 28 28 50 50
11.5 11.5 11.5 111 11.1
4 4 4 4 4
11 10 10 10 10
31 30 30 30 30
5.4 6.4 6.4 5.8 5.8
N/A 32 -- 42 -
N/A 63 -- 78 -
N/A 4.9 -- 189 -




Table 6. Blanch’s basis comparison

This study Blanch’s study

Product concentration, g/L 13.0 13.7
Fermentation time, h 33 30
Cecll density, g/L 1.4 3.0
Specific productivity, g/g-h 0.28 -
Volumetric productivity, g/Lh 0.39 0.46-0.89
Distribution coeflicient
Butanol 43 2.6
Acctone 0.5 0.3
Ethanol 0.2 0.1
Acetic acid 0.2 n.a.
Butyric acid 0.2 n.a.

to the highest operable density is of utmost importance. Recovery of raffinate chemicals
is also justificd.
Data used for the in situ extraction casc are the same as the above except that no

recycle or raffinate recovery was involved.

8. EXTRACTION PERFORMANCE

In continuous, multistage, countercurrent extraction, a trade-off must be made

between the required number of stages, which determines the cost of the extractor, and
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the solvent-to-aqueous feed ratio, which determines the cost of recovering product from
the solvent extract. The number of stages required for the separation approaches infinity
as the product of the distribution coefficient times the solvent/feed ratio approaches unity.
As a practical matter, this product should be controlled fairly close to unity for a proper
balance. This cffect can be seen from the data of Appendix G, which define the number
of stages required for any given solvent/feed ratio and desired yicld of product to extract.

For the external extractor basecase, a solvent/feed ratio of 0.3 at a distribution
coctficient of 4.3 (0.3 x 4.3=1.29) called for 9 stages at a yicld of 97%. As will be
discussed later, this combination appcared to provide the lowest cost. The yields of
acetone (15%) and ethanol (6%) are low because of their low distribution coelficients and
low solvent/leed ratio.

For the in situ extraction case, the fermenter acts as a single stage of extraction.
Conscquently, the efficiency is lower than for the multistage case, but much higher
effective concentrations of product in the fermenter can be realized.

Yields of product to cxtract for single-stage extraction for various distribution
cocfficients and solvent/becr ratios are shown in Table 7 and Fig. 8. At a distribution
cocfficient of 4.3, a solvent/becer ratio of 3.5 would lead to a distribution of 93.8% of the
butanol solute in the fermenter to the extract. At its lower distribution coellicient, the
yicld of acctone to extract would be ~60%, and the yield of ethanol, 40%.

The improvement possible in effective concentration is shown in Table 8 and Fig.
9, in which "initial" concentration represents the amount of product produced rclative to
the aqueous flow. Thus, at a solvent/feed ratio of 3.5, the effective concentration of
product in the fermenter can be increased to close to 200 g/L while maintaining the actual
concentration in the aqueous raffinate (beer) at 13 g/L, the threshold of inhibition.

It should be noted that although oleyl alcohol was used as a model solvent in this
study, as well as in many others reported in the literature, it could not be usced in
commiercial practice since it boils too high to allow a practical separation of product from
the extract. It was assumed in this study that the oleyl alcohol was either in a carrier of
nonyl alcohol or that a new solvent was identified that had the solvent characteristics of

oleyl alcohol and the distillation characteristics of nonyl alcohol.
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Table 7.

Yield of solute to extract
(%0 of solute produced)

Distribution

Solvent/beer ratio

coefficient, K 0.25 0.50 0.75 1.00 2.00 3.00 4.00 5.00
0.25 0.059 0.111 0.158 0.200 0.333 0.429 0.500 0.556
0.50 0.111 0.200 0.273 0.333 0.500 0.600 0.667 0.714
0.75 0.158 0.273 0.360 0.429 0.600 0.692 0.750 0.789
1.00 0.200 0.333 0.429 0.500 0.667 0.750 0.800 0.833
1.25 0.238 0.385 (0.484 0.556 0.714 0.789 0.833 0.862
1.50 0.273 0.429 0.529 0.600 0.750 0.818 0.857 0.882
1.75 0.304 0.467 0.568 0.636 0.778 0.840 0.875 0.897
2.00 0.333 0.500 0.600 0.667 0.800 0.857 0.889 0.909
2.25 0.360 0.529 0.628 0.692 0.818 0.871 0.900 0.918
2.50 0.385 0.556 0.652 0.714 0.833 0.882 0.909 0.926
2.75 0.407 0.579 0.673 0.733 0.846 0.892 0.917 0.932
3.00 0.429 0.600 0.692 0.750 0.857 0.900 0.923 0.938
3.25 0.448 0.619 0.709 0.765 0.867 0.907 0.929 0.942
3.50 0.467 0.636 0.724 0.778 0.875 0.913 0.933 0.946
3.75 0.484 0.652 0.738 0.789 0.882 0.918 0.938 0.949
4.00 0.500 0.667 0.750 0.800 0.889 0.923 0.941 0.952
4.25 0.515 0.680 0.761 0.810 0.895 0.927 0.944 0.955
4.50 0.529 0.692 0.771 0.818 0.900 0.931 0.947 0.957
4.75 0.543 0.704 0.781 0.826 0.905 0.934 0.950 0.960
5.00 0.556 0.714 0.789 0.833 0.909 0.938 0.952 0.962

10.00 0.714 0.833 0.882 0.909 0.952 0.968 0.976 0.980

15.00 0.789 (.882 0.918 0.938 0.968 0.978 0.984 0.987

20.00 0.833 0.909 0.937 0.952 0.976 0.984 0.988 0.990




Table 8. Basecase stoichiometry generalized fermentation economics
In situ extraction with distillation -- sensitivity of final beer
concentration {g/L) to solvent/beer ratio and initial concentration
(for K = 4.3)

nitial Solvent/beer ratio
cone. (g/L) 0.25 $.50 1.00 2.00 3.00 4.00 5.00
1.0 0.48 0.32 0.19 0.10 0.07 0.06 0.04
3.5 1.69 1.11 0.66 0.37 0.25 0.19 0.16
10 4.85 3.20 1.91 1.05 0.73 0.56 0.45
35 17.21 11.43 6.84 3.80 2.64 2.02 1.63
100 51.13 34.45 20.94 11.80 R.24 6.34 5.16
150 79.10 53.98 33.23 18.96 13.34 10.31 8.41
200 108.89 75.33 47.03 27.22 19.30 15.00 12.29
250 140.68 98.76 62.64 36.85 26.38 2063 16.99
300 174.67 124.60 80.45 48.23 34.91 27.53 22.80
350 211.11 153.24 100.95 61.87 45.40 36.15 30.17

500 338.02 261.38 186.46 126.02 98.87 82.90 72.14
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9. PROJECTED ECONOMICS
OF THE CONVENTIONAL WEIZMANN PROCESS

Butanol currently sclls for $0.38/1b at a crude oil price of $15-§20/bbl. This price
has been fairly stable since 1982, However, considering the increases expected again in
crude oil prices in the 1990s, a doubling in the price for oil-based butanol is not
inconceivable.

Lenz and Morcira analyzed the cconomics of the conventional Weizmann process
utilizing a molasscs substrate and found that the process would have to opcrate at a loss
because of the combined cffect of raw material costs and dilute concentrations.®

The current study also concluded that the Weizmann process would operate at a
loss in the present cconomic environment.  Butanol from a 170-million-pound-per-year
plant based on the conventional process and operating at 150 million Ib/ycar in 1987 would
cost ~$1.19/lb for the fermentation operation alone (including raw matcrials cost but

excluding recovery and purification costs).”

This cost includes a 30% pretax return on
investment.

The investment at the midpoint of construction of 1983 is comprised ol $230
million in dircct process equipment; $33 million in allocated power, services, and gencral
facilitics; and $30 million in working capital. Of the dircet process investment, $200
million alone is for fermenters (16 million gal) and their ancillarics priced installed at
$12.50/gross gal. A contingency lactor of 30% was applied to the investment. Working
capital is high because of the high value of the product inventory and accounts receivable.

This cstimate assumes a butanol concentration of 13 g/l at a batch time of 40 h
and a turnaround of 12 h. Of the glucose converted, 5% is used for cell growth and 95%
for products according to the stoichiometry of Table 4. The product cost sheet is

summarized in Table 9.



Table 9. Product cost sheet of the Weizmann Process

Factor Cost ($)
Raw matcrials 0.30
Utilities 0.04
Labor-related 0.03
Depreciation 0.14
Other capital-related 0.05

Cost of manufacture 0.56
SE, R&D, administration .16

Cost of salcs 0.72
Pretax carnings 0.58
By-product credit (0.11)

Cost-plus-rcturn price 1.19

Wang compared the economics of extractive batch fermenter designs with
conventional batch designs and concluded that the extraction design appearcd to be
considerably more profitable than the conventional design.®  Blanch made a similar

conclusion with respect to a fed-batch extractive design.®’

10. PROJECTED ECONOMICS
OF THE EXTERNAL EXTRACTION PROCESS

External multistage extraction combined with raffinate/cell recycle and recovery of

chemicals in the raflinate appcears to have a dramatic effect on reducing product costs.
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For the first time in over 30 years, it now secems that the fermentation process is within
striking distance of competing with synthetic butanol at $0.38/lb. The economics of the
five cascs developed for the external extraction process are summarized in Table 10.
These cases are also claborated upon in Appendixes A through E. The mandatory prices
arc bascd on attaining a pretax return on an investment of 30%.

With a 15:1 recycle and recovery of raffinate chemicals, the cost-plus-return price
appcars to be reduced to $0.43/1b. With a double recycle and higher recycle ratio, further
reductions appcar possible, although these may be marginal.

The development of organisms that are less inhibited by product and/or have a
sclective stoichiometry favoring the production of butanol appcars to reduce cost below
the present price for synthetic butanol.

Thesce conclusions will be discussed further in the following sections.

10.1 EFFECT OF RAFFINATE/CELL RECYCLE

Cost is primarily scnsitive to the reeycle of cells. As shown in Table 11, cost
decreases with increases in recycle ratio over the entire range studied. This cffect mainly
results from a concomitant reduction in fermenter and total plant investment. For this
model, recycle ratios over 15:1 would require evaporation of the syrup -- an undesirablc
rcquirecment.  However, this could be avoided by using a double recycle if ccll
concentrations above 22 ¢/1. could be tolerated in the fermenter. Total flow through the
fermenter remains constant irrespective of recycle ratio for a fixed, limiting product
concentration and annual production rate. Cell density increases as cell recycle increascs;
thus, fermentation time and fermenter investment can be decreased correspondingly to

balance production rate at a constant specific productivity.

10.2 EFFECT OF SOLVENT/BEER RATIO

The solvent-to-beer ratio should be minimized for optimum costs. The cost trade-
olf of operating parameters is shown in Table 12. For the conditions ol this study, the
best ratio appears to be 0.3. For a distribution cocfficient of 4.3, the plates required in

the extractor approach infinity at a ratio ol 0.23, but drop sharply to rcasonable levels
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Table 10. Extractive fermentation of butanol multistage external extraction
(Production level - 160 million PPY)

Stoichiometry
Raff/cell recycle
Recover chemicals

Investment-§M

MPC = 1984
Direct permanent investment
Allocated power, services, and general
Working capital

Total investment

Cost - $/1b (1988}
Raw materials
Utilities
Labor-related
Capital-related
Cost of manufacture
SE, D, R&D, Adm, & IC
Cost of sales
Pretax earnings based on 30% pretax ROl
By-product credit

Selling price

Base
15:1
Yes

3273
12.9
14.4

$54.5

$0.29
0.04
0.03
002
0.38
006
0.44
0.10

(6.11)
$ 043

Base
15:1
No

$25.8
10.6
15.1

$51.6

$0.29
0.04
0.03
002
0.38
006
0.44
0.10

(0.06)
$0.48

Base

Yes

$170.7
60.0
26.9

$257.5

$0.29
0.11
0.03

015
0.57

.14
0.71
0.48

(0.11)
$ 1.07

Base

No

$159.3
34.9

25.5

$219.7

$0.29
0.07
0.03
013
0.52
0.13
0.65
0.41

(0.01)
$ 1.05

Goal
26:1
N/A

$20.1
82
10.1

$0.17
0.02
0.03
0.02
0.24
0.05
0.28
0.07

(0.00)
$035
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Table 11. Sensitivitiy analysis - effect of recycle ratio on fermentation performance
(For K = 4.3; solvent/teed ratio = ().3; product concentration = 13 g/L;
specific productivity = 0.283 g/gh)

Recycle Cost TPI1 Fermenter Cells Dillution Vol. prod
ratio ($/1b) ($Million) ($Million) (g/L) rate {1/h) (g/L+h)
0.0 1.078 228 117 1.4 0.030 0.39
0.5 0.854 164 78 2.1 0.045 0.59
1.0 0.741 132 59 2.8 0.060 0.78
2.0 0.626 98 39 4.2 0.090 1.18
4.0 0.533 71 24 6.9 0.151 1.96
6.0 0.491 59 17 9.7 0.211 2.74
8.0 0.468 52 3 12.5 0.272 3.53

10.0 0.452 48 11 153 0.332 432

12.0 0.441 44 9 18.1 0.393 5.11

14.0 0.433 42 8 209 0.454 5.90

15.0 0.430 41 7 223 0.484 6.30
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Table 12. Sensitivity analysis - eftect of solvent/beer ratio on fermentation performance
(For K = 4.3; recycle ratio = 15; extract yield = 99.0%;

product concentration = 13 g/L; specitic productivity = (.283 g/g+h;

cell density = 22.3 g/L; volumetric productivity = 6.3 g/Lh)

Solvent/ Cost TP Stills Steam Extractors

water ($/1b) ($Million)  ($Million) (§Million)  ($Million) Stages Diam (ft) Number
0.30 0.430 41.0 5.5 8.1 5.5 13 11.5 4
0.40 0.434 41.5 5.9 9.7 39 7 11.9 4
0.50 0.444 438 6.3 11.2 4.0 6 11.0 5
0.75 0.468 48.8 7.2 15.2 3.7 4 11.8 5
1.00 0.492 54.3 8.2 19.1 3.8 3 114 6
1.50 0.544 66.0 101 269 46 3 11.8 7
2.00 0.597 77.9 121 34.6 5.7 3 11.3 9
2.50 0.647 88.9 14.1 42.4 5.7 2 11.6 10
3.00 0.700 100.7 16.2 50.2 6.5 2 11.8 11




at slightly higher ratios. As the solvent-to-beer ratio incrcases, the number of cxtractor
stages that are required decreases but throughput and, hence, extractor diameter and/or
numbert increase. These opposing effects modulate extractor investment. However, both
distillation and steam investment incrcase in order to process the higher volume of fluid

downstream.

10.3 EFFECT OF EXTRACTOR YIELD

A similar trade-off occurs in the choice of yicld of product to extract. As yicld
increasces, so docs the number of stages required to effect the separation, in opposition Lo
the improvement in process clliciency. As shown in Table 13 and Fig. 10, a cost optimum
in recached at a yicld of ~97%. Above this, cost rises sharply. If cells are not recycled, the

optimum would occur at a higher yicld.

10.4 EFFECT OF PRODUCT CONCENTRATION

The basccases of this study were developed wsing a 13-g/L product concentration
-- supposedly close to the acceptable limit of feedback inhibition. Lower and higher
concentrations were also explored.  Higher concentrations would require developing an
organism that is less sensitive to product inhibition. This appears to be a worthwhile
rescarch goal. The results arc summarized in Table 14 and Fig. 11. Note that dilution
rate is synonymous with raffinate/recycle ratio.

At any product concentration, it is clearly desirable to operate at as high a rceycle
ratio (dilution rate) as possible. At 13 g/L. and a 15:1 ratio, ccll density would rcach 22
g/L. This level appears operable, but densities required for concentrations above, say, 50
g/L. (cven if attainable without inhibition) may produce unacceptable viscositics and
adverse cffects on the organism in the fermenter. As a practical matter, it does not appcar
that increasing concentration much above 25 g/L will have a significant ctfect on reducing
further the cost of the product.

It can also be noted that at a 15:1 ratio (0.48 h™' dilution rate) the cost curve is
close to the "infinite " dilution ratc curve, at which point further deercases in fcrmenter

volume have an insignilicant effect on cost and investment.
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Table 13. Sensitivity of product cost
to yield to extract and solvent/beer ratio

15:1 Raffinate recycle No recyele

S/B Ratio: 0.3 0.4 0.3 04
Yield (Ib/lb fed)

(.85 $0.440 $0.450 $1.236 $1.250
0.90 0.434 ().443 1.172 1.183
0.93 0.430 0.440 1.137 1.148
0.95 0.429 (.438 1.116 1.126
0.96 (.428 0.437 1.105 1.115
0.97 0.428 0.435 1.095 1.104
0.98 0.428 0.434 1.085 1.094
0.99 0.430 0.434 1.078 1.085
0.999 0.436 0.438 1.075 1.080
0.9999 0.442 1.083




Table 14. Scnsitivity of fermentation performance
to product concentration
(With recovery of raffinate chemicals)

Product BuOH cost TPI Ferm inv Ferm inv Cells Dil rate
conce. (g/L) ($/1b) ($/1b) $/1b /TPI (g/1) (1/h)

For no raffinate/cell recycle

3 3.51 5.18 291 56% 0.3 0.03
6 1.94 2.66 1.46 55 0.6 0.03
13 1.10 1.30 0.67 52 1.4 0.03
18 0.89 0.97 0.49 50 1.9 0.03
25 0.74 0.73 0.35 48 2.7 0.03
50 0.55 0.41 0.17 42 5.4 0.03
100 0.45 0.25 0.09 35 10.7 0.03

For 0.5:1 raffinatc/cell recycle

3 2.53 3.60 1.94 54 0.5 0.05
6 1.45 1.87 0.97 52 1.0 0.05
13 0.87 0.93 0.45 48 2.1 0.05
18 0.72 0.70 0.32 46 29 0.05
25 0.62 0.53 0.23 44 4.0 0.05
50 0.48 0.31 0.12 37 8.0 0.05
100 0.41 0.20 0.06 30 15.9 0.05

For 2:1 raffinate/eell recycle

3 1.56 202 0.97 48 0.9 0.09
6 0.96 1.07 0.49 45 1.9 0.09
13 0.63 0.55 0.22 41 4.1 0.09
18 0.55 0.42 0.16 38 5.7 0.69
25 0.49 0.33 0.12 35 79 0.09
50 0.42 0.21 0.06 28 15.8 0.09
100 0.38 0.14 0.03 21 31.8 0.09

For 5:1 raffinate/cell recyele

3 1.07 1.22 0.49 40 1.9 0.18
6 0.71 0.66 0.24 37 38 0.18
13 0.51 0.36 0.11 32 8.2 0.18
18 0.46 0.28 0.08 29 11.3 0.18
25 0.43 0.22 0.06 26 15.8 0.18
50 0.38 0.15 0.03 20 31.7 0.18
100 0.36 0.11 0.02 14 64.0 0.18
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Table 14. (continued)

For 10:1 raffinate/cell recycle

3 0.84 0.85 0.26 31 3.4 0.32
6 0.59 0.47 0.13 28 6.9 0.33
13 0.45 0.26 0.06 24 15.0 0.33
18 0.42 0.21 0.04 21 20.8 0.33
25 0.40 0.17 0.03 19 29.0 0.33
50 0.37 0.12 0.02 13 58.6 033
100 0.36 0.09 0.009 9 119.6 0.34

For 15:1 ralfinate/cell recycle

3 0.75 0.70 0.18 26 5.0 0.47
6 0.54 0.39 0.09 23 10.0 0.47
13 0.43 022 0.04 19 21.8 0.48
18 0.40 0.18 0.03 17 303 0.48
25 0.38 0.15 0.02 15 423 0.48
50 0.36 0.11 0.01 10 86.0 0.49
100 0.36 0.09 0.006 7 177.7 0.50
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10.5 EFFECT OF SUGAR PRICE AND YIELD

The cost of the sugar substrate is a very important elcment of cost, particularly if
the engincering improvements discussed in the previous scction can be realized.  For
Basccase A, the cost of substrate amounts to 65% of the $0.43/1b selling price and 74%
of the cost of manufacture. This cost combines the cffects of sugar price and yield to
product.

If an organism can be developed to provide the stoichiometry indicated as the goal
casc of Table 4, the cost-plus-return sclling price could be reduced from $0.43/1b to
$0.35/Ib (i.c., below the current price {or synthetic butanol). This casc is summarized in
Table 10 and Appendix E.

The study was based on the availability of a contract supply of a dilute 45% corn
syrup from an adjoining wet mill at a transfer price of $0.065/lb cquivalent glucose.
Unfortunately, such price information is considered proprietary by wet millers and is not
forthcoming. However, a recent analysis of the feedstock costs for fermentation cthanol
plants®® showed that over the period 1Q81 - 2Q86 at an average price for #2 yellow corn
ex Chicago of $2.86/bushel the average price for corn nct of by-product credits was
$0.039/1b of glucosc. Similarly, over the period 2Q87 - 1Q88 the corresponding costs were
$1.79/bushel and $0.009/1b of sugar.

A corn price of $2.60/bushel appears to correspond to a sugar cost of ~$0.081/1b
of starch according to the correlation of published data shown in Fig. 12.

Finally, the following estimate was made by the author as an approximate, if not
qualificd, evaluation of substrate costs. The basis was for an carly 1980 plant processing
60,000 daily bushels to produce 720 million annual pounds of syrup (dry basis). The wet
mill yield was assumed to be 31.6 Ib of starch/bushcl. Investment in the wet mill was
estimated to be $40 million (Table 15).

The scnsitivity of butanol cost to sugar price is shown in Table 16 and Fig. 13. If
sugar were free, cost-plus-return would drop to $0.09/1b.

Commercial acceptance of the enhanced fermentation process will ultimately

depend on the direction taken by crude oil prices. This market is still soft at ~$17-20/bbl.
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Table 15. Approximate evaluation of substrate costs

$/1b glucose

Corn @ $2.60/bushel $0.074
Coproduct credits
Corn oil 1.7 Ib/bu @ $0.26/1b (0.013)
60% Gluten meal 2.2 Ib/bu @ $265/ion (0.008)
Gluten feed 11.5 Ib/bu @ $125/ton (0.020)
Total credits (0.041)
Net corn 0.033
Enzymes 0.006
Labor 0.007
Utilitics 0.008
Maintcnance, taxes, and insurance 0.004
Depreciation 0.004
Net cost of manufacture 0.062
Selling, administrative,& research 0.002
Earnings before taxes 0017
Selling price $0.081

Savings for contract 45% syrup

Steam 1.15 Ib/tb (0.006)
Labor (0.001)
Maintenance and depreciation (0.001)
S,A &R (0.001)
Earnings (0.007)
Adjusted contract price $0.065
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Table 16. Scnsitivity analysis
Effect of sugar price on product cost

Sugar Cost of Cost of Cost-plus-
pricc raw matcrial mfg. return
($/1b) ($/1b) ($/1b) (3/1b)
0.00 0.004 0.099 0.092
0.02 0.090 0.186 0.196
0.04 0.177 0.273 0.299
0.06 0.264 0.360 0.402
0.08 0.351 0.447 0.506
0.10 (.438 0.534 0.609
0.12 0.525 0.621 0.713

However, James McNabb of Conoco? has pointed out that OPEC is presently operating
at only 60% of capacity. By the carly 1990s, production is expected to reach 80%; market
power will shift back from the buyer to the scller, with a corollary increase in oll prices.
As a result, he forecasts that although oil prices will remain in the low $20s until 1990,
they will reach the mid $30s by 1995 and $50 per barrel by the year 2000. Thus, a

doubling of the $0.38 price for butanol over the next decade is not out of the question.

10.6 EFFECT OF RECOVERY OF RAFFINATE CHEMICALS

Since butanol is the primary product of the ABE system, the process model was
designed to extract substantially all of it with a rcasonable number of extraction stages.
However, since the major by-products acctone and cthanol have lower distribution
coclficients, a considerable portion of that which is produced remains in the aqucous
rallinate.  For this system, it appcears that the recovery of these by-products from the
ralfinate purge is cconomically justified provided that raffinate and cells are recycled at the
level studied. Indeed, the return on the additional investment required amounts to 220%.

The cases with and without recovery compare as {ollows (Table 17).
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Table 17. Effect of recovery of raffinate chemicals

Expense, $/1b No recovery  Recovery Difference
Cost of sales $0.444 $0.439 (30.005)
Acctone credit (0.062) (0.084) (0.022)
Ethanol credit - (0.028) (0.028)
0.382 0.327 (0.055)
Investment, $/1b
New stills - 0.009 0.009
By-product storage  0.004 0.008 0.004
Steam 0.035 0.045 0.010
0.039 0.062 0.023
Total plt. invest 0.203 0.228 0.025%

* $4.5 million for 180 MM PPY plant

Return on additional investment = $0.055/$0.025 = 220%

11. PROJECTED ECONOMICS
OF THE IN SITU EXTRACTION PROCESS

The cost-plus-return for butanol as manufactured by the in situ extraction model
would amount to $0.49/Ib at the same 22-g/L. cell density as for the external extraction
case, for which the cost was $0.48/1b without recovery of raffinate chemicals. Both models
would benefit further by recovery of the by-products, but that scheme was not included
in the in situ model. As with the cxternal extractor case, the minimum cost of the in situ
case depends on the extent to which ccll density can be increased. In the case of the in
situ basecase, increasing the solvent to fecd ratio at a fixed dilution rate is the main
operating approach. A basecase ratio of 3.5 at a 0.03 h'! dilution rate was used here. A

summary of the economic picture is provided in Table 18 and Appendix F.
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Table 18. Single-stage in situ extraction fermentation of butanol

(No recovery of raftinate chemicals)

Basccasc stoichiometry
Summary

Production level

163 Million PPY
Investment, $Million
MPC = 1984
Dircct permancnt investment 21.6
Allocated power, services, and general 95
Working capital 158
Total investment 47.0
Cost, $/1b (1988)
Raw matcrials 0.30
Utilitics 0.05
Labor-rclated 0.03
Capital-related _0.02
Cost of manufacture 0.40
Sk, D, R&D, Adm, and IC _0.066
Cost of salcs 0.46
Pretax carnings based on: 30% pretax RO1 0.09
By-product credit (0.06)
Sclling price 0.49
Financial Critcria
Nct ROI 3rd ycar (assumed) 16%
Investors rate of return (20 operating years) 17%
Years to brecak even - Annual cash 1987
- Cumulative cash 1991
- Cum. disc. cash (NPV) 1995
Nct present value $Million (20 years @ 12%) $16.4




11.1 EFFECT OF SOLVENT/FEED RATIO

Cost is reduced by raising the solvent/feed ratio to the highest level possible. As
noted in Table 19, cost might be reduced to $0.39/Ib at a 20:1 ratio if a cell density of 120
g/L were operable, but that seems doubtful. A large portion of the saving is related to the
reduction in fermenter volume and investment that results from the trade-off with cell
density at constant specific productivity. At high solvent/feed ratios, fermenter investment
becomes insignificant compared with total plant investment, and in effect an "infinite” ratio
is reached.

Distribution coefficient is an important adjunct to solvent/feed ratio. This effect
is shown in Table 20 and Fig. 14. If a coefficient of 4.3 cannot be attained in commercial
operation, the reduction in performance can be compensated for to some extent by raising

the ratio.

11.2 EFFECT OF BUTANOL CONCENTRATION

For the in situ evaluation, butanol concentration was held constant at 13 g/L, the
threshold of inhibition for the existing organism. However, cost performance could be
improved if product inhibition could be reduced. The effect of increasing the allowable
concentration in conjunction with changes in solvent/feed ratio is shown in Table 21 and
Fig. 15.

Similarly, cost could be reduced by developing a more active organism with a
higher specific productivity that could operate at a dilution rate higher than the 0.03 h'!
used in the in situ basecase. The combined ettect of improvements in both dilution rate
and product concentration is shown in Table 22 and Fig. 16. Data for an "intinite"
dilution rate are included. That curve represents the limit to which the fermenter

performance can be pushed.
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Table 19. In situ extractive fermentation
Effect of solvent/feed ratio on fermentation performance
(For K = 4.3; product concentration = 13 g/l
specific productivity = 0.283 g/g+h)

Solvent/ Cost TPI Fermenter E(f. prod. Cells Dilution Vol. prod.
feed (5/1b) {$Million) ($Million)  conc (g/L) {g/L) rate (1/h) (g/Lh)
0.25 1.442 105 70 27 3 0.03 0.8
0.50 0.958 78 46 41 4 0.03 1.2
1.00 0.702 56 28 69 7 0.03 2.1
2.00 0.560 40 15 125 13 0.03 3.8
3.00 0.507 33 i1 181 19 (.03 5.5
4.00 0.479 30 8 237 25 0.03 7.2
5.00 0.460 27 7 292 31 0.03 8.9
7.00 0.437 24 5 404 43 0.63 12.3
10.00 0.419 22 3 572 61 0.03 17.3
15.00 (.403 20 2 851 91 0.03 25.8
20.00 0.394 i8 2 1131 121 0.03 343




Table 20. Single-stage in situ extractive fermentation of butanol
No recovery of raffinate chemicals
Basecase stoichiometry
(Sensitivity of cost-plus-return price to solvent/beer ratio
and distribution coetficient)

Cost {$/1b)

Distribution Solvent/beer ratio

coefficient 0.25 0.50 1.00 3.00 5.00 10.00 20.00
0.25 16.48 8.67 4.78 2.17 1.65 1.24 1.03
0.50 8.54 4.62 2.64 1.30 1.02 .81 0.69
1.00 4,55 2.57 1.56 0.86 0.71 0.59 0.52
2.60 2.54 1.53 1.00 0.63 0.55 0.48 0.43
3.90 1.86 1.17 0.82 0.55 .49 0.44 0.41
4.30 1.44 0.96 0.70 0.51 0.46 0.42 0.39
5.00 1.31 (.89 0.66 0.49 0.45 0.41 0.39

10.00 0.89 0.67 0.55 0.44 042 0.39 0.37
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Table 21. In situ extractive fermentation
Effect of product concentration and solvent/feed ratio
on butanol cost-plus-return

Cost (3/1b)

Butanol Solvent/fecd ratio
conc (g/L) 0.25 0.50 1.00 3.00 5.00 10.00 20.00
3 3.24 1.92 1.24 0.76 0.65 (.56 0.50
6 2.08 1.30 0.90 0.60 0.53 (.47 0.43
3 1.44 0.96 0.70 0.51 0.46 0.42 0.39
18 1.29 0.87 0.65 0.49 0.44 0.41 0.39
25 1.17 (.81 0.62 0.47 0.43 (.40 0.38
50 1.03 0.73 0.57 0.45 0.42 0.39 0.37
100 0.95 0.69 0.55 0.44 0.41 0.38 0.37

300 0.89 .66 0.53 .43 0.40 0.38 0.37




Table 22. Single-stage in situ extractive fermentation of butanol

No recovery of raffinate chemicals
Basecasc stoichiometry
(Sensitivity of cost-plus-rcturn price)

Raffinate Cost {($/1b)
concentration Dilution rate (1/h)

(/L) 0.01 0.03 0.10 0.30 1600000

1 2.25 1.40 1.10 1.02 0.97

3 1.08 0.76 0.66 0.63 0.62

10 0.62 .53 0.50 0.49 0.49

30 0.49 0.46 0.45 0.45 0.45

160 .44 0.44 0.43 0.43 0.43

300 0.43 0.43 0.43 0.43 0.43
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11.3 EFFECT OF SUGAR PRICE

As might be expected, cost is highly sensitive to sugar price. This effect is shown

in Table 23 and Fig. 17. It will be very important to the viability of either extraction mode

to provide a cost-effective supply of syrup to the commercial venture.

12. RECOMMENDATIONS

It appearcd from the results of the study that either the external or in situ

extraction processes would be equally effective in reducing the cost of producing butanol

to commercially acceptable levels. However, the external process would appear to be

more easy to develop and operate on a commercial scale.  Accordingly, the following

recommendations arc made as a guide to further rescarch in this arca:

Demonstrate continuous operation of the fermentation process on a rack or pilot

scale over an extended run time, say, 1000 h.

Immobilize the cells and/or add a crosstlow filter or similar separation device so
as to retain the cells in the fermenter or recycle them to the desired maximum cell
density while increasing flow through the fermenter to hold product concentration

at its optimum level relative to feedback inhibition.

In a separate system, test the continuous countercurrent extraction of butanol,
acctone, and ethanol by oleyl alcohol or an improved solvent using a synthetic beer
that mimics the expected impurity and salt levels of the fermentation beer (or

use the actual beer if such is available at that time).

Concurrently, in a separate small-scale laboratory study, scck a solvent having

better distillation characteristics than oleyl alcohol with at least the same
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Table 23. Single-stage in situ extractive fermentation of butanol
No recovery of raffinate chemicals
Basecase stoichiometry
(Effect of sugar price on product cost)

Sugar Cost of Cost of Cost plus
pricc raw mat. mfg. rcturn
($/1b) ($/1b) ($/1b) ($/1b)
0.00 0.00 0.10 0.15
0.04 0.19 0.29 0.37
0.06 0.28 0.38 0.48
0.08 0.38 0.48 0.59
0.10 0.47 0.57 0.70
0.12 0.56 0.66 0.81
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distribution cocfficicnt and low toxicity. A solvent boiling below water might be
considered. Although this would require a different process scenario than the one
used in this study for a high-boiling solvent, it might offer advantages over the
high-boiling recovery process. In the selection of a new solvent, attention should
be paid to the following potential problems: (1) separation of high-boiling acids,
if any are present and at a sufficiently low pH to be extractable, might be difficult;
(2) if the solubility of water in the solvent is much higher than the 20 ppm that
was assumed, problems with azeotropes in the recovery still train involving acetone,
butanol, and ethanol could arise; and (3) if the solubility of solvent in water is
much higher than the 20 ppm that was assumed, additional investment would be
required to recover and/or dispose of solvent in the waste raffinate.

5. Integrate the fermentation unit with the extraction unit and demonstrate
operability without cell retention or recycle, then with cell buildup, and finally with
raffinate recycle to assess possible adverse effects from the buildup of unextracted
products or toxins.

6. Consider the concurrent development of a genetically revised organism that
produces only butanol as its solvent slate and/or has an enhanced specific
productivity.

7. Continue the comparative evaluation of the economics of both processes as new
information is obtained from the research program. In the event a clear
preference for the in situ process emerges, adapt the experimental program to the

direct feed of solvent to the fermenter and demonstrate the in situ process.

13. CONCIL.USIONS

Based on the economic analyses, it appecars that the extractive fermentation
system could substantially reduce the cost of butanol and other similar high-boiling
fermentation products that are now produced at low product concentrations as a result

of product inhibition. Such an economic breakthrough cannot be realized until the
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system has been fully demonstrated in a continuous process over an extended period at
pilot scale, optimized according to the findings of this study, and scaled up for the
specific fermentation process of interest.

However, there appears to be no inherent design limitation in effecting the
engineering improvements required in the process operation.

Such may not be the case in attempting to develop an organism with an
improved stoichiometry and/or specific productivity. The goal is sufficiently important,
however, to warrant the laboratory eftort.

Certainly, these improvements would represent major breakthroughs in not only
the butanol process, but, generically, in any fermentation process that suffers from
product inhibition (which is most of them), particularly where the product boils higher

than water.
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APPENDIX A. BASECASE STOICHIOMETRY
WITH 15:1 RAFFINATE/CELLS RECYCLE
WITH RECOVERY OF RAFFINATE CHEMICALS






MPEYTR2.WKE == £3-Fab~88

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
WITH RECOVERY OF RAFFINATE
BASECASE STOICHIOMETRY

SUMMARY
PRODUCTION LEVEL
161 MM PPRY
INVESTMENT~-3MILLION
MPC = 1384
Diract Psrmanent Investiment $27.3
Allocated Power, Services & Genaral §12.8
L
Working Capital $14.4
Total Investment §54.5
COsT-%/LB ( 1988
Raw Matarials $2.28
Utilities $2.24
Labor-Related $0.23
Capital-Related $8.22
Cost of Manufacture $8.38
SE, O, RRD, Adm, & I.C. %0.06
Cost of Sales §2.44
Pretax ELarnings Based on: 38% Pretax ROI £2.12
By~praduct Credit ($2.112
Salling Prics 2.43
FINANCIAL CRITERIA
Mat ROI Frd Year (assumed? 18%
Investors Rate of Return (28 Operating Years) 8%
Yaair to Bresk Even -~ Annual Cash 1887
- Cumulstive Cash 1838
- Cum. Disc. Cash (NPW) 1994
Net Present Uslue MM (28 vears & 1252 §24.7
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MPEXTZ.W

K&

-1- 23-Feb-89

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL

WITH RECQVERY OF RAFFINATE
BASECASE STOICHIOMETRY

ASIC A
RATION
161.32 MM PP ANRUAL PRODUCTION LEVEL
179,25 MM PPY ANNUAL CaPACITY
2 ¥ QPERATING UTILITY
1683.26 MM PPY PRODUCT IN BEE
181.40 MMt PRY PRODUCT IN REER AT CAPACITY
95,8 % MOLAR YIELD-GLUC. TO PROD. IN BEER (E
4,29 ib/lb GLUCOSE DEMAND/PROD (EXCL. SPILL)
74,12 MOL WY PRODUCT MOLECULAR WEIGHT
CHIOMETRY
. WT. MOLES/MOL PRQBUCT COGMPONENT
84.16 1.87525 /MOL PROD. ~GLUCOSE CONSUMED
32.2@ 2.22800 /MOL PROD., -OXY GEN CONSUMED
17.82 2.00202 /MOL PRRD. -AMMONIA CONSUMED
.28 2.0202¢ /MOL PROD. ~COMPONENT $1 FORMED
. Q2 2.20028 /MOL PROD. ~COMPONENT #2 FORMED
58.88 2.39985 /MOL PROD. ~COMPONENT #3 FORMED (ACETONE:
Q@ 2.02002 /MOL PROD. ~COMPONENT #4 FORMED
46.87 2.166@8 /MOL PROD. ~COMPONENT #5 FORMED (ETHANOL?
.@¢ 2.00002 /MOL PROD. -COMPONENT #8 FORMED
74,12 1.2220¢ /MOL PROD. -COMPONENT #7 FORMED (BUTANOL:
60.8 2.24382 AHMOL PROD. ~COMPONENT #8 FORMED (ACETIC ACIDD
2@ 2.2002@ /ML PROD. ~COMPONENT #9 FORMED
83.18 2.96749 /MOL PROD. -COMPONENT #12 FORMED (BUTYRIC ACID
18.82 §.35@33 /MOL PROD. -WATER FORMED
L@ 2.00088 /MOL PROD. -COMPONENT #11 FORMED
.08 2.20000 /MOL PROD. ~-COMPONENT #12 FORMED
.o 2.00208 /MOL PROD. -~COMPONENT #1373 FORMED
.20 2.20000 /MOL PROD. ~COMPONENMT #14 FORMED
. 2y 2.00000 /MOL PROD. ~COMPONENT #15 FORMED
22 ¢.22020 /MOL PROD. -~COMPONENT #1868 FORMED
.29 @028 /MOL PROD. ~COMPONENT #17 CGR“_D
i 2.20020 /MOL PRGD. —COM|ONk,» 18 FORM
.00 2.20000 /MOL PROD. -~COMPONENT #1838 FORM D
.02 2.00220 /MCL PRQD GMPON"NT ¥28@ FORMED
44,81 Z.75@35 /MOL PROD. -CARRON DIOXIDE FORMED
2.82 2.23489 /MOL PROD. ~HYDROGEN FORNMED
FERMENTER FEED
g % -N IN CELLS AS XZCHOQ
20.9 mgg cells ~H3PQ4
1.5 ma/g cells ~-KC1
27.9 mgig cells ~MINOR NUTRIENTS
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MPEXTZ . WKS

rJ

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
WITH RECQUERY 0OF RAFFINATE
BASECASE STOICHIOMETRY
BASIC DATA
MATERIALS OF CONSTRUCTION
CHOICES SELECTION
FERMENTERS & EXTRACTERS 1.3 1
STILLS 1,2,3,4,5 1
HEAT EXCHANGERS 1.3,5,6 1
STORAGE TANKS 1.3 i
FOR WHICH:
1=CARBCN STEEL
2=CARBON STEEL w/384 55 TRAYS
=304 STAINLESS STEEL
4=304L STAINLESS STEEL
5=316 S5TAINLESS STEEL
G=MONEL
RETURN ON INUESTMENT
To Calculate Selling Price Reaguired {o Provide a Fixed Retlurn,
Enter the Desired Relurn on Invesiment: 3@ %
OR
To Calculate the ROI Resulting from a Fixed Market Price,
Enter Markel Price for 1388 (Yesr) /16,
Enter an Investment Contingency to Reprssent
the Risk Level of the Basic Datls 30 %
VENTURE TIMING
Midooint of Construction {i.e. 13XX) 1984
Operating Yesr {(i.e. 13XX) 14988
EXTRACTIGN
Salvent Oleyl Alcohol CH3{CHZITCH=CH{(CHZ Y7CHZOH
Solvent Molecular Weight 268.5
Solvent Ratio, v 2.3 1lb/1b water in feed
Mutual Solubilities
Water in Solvent, w 2.229820 1b/1lb salvent
Solvent in Waler, s 8.280028 1lb/1lbE water
{1+ )/ 01w 1.20080
Gamma ~@.72088
Water in Solvent Feed, m 2.080002 lb./lb solvent
Solvent in Aguecsus Feed 0.00881% 1b/lb water in feed
Raffinate Recycle 15.2 1b raffinate watar/lb water
in fermenter feed
Solvent/Water Balarnces
Extract - Sclvent 8.30000 1lb/lbh water in feed
- Watar 2.20001 1b/lb water in fesd
Raffinate - Water £.39999 lb/1lb water in feed
- 5glvent 2.02882 1b/1lb water in feed
olute Distribution
Phi ¥ Extract Raffinate

31
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MPEXTZ.WKS -1~ 23-F

LOOK~UP TABLE: YIELD TO EXTRACT - % For K=28.2
S/F Ratio:
Stages @.25 2.3@ .35 2.40 2.45

€ e

1 4.5% 5.4% E.3% T2% 3.2%

2 4.7% 5.7% 6.7% TR 8.7%

3 4.8% 5.8% 5.8% 7.8% 8.8%

4 4,8% 5.8% E.8% 7.8% 8.8%

5 4.8% 5.8% 5.8% 7.8% 3.8%

6 4.8% 5.8% 5.8% 7.8% 3.8%

7 4.8% 5.8% 5.9% 7.8% 2.8%

8 4.8% 5.8% £.8% 7.8% 8.8%

9 4.8% 5.8% 5.8% 7.8% 8.8%

12 4.8% 5.8% 5.8% 7.8% g8.8%

11 4.8% 5.8% 5.8% v.8% 8.8%

12 4.8% 5.8% £.8% 7.8% 8.8%

13 4.8% 5.8% 5.8% 7.8% g.8%

Bensity, g 14 4.8% 5.8% 5.8% 7.8% 8.8%
HE 4.8% 5.8% E.8% 7.8% 3.8%

16 4.8% 5.8% §.8% 7.8% 8.8%

9.7328 7 4.8% 5.8% §.8% 7.8% 8.8%
18 4.8% 5.8% 6.8% 7.8% 8.8%

@.7833 18 4.8% 5.8% 5.8% 7.8% g.3%
29 4.8% 5.8% 6.8% 7.8% 8.8%
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MPEXTZ2 . WKS -4~
DISTILLATION DATA MATRIX
ITEN COMPONENT WATER
1 NAaME
2 PRICRITY AS REFINED PRODUCT
3
4 NORMAL BOILING PT, C 120.2
5 LOSS/COLUMN, WY %
5 LEVEL AS IMPURITY, WT%
7 VAP PRESS TeMP, C 20.@
8 UVAPOR PRESS mm Hg 31.8
9 HT UVAPQ ATION, Biu/slb 87¢.3
1@ SENSIBLE HT (LIGY, BiusllbMF) 1.20
11 MAX THERMAL STABILITY, ©
12 LNCACTIVITY COEFFICIENTS)
13 -COMP. %1 in:
14 ~-COMP. #2 in:
15 ~COMP. #3 in: 2.688
16 ~COMP. 24 in:
17 ~-COMP, #5 in: 2.582
18 ~COMP. %6 in:
18 ~COMP. #7 in: 9.682
28 ~-COMP. #3 in: 2.600
21 -COMP., #9 in:
22 -COMP. #12 in: @.608
23 -“S0LVENT in:
24 ~COMP. #11 in:
25 -COMP. #12 in:
26 -COMP. #13 in:
27 ~COMP. #14 in:
28 -COMP. %15 in:
29 ~-COMP, %16 in:
3@ ~COMP, #17 in:
51 ~COMP. #18 in:
32 ~COMP. #19 in:
33 ~COMP . #20 in:
34 ~WATER in: AR
* The following values can be used in lie
activity coefficients: howsver, the unc
the calculation is raised significantly
alcohol/alecohol: kato
uldﬁnydﬁ;’#&tﬂ'ﬂ = @.3
cther organic/other organic = 0.5
alcohol /water = 2.8
cther organic/water = 1.0
34 B{n) VAPOR PRESSURE CONST. -~5124,37
35 Aln) UAPOD PRESSURE CONST. 28.272
8 UAPOR PRESSURE 248 C 54.8
37 VAPCOR PRESSURE @l12e € 1623.1
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24-Feb—-89

ALCULATIONS

DISTILLATION

~WITH RAFFINATE/CELL RECYCLE-
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APPENDIX B. BASECASE STOICHIOMETRY
WITH 15:1 RAFFINATE/CELLS RECYCLE
NO RECOVERY OF RAFFINATE CHEMICALS
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MREXTL.WKS ~WITH RAFFINATE/CELL RECYCLE- 24-Feb-89

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
NO RECOUVERY OF RAFFINATE
BASECASE STOICHIOMETRY
MILLION
1368 COST SHEET RATE /UNIT UNITS SMILLION $/1lb.

Raw Materials

~Biosugar Svrup $0.065 /b, d.s. 701.02 45,57 @.282

-Anhyd. Ammonia $0.045 /lb. 1.70 .08 . 000

~Phasphoric Acid 30.155 /1lb. 22 2.001
6

~Potassium Chleoride $0.053 /b .28
~-Minor Mutrients $0.4%1 /lb. .49
Total Raw Malerials $4
Utilities
~Clectricity $0.040 /HWH 13.494 Q.56 V.003
-Steamn $2.20 /M 1b. 1.00143 2.20 0.014
-Coocling Water Q.84 /M gal. 2.66 2.1@ @.001

=

. 000

2.001
.286

[

5
@
.42 0.
@
@
B

3
4 rd
©w
[

-Process Water $0.59 /M gal. 2.0t 0.21 .00
~Bilodegradat ion .24 Slb, d.oa.  100.74 4.03 B.92%
~Landfill ¥0.05 /1lb. d.s. 2.00 .00 . 000

I ]

Total Utilities $5.31
Labor-Related

@45

~0ir. Op. Wagesz & Ben. $26.40 Sman-tir. @.117 5.88 0.013
=Dir. Salaries & Ben. 18 % DOWaB ?.56 0.00>
~0p. Sugplies & Ssrvics B % DOWER ?.19 0.201
GPOH on Operations 272 % DOwssb Q.84 @.e05%
~Control Lab $19.22 /man-hr. 0.028 @a.z29 @.002
~Tech. Assizt. to Mfg. 20,06 Sman-hr, @.202 .04 .00

Taotal Labor 85.09 $0.052
Capital-Related
~Maint. Wages & Een. 1.7 %4 DP1 25,48 2.44 Q.83
~Maint. Salaries & Een. 25 4 MW&R @.11 @ .00l
Maimt. Mat'l & Service @ % MWLE 9.18 2.001
~Maint. Overhee 4 % MWER Q.02 DG
~6ROH on Maintenance 5% MWSER ©.13 2.001

!

tt

al

~Taxes & Irisurance 0.3 % DRI %258 .08 .20
~Depreciation ~ 0PI 8 % DRI 375.8 2.07 Q.613
~Jepreciation — APSEE & % APGEG $190.6 @.64 Q.004
Total Capital B5.65 0,023
Cost of Manufacture $61.749 $0.3685
~Selling bxpense L Sales ®77. 2,21 @.014

e

161,

% Sales F77.

1.62 @.010
3.47 0.021
1.54 0.210
@

~Cistribution &
saarch & Development

=
<
IR B N |
e
Vs
=
—

~Administrative Expense 2 % $77.

Trcentive Compensation [ ER £15.5 .93 Q.06
Cost of Sales £71.66 $O.444

~Preta~ Earninags 2¢.Q % TIFR $51.6 15.47 9.0296

“Credit: Byproduct #! .27 /b, 37.@ £9.9899) (2.062)
Total Sales E77.14 §0.478
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APPENDIX C. BASECASE STOICHIOMETRY
NO RAFFINATE/CELLS RECYCLE
WITH RECOVERY OF RAFFINATE CHEMICALS
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APPENDIX D. BASECASE STOICHIOMETRY
NO RAFFINATE/CELLS RECYCLE
NO RECOVERY OF RAFFINATE CHEMICALS






MPEATL.WKS ~NO RAFFINATE/CELL RECYCLE- 24-Feb-89

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
MO RECOVERY OF RAFFIMATE
BASECASE STOTCHIOMETRY

SUMMARY

PRODUCTION LEUEL
161.47 MM PPY

INVESTMENT-$MILLION

MPC = 1984
Direct Permanent Investment 159,33
Allocated Power, Services & General $54.9
Working Capital $25.5
Total Investment $219.7
COST-%/LB ( 1988 )

Raw Materials $0.29
Utilities $9.07
Labor-Related $0.03
Capital-Related 0,13

Cost of Manufacture Q.52
SE, D, R&D, Adm, & I1.C. 37,13

Cost of Sales F#0.65
Pretax Earnings Based on: 30% Fretax ROI $0.41
Byv-product Credit ($92.01)

Selling Price $1.05

FINANCIAL CRITERIA

Net ROI 3rd Year (assumed)

16%
Investors Rate of Return (20 Operalting Years) 21%
Year to Break Evern -~ Annual Cash 1984
- Cumulative Cash 133¢
- Cum,. Oisc. Gash (NFY) 1397
Net Present Value 3MM (20 years 8 12%) $1293.3
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MPERTL . WS ~NO RAFFIMATE/CEZLL RECYCLE- 24-Feb-89

MUL TISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
MO %“‘H”tFx OF RAFFINATE
BASECASE STOICHIOMETRY

INUVESTMENT

CONDTTIONS
Sited in Towa on the Mississippi River adjacent to a corn wet mill
arnd a wutility power house for over-the-fence supply of syrup and power.

THIS
UNTTS CASE
CAPACTTY & 8200 HRS MM FEY 179.4
MID-FOINT OF CONSTRUCTION YEAR 1984
CONSTRUCTION COST TNDEX 1980=100 128
INVESTMENT CONTINGENCY % INSTALLED « 20%
FERMENTER UNIT INVESZTMENT  $/6R.06AL.~GROWTH F1¢. 94
F/GR.GAL.-PRODN $10.34
*» 4% Recommendesd for new processes
DIRECT FERMANENT INUVESTMENT
e e e SCaLE THIS CASE
FACTOR FMM F/ANN.LR.
FERMENTATION SECTION
Receiving, Frep & Sterilizcation Q.69 $29.35 $B.113
Air Compression & Aeration Q.60 2,00 2.800
Fermentation @.89-1.00 117.07 2.652
Eatraction T.16 @.040
Froduct/Cell separation @.74% 7.4 @.243
Fermentation Sub-total $152 .32 $¢.849
DISTILLATION SECTION STILLS HX*' 5
Beer St111 i1 $@.29 $1.07 $1.36 $0.008
Rasr St111 %2 @.18 @.18 Q.57 0.002
Low-RBoilers Sti1l1 #1 2.11 .09 0.20 0.0@1
Low-Boilers Stall #2 Q.18 @.@7 2.25 0.001
Low-Boilers Sti1l11 #3 ©0.00 Q.20 .00 0.000
High-Beoilers S4111 #1 0.82 2.30 1.12 @.0086
Distillation Subtotal $3.29 $0.02
STORAGE SECTION
Storage - Product $3.45 $0.019
Storage - Byproduct #1 $0.21 0.201
Storage Subtotal $35.66 $0.02
TOTAL DIRECT PLANT $159.27 $@.888
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MPEXT1.UWKS

-NO RAFFINATE/CELL RECYCLE-

MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANOL
NO RECOVERY OF RAFFINATE
BASECASE STOICHIOMETRY

INVESTMENT

ALLOCATED PERMANENT INVESTMENT

ELECTRICITY

STEAM

COOLING WATER
PROCESS WATER
WASTE DISPOSAL
GEN'L & SERVICES

TOTAL ALLOCATED PLANT

TOTAL PERMANENT INVESTMENT

WORKING CAPITAL

RAW MAT L INVENTORY

KW

PPH
GPM
GPM

MGRY

$MM

SEMI-FINISHED PRODUCT

FINTISHED
CASH

ACCOUNTS RCD.-TRADE
ACCAOUNTS RCD.~-MISC.

PRODUCT

DEFERRED CHARGES
TOTAL
Note: R

COS = coat of sales:

WORKING CAPITAL

UNITS BASECASE

BASI

FRAW MATL

FCR+MD
FCOM
SO0~
R
%COM
»COM

raw matarials;:

24-Feb-89

API/UNIT
THIS CASE UNITS $MM F/ANN.LB.
83 $183 8,815 $1.61 %9 .093
45 %45 214,445 9.65 2.054
52 52 7,126 0.37 Q.002
13 $313 33731 1.04 ?.026
B3 F3 txwewxnxr 4.59 Q.025
10% 190% $176.5 17.65 0.298
$34 .92 $0.19%5
$194.19 $1.087
DAYS DAYS
S BASECAGE THIS CASE FMM $/ANN. LB.
2 z $0.29 $0.002
/2 5 5 ?.89 @.985
20 3@ £.89 2.@38
(B 5] B 1.4% D.028
30 3@ 15.93 A.278
@.9% @.9% D.75 Q.004
1.5% 1.5% 1.28 Q.07
$25.51 $0.142
M or COM = cost of manufacturs:
SP = selling price; D = depreciation.

TOTAL INVESTMENT FOR RETURN
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$219.69 $1.
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MPEXTL . WKS ~NO RAFFINATE/CELL RECYCLE- 24-Feb-89

MILTISTAGE CEXTRACTIVE FERMENTATION OF BUTANOL
NO RECOVERY OF RAFFINATE
BASECASE STOICHIOMETRY
MILLION
1988 COST SHEET R&TE /UNIT UNITS SMILLION #/1b.
Raw Materials
~Fiosugar Syrup $@.0265 /ib. d.s. 7@1.02 46,57 0.282
—Ankiyd. Ammonla 50.046 /1lb. 1.7 .8 .00
-Prosphoric Aoid F@.155 /lb. B.22 0.001
~Potassium Chioride $9.055 7lb. ©.06 .00
~Minor Nutrients ®7.451 /1lhb. @.22 0.001
Total Reaw Materials $46.14 $0.286
Htailities
~Electricity 2 22 W5
=St @am $2.20 /M lhb. 1.5286 3.36
% 3.05 @.12
2 @.71

3 =

S e g

W or S
& [N

@

-Cooling Water
-Process Water FA L5
-Hiodegradation 0.0
-Landf11l FO . Q- . .08
Tetal Uhilities $11.98 %
Labior-Related
Dir. Op. Wages & Bern. $26.4@Q ‘man-hr, 7/ W
~ir. Salarie= §& Ben. 16 % DOW&B
-0p . Supplies & Service 5 % DOWRB
-GPOH on Operations 23 % DOWSEY
~Conterol Lab 19,22 /man-hr. 0.220
-Tech. Assist. to Mfg. 22,006 Sman-—hr. 0.002
Total Labor b
Capital-Related
“Mairnt. Wages & Ben. 1.7 % BPI $159.3 2.71 @.0L7
~Maint. Salaries & Ben. 25 % MR B.68 n.204
~Masnt. Mat'l & Loe 49 % MWRE 1.28 a.007
“Maint. Overhead 1% MUWEB @.11 2.001
~GPOH ze Maintenance 23 % MWEEB B.78 ?.005

[N
N
=5
S ~
4
[ma
I
Y s
—
s L)

=
SN
—
=
O
wow
=
=
=
=

@8 @.019
BB 0.005
.19 @.201
@
@

(AN I 6

.a4 L005
.39 L082
.24 L heo
.8 B0.052

e 3

STases & Insurance @.3 % DP1 F$1549.3 @.48 @.003
-flepreciation ~ DPIT g % DPI $159.3 12.74 b.07!
~Depreciation - AFSIG B % APPSR F34.8 2.08 0.213

Tatal Capital E20 .67 50,173

Cost of Manufaciure 33,88 $0.514
Selling Expense 3 % sales $1659.5 5.98 @.031
“listribution 0,01

~
—

AR 181.5 1.61 0.21Q
~Hezearoh & Devalopment B % Sales $169.5 763 D.247
—Administrative Fxpanse 2 % Sales £169.56 3.58 @.e21
~Inzentive Compensation B % PTE $65.9 S.49% Q.924

f Zales 105,48 ®B.654
~Fretaw Farnings 30.0 % TIFR $219.7 £5.90 0.408
~Credit: Byproduct #1 F0.27 Slb. 7.1 (1.82) (@8.01Z2

Total Sales $169.46 $1.05@
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APPENDIX E. GOAL STOICHIOMETRY
WITH 27:1 RAFFINATE/CELLS RECYCLE
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MULTISTAGE EXTRACTIVE FERMENTATION OF BUTANGL
WITH RECOVERY OF RAFFINATE
GOAL STOICHIOMETRY

SUMMARY
PRODUCTION LEVEL
182 MM PRY
INVESTMENT-8NMILLION
MPC = 1984
Direct Permanent Invesiment 29.1
Allocated Power, Services & General $8.2
Working Capital $10.1
Total Invesiment $238.4
COST-%/LB ( 1988 »
Raw Materials $&.17
Utilities $2.82
Labor-Relstaed $8.03
Capital-Related $8.82
Cost of Manufscture $2.24
SE. D, R&D, Adm, & I.C 30.85
Cost of Ssles £2.28
Pretax Earnings Based on: 38% Pretax ROI $2.87
By—product Credit {($.292)
Selling Pricse $€.35
FINANCIAL CRITERIA
Net ROI 3rd Ysar (assumed) 18%
Investors Rate of Return (28 Qperating Yesrs) 18%
Year to 8reak Even - Annual Cash 1887
~ Cumulative Cash 1881
- Cum. Disc. Cash {(NPU) 1934
Net Prasent Vslue $MM {28 years & 12%) $16.2
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MPEXTZ . WKS ~1- 23-Feb~-8

LOOK-UP TABLE: YIELD TO EXTRACT ~ % For K=B.2

Stages 2.25 8.38 2.35 .40 g.45

1 4.5% 5.4% 5.3% 72K 3.0%

2 4.7% 5.7% E.7% S 8.7%

3 4.8% 5.8% 5.8% 7.an 8.8%

4 4.8% 5.8% £.8% 7.8% g.8%

5 4.8% 5.8% 5.8% 7.8% 3.8%

5 4.8% 5.8% 5.8% T.8% 2.3%

7 4.8% 5.8% E.8% 7.8% g.8%

8 4.8% 5.8% 5.8% V.8% 8.8%

5 4.3% 5.8% 6.3% 7.8% g.8%

12 4.8% 5.8% £.8% v.8% 3.8%

11 4.8% 5.8% 6.8% 7.8% 3.8%

12 4.,83% 5.8% 5.8% 7.8% 8.8%

i3 4.8% 5.8% 6.8% 7.8% 8.8%

Bensity, g 14 4.8% 5.8% 5.8% 7.8% 8.8%
i5 4.8% 5.8% 65.8% V.8% 8.8%

i6 4,8% 5.8% 5.8% T.8% 8.8%

g.7320¢ - 4.3% 5.8% 6.8% 7.8% 8.8%
18 4.8% 5.8% 65.8% 7. B% 8.8%

2.7893 i9 4.8% 5.8% 5.8% 7.E8% 8.8%
28 4.8% 5.8% 5.8% 7.8% 32.8%
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LD L0 W LS L2 LD W oW W o

o3 o La

0w s

[ugyds]

Lo

UK S -2 25-Feb-38
L.e0 1.59 2.00 .59 3.80 3.50 4.80
8% 16.9%  22.8%  28.3% 3.1 I7.4% 41010 44,
7% 19.1% 27.@%  35.8%  42.7% 48.8% 54.2% &8,
g% 13.5%  27.8%  38.3%  46.5% 55.9% 50. 4% .
2% 12.8%  28.8%  33.2%  48.7% 56.5% §2.8% :
g% 13.8%  22.8%  389.8%  49.1% 57.9% §5.9%  72.
8% 12.8%  28.8%  39.7%  49.5% 59.8% §7.2%  74.
8% 19.8%  29.9%  38.8%  49.7% 59.2% 58.1% 7B,
2% 13.8%  23.3%  39.8%  49.8% 3.5% 53.5% 7.
8% 19.8%  29.3%  33.9%  49.8% 59.6% §3.1%  77.
8% 13.8%  29.8%  33.9%  438.5% 59.7% §3.3%  7e.
19.8%  29.9%  39.9%  48.8% 3.8% £9.5%  78.
19.8%  28.3% 39.9%  49.8% 59.85% §9.6%  783.
19.8%  29.9%  39.3%  48.8% 53.9% §3.7% 79,
g 18.8%  29.8%  33.8%  49.8% 53. 9% §3.8%  79.
g% 13.8%  29.3%  39.8%  49.8% 53.9% §3.8%  783.
8% 13.8%  29.9%  39.8%  43.8% 53. 8% §9.9% 74,
g% 13.8%  29.3%  39.9%  43.8% 59.9% 53.9%  73.
2% 18.8%  29.3%  39.9%  49.8% 59, 9% £9.9%  79.
8% 13.8%  29.3%  39.9% 19.8% 59.9% £3.9%  73.
8% 19.8%  28.8%  39.8%  49.8% 59.9% £9.9%  73.
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APPENDIX F. IN SITU EXTRACTION
NO RECOVERY OF RAFFINATE RECYCLE






ISEXTL.WKS -1~ 14~-Mar-89

SINGLE~STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

SUMMARY
PRODUCTION LEVEL
163 MM PPY
INVESTMENT~$MILLION
MPC = 19384
Direct Permanent Invesiment 21.6
Allocated Power, Services & General $9.5
Working Capital %15.8
Total Investment $47.8@
COS5T7-$/LE ( 13988 >
Raw Materials %9 .230
Utilities $0.05
Labor-Related $2.03
Capital-Related FQ,02
Cost of Manufacture $@.,40
SE, D, R&D, Adm, & I.C. %@.06
Cost of Sales $2. 46
Pretas Earnings Based on: 380% Pretas ROI BQ. 019
By-product Credit (%0.08)
Selling Price $0.449
FINANCIAL CRITERIA
Net ROI Jdrd Year {(assumed) 16%
Investors Hate of Return (20 Uperating Years) 17%
Year to Break Even - Annual Cash 1387
- Cumulative Cash 14931
= Cum., Disc. Cash (NPU) 1995
Net Present Ualue #MM (20 years @ 12%) F16.4
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF
NO RECOVERY OF RAFFINATE CHEMICALS

BAGECASE STOICHIOMETRY

INVESTMENT

CONDITIONS

Sited 1n lowa on the Mississippr River adjacent
and a utility power house for over—-the-fence supoly of

UNITS

CAPACITY © 3000 HRS MM PPY
MID-POINT OF CONSTRUCTION YEAR
CONSTRUCTION COST INDEX 1980=100
INVESTMENT CONTINGENCY % INSTALLED =
FERMENTER UNIT INUVESTMENT $/GR.GAL.-GROWTH

#/GR.GAL . -PROD'N

*407% Recommended for new processes
DIRECT PERMANENT INUESTHMENT

SCALE
FACTOR
FERMENTATION SECTION
Receiving, FPrep & Sterilization D.60
Air Compression & Aeration ¢.60
Fermentatiaon 0.83-1.00
Product/Cell Separation @.75
Fermentation Sub-total
DISTILLATION SECTION STILLS HYX 'S
Beer St111 i1 $0.51 $0 .90
Beer Still #2 2.19 0.24
Low-RBoilers St111 %1 0.20 .14
{Low—-Boilers Still #Z .38 2.10
Low-Boilers Still #3 Q.00 Q.20
High-Boilers Sti1ll #1 Q.57 0.26

Distillation Subtotal
STORAGE SECTION
Storage — Product
Storage - Byproduct #1
Storage Subtotal

TOTAL DIRECT PLANT
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syrup an

THIS

CASE
181.1
13984
128

30%
$12.84
$10.94

THIS
$MM

W& &M
d S O & G +—

14-Mar i

to & corn wet mill

d power.

CASE

E/ANN.LB.

$0.021
@.000
0.051
2.005

$9.078

$0.007
0.002
0.002
0.003
2.000
©0.005

$0.019

$0.0189
0.004

$0.023

$0.120
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NQ RECOVERY OF RAFFINATE CHEMICALS
SASECASE STOICHIOMETRY

ALLOCATED PERMANENT INVESTMENT

ARPT/ZUNIT

UNITS BASECASE THIS CASE UNITS FMM $/ANN.LE.
ELECTRICITY KU %183 %183 2,097 %0.738 $0.0072
STEAM PFH F45 £45 124,949 5.62 D031
COOLING WATER GPM %52 $52 6,113 @.32 Q.007
PROCESS WATER GPM $513 $313 28 9.01 . 002
WASTE DISFOSAL MGPY %3 $3 128,605 Q.35 @.002
GEN'L. & SERVICES $MM 10% 10% $E28.3 2.83 0.016
TOTAL ALLOCATED FLANT $9.51 $0.053
TOTAL PERMANENT INVESTMENT $31.18 $Q.172

WORKING CAPITAL

DAYS DAaYsS
BASIS BASECASE THIS TASE FMM E/ANN, LB.
RAW MAT'L INVENTORY FRAW MATL 2 2 $0.31 $0.002
SEMI-FINISHED PRODUCT F(RAMY/2 5 5 @.79 D.224
FINISHED FRODUCT BCOM 30 30 5.37 0.039
CASH FCCOS-D) & 6 1.20 D.a07
ACCOUNTS RCD.-TRADE E5P 30 0 6.58 Q.236
ACCOUNTS RCD.-MISC. AC0OM @.3% 0.9% 2.59 0.203
DEFERRED CHARGES %C0OM 1.5% 1.5% @.38 0.005
TOTAL WORKING CAFPITAL $15,82 $0.087
Notse: R = raw materials; M or COM = cost of manufacture;
COS = cost of sales: 5P = selling price; ) = depreciation.

TOTAL INWESTMENT FOR RETURN %465, 98 $0.259
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E INSITU EXTRACTIVE FERMENTATION OF BUTANGL
NO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

INFLATION
FRICES & COS1 FACTORS BASECASE FACTOR THIS CASE

Operating Year 1968 1988 1988

Haw Materials
~Biosugar Syrup $0.065 /lb. d.s. 1.00 $@.065 /lb. d.s.
~Arhiyd. Ammonia $0.046 /lb. 1.@@ $@.9048 /lb.
~Phosphoric fAcid $0.155 /1h. 1.00 $0.155 /lh.
~Fotassium Chloride $9.05%5 /lb. 1.0 ®@.055 /lh.
~“Minor Nutrients $0.451 /lb. 1.00 $90.451 /lb.

Utilities

-Electricity $0.048 /KWH 1.00 $0.040 /FWH
~Steam $72.20 /M lb. 1.00 $Z2.20 /M 1b.
~Cooling Water Q.24 /M gal. 1.00 $0.04 /M gal.
~Process Water $Q0.59 /M gal. 1.20 Q.50 /M gal.
-Birodegradat ion $0.04 /lb. d.s. 1.00 $0.04 /1b. d.s.
-Landfi1ll $0.05% /ib. d.s 1.00 $0.05 /lb. d.s

Labor-Relatad

-Dir. Op. Wages & Ben. £26.49 Sman-hr. 1.20 $265.40 sman-hr.
~Ji1r. Salaries & Bernefi 18 % DOW&B - 18 % DOWEB
-Op. Supplies & Service H % DOWAR e 6 % DOWaR
~GFOH on Qperastions 23 % DOWSEE - =5 % DOWGEB
~Control Lab $19.22 /man-hr. 1.00 19,22 /man-hr.
~Tech. Assist, to Mfg. 22,06 /man-hr. 1.0 $22.06 /man-hr.
Capital-Related
-Maitnt. Wages & Ben. 1.7 4 DPI - 1.7 % DPI
“Maint. Salaries & Hen. 25 % MW&B —- 25 % MWaH
~Mairt. Mat'l & Service 49 % MWER - 40 % MW&E
~Maint. Overhead 4 % MWER - 4 % MWEB
-6GPOH on Maintenarnce 23 % MWSRE -= 23 h MWSER
~Tarxes & I[nsurance .3 % DPI - @.3 % DPI
“Depreciation - UPI 5 % DPI e 8 % DPI
~flepreciation - AFSRG b % APSRG - b % APSEG
Cost of Manufacture
~Selling Expense 3 % Sales - 3 % Gales
~Oistribution Q.81 /lb, e $0.01 /b,
-Ressarch & Development 4.5 % Sales - 5 % Sales
~Administrative E«panse 2 % Sales - 2 % Sales
~Irncentive Compensation 6 % PTE - b % PTE
Cost of sales
-Preta- Earnings 30 % TIFR e 30 % TIFR
~-Credit: Bvproduct #1 $9.27 /lb. 1.o@ $0.27 Jlb.
~Product Selling Price 30.00 /lb. 1.20 $0.20 /lb.
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SALARIES & WAGES

250 MM PPY MIN. FORCE
DAY ROTATING DAY ROTATING
SHIFT SHIFTS SHIFT SHIFTS

DIRECT OPERATORS

SYRUP RECEIVING & TRANSFER 1 - 1 -
CHEMICALS RECEIVING & TRANGFER 3 - -
INNOCULUM PREPARATLON 1 - 1 -
MEDIUM PREFPARATION - 1 1 -
STERILIZATION - 1 -
FERMENTATION
~CONTROL ROOM - 2 - 1
-PATROL - P4 - 1
-AIR COMPRESSION & AMMONIA FEED - 1 - 1
- TURNARCUND - 3 - 1
BEER FILTER & CELL RECYCLE - 2 - 1
DISTILLATION - 2 - 1
TOTAL DAY & 4.2-SHIFT OPS 5 14 3 &
TOTAL OPERATORS 64 28
CONTROL LABORATORY
BIOLOGICAL ANALYSIS - 1 - i
CHEMICAL ANALYSIS - 1 -
OTHER - - - -
TOTAL DAY & 4.2-SHIFT TECHS 2 8 @ 8
w/ SUPERUVISTION @ 20% 0.0 18.1 2.0 10.1
TOTAL LAB FORCE 10.1 10.1
TECHNICAL ASSISTANCE TO MANUFACTURING
PROCESS ENGINEERS 1 - 1 -
WAGES, SALARIES & BENEFITS SCHEDULE~ 1988
OPERATING WAGES - $/HOUR $20.14
TECHNICIANS ~ ANNUAL @ $30,500
PROCESS ENGINEERS -~ ANNUAL $ %35,000
PENSION -~ AS % OF COMPENSATION B8.1%
FFICA 5.8%
UNEMPLOYMENT COMPENSATION @.6%
GROUP LIFE INSURANCE @.7%
MEDICAL INSURANCE 3.6%
DEMTAL INSURANCE 2.8%
SAVINGS PLAN 2.5%
VACATION 7.4%
TLLNESS 1.4%
ABSEMCE WITH PERMISSICN R.2%
TOTAL BEMEFITS 1.1%
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

MILLION
1988 COST SHEET RATE /UNIT UNITS $MTLLION $/1b .
Raw Materials
~Biosugar Syrup $0.26% /lb. d.s. 752.B% 43.92 D.300
-Anhyd. Amnonia 30.046 /lb. 1.83 @.08 2.201
~Phosphoric Acid F@.155 /lh. 1.52 .72 @.001
-Fotassium Chloride $0.055 /lb. 1.16 0.06 .00
~Minor Nuirients $0.451 /1b. 0.53 Q.24 0.0201
Total Raw Materials $49.54 $0.304
Utilities
~Electricity $0.040 /KWH 14.95 @.60 0.004
-Steam $2.20 /M 1b. @.84806 1.96 @.012
~Cooling Water $0.04 /M aqa 2.62 2.19 .01
-Process Water $0.52 /M gal. .01 2.91 . 000
~Biodegradation $0.04 /1b. d.s. 122.7 4,91 0.030
~Landfill 2.5 /1lb. d.s. Q.00 Q.02 Q.00
Total Utilities £7.58 $0.247
Labor-Related
~Dir. Op. Wages & Ben. $25 .49 /man-hr. @.117 3.¢8 0.018
-Dir. Salaries & Ben. 18 % DOWEB .56 2.003
~0p. Supplies & Service 5 % DOWEB 0.13 0.e01
~GFOH on Operations 25 % DOWSER Q.84 @.00%
~Control Lab $19.22 /man~hr. @.9020 .39 0.00:2
-Tech. Assist. to Mfg. E22.06 /man-hr. ?.002 Q.04 .00
Total Labor F5.10 30.051
Capital-Related
~Maint. Wages & Ben. 1.7 % DFI £21.6 @.37 @.002
~Maint. Salaries & Ben. 25 % MUAR @.29 @.201
-Maint. Mat'l & Service 49 % MWEB 0.1% 2.9201
~“Maint. Overhead 4 % MWRE @.01 .00
~GPOH on Maintenance 23 % MWSAB @.11 Q.291
-Tares & Insurance @.3 % DRI $21.6 0.06 . 000
~Depreciation - DPI 8 % DRI $71.6 1.735 2.011
~Depreciation ~ APSLEG b % APSEG $9, 5% Q.57 0.004
Total Capital $3.18 $0.019
Cosl of Manufacture $65.32 £0.401
~Selling Expense 3 % bSales $80.0 2.40 2.015
-Distribution $0.01 /1lh. 163.0 1.63 2.010
~Hesearch & Development H % Sales $30.0 53.60 g.22¢
~Administrative Expense 2 % Sales $80.0 1.6@ 9.010
~Incerntive Compensation & % PTE %14.1 .85 0.00%5
Cost of Sales $75.40 320.463
-Pretax Earnings 30.0 % TIFR $47.0 14.293 @.086
~Credit: Byproduct #1 $0.27 /lb. 5.0 (9.45) (0.0L8)
Total Sales $80.04 $0.491
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NG RECQUERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

CASH FLOW (MILLION DOLLARS/YEAR)

Scenario:
I. Investment split evenly over three construction vears.
2. Plant operates at L0% of full scale the first year.
3. ! " 79% ! ! the second year.
4. " " 100% " " the third vear.
5. ! " 100% " ! thereafter.
6. Five year depreciation rate; half-vear convention;

(2@, 32, 189.2, 1.5, 11.5, 5.8%). Tawx: 34% federal, 3% state.
CUM CASH NPV @ 12% %IRR
YEAR ~———mmmm e e i
1983 ($7.22) ($7.22) -

1984 ($14.43) ($13.66) -
1985  ($37.46) ($32.02) -
1986 ($48.45) ($39.84) ~151.8¥%
1387 ($40.00) ($34.47) -690.8%
1888 ($28.13) ($27.74) -27.5%

1989 ($16.88) ($22.04) -12.2%
1990 ($5.63) ($16.35) ~3.2%
1931 $5.16 ($12.59) 2.

1992 $15.49 ($8.86) b.1%
1893 $25.82 (85.54) 8.7%
1994 $56.15 ($2.57) 10.6%
1995 $46.48 £0.08 12.0%
1996 $56.81 $2.45 13.1%
1997 $67.14 %4.57 14.0%
1998 $77.47 $6.45 14.6%
19393 $87.80 $8.14 15.2%
2000 $98.13 $9.64 15.6%
2001 $108.46 $10.93 15.9%
2002 %118.79 $12.19 16.2%
2003 ®129.12 $13.2 16.47%
2004 $133.4% $14.21 16.6%
2005 #165.59 $16.37 17.0%
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SINGLE-STAGE INSITU

FERMENTATION
TYPE
STAGES

CONDITIONS
STAGE : GROWTH

o3e]

2.28

FERMENTERS
50,574
15
69,999
100,000
0.7

PRODUCT SEPARATION

-1- 14-Mar-239
EXTRACTIVE FERMENTATION OF BUTANOL
RECOUVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY
EASIC DATA
27.9 mn/g cells ~MINOR NUTRIENTS
23.8 mn/g cells -MgS04 . 7H20
.01 mg/g cells ~UITAMIN B1
1.25 mg/g cells L
2.89 mg/g cells -N1C12
@.72 mp/g cells ~-FaCl3.6H20
2.55 mg/g cells -CaCl2.2H20
.54 mg/g cells ~-H3BD3
@.22 my/g cells ~InS04.7HZ0
@.1% mg/g cells -MnS04 . H20
7.7 ougfy cells ~Cus04  5HZ0
5.4 ug/g cells ~NaMo04,2H20
4.3 un/n cells ~CoCl2.6H20
@ (@ OR U -GNAEROBIC (@) OR AEROBIC (1)
1 (0 BR 1) ~CONCUR’NT (@) OR SEQUENT’AL (1}
FPRODUCTION
33 C -TEMPERATURE
5.5 ~pH
-PRODUCT CONCENTRATION IN BEER
208.6 g/l =« *Before Extraction
13.9 *After extraction
22.4 g/l ~CELL DENSITY (CHO ONLY)
2.030 1/hr -DILUTION EATE
E.33 a/l*hr ~PRODUCT PRODUCTIVITY
0.00 g/l*hr -CELL PRODUCTIVITY (CHO ONLY)
@ mM/1lxhr ~OXYBGEN TRANSFERRED
@ mM/mM ~OXYGEN FED / OXYGEN STOICH. DEMAND
8.1 g/l ~-6LUCOSE SPILL
5 C -COOLING WATER TEMPERATURE
19 kcal/gmol ~-HEAT EUOLVED--PRODUCT FORMATION
24 Btu/hrx*gal ~HEAT KREMOVED BY COOLING COILS
456,523 gallons -ACTIVE VUOLUME REQUIRED
15 % gross ~HEADSPACE
759,655 gallons ~-6ROSS VYOLUME (incl. 15% spares and
250,000 gallons ~GROSS SIZE
3.0 units ~NUMBER OF UNITS log(g/l)
2.0000
2.4771
420 g/l -CELL CONC. (CHO) 1.0000
@.853 gal/min*sf -FILTER THROUGHPU 1.4771
4,698 sq ft -FILTER SIZE 2.0000
2.4771
ERR

PRODUCT RECOQUERY & PURIFICATION

MATERIALS

92.8%(

OF CONSTRUCTION

wt Y%

254
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NG RECOUERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

BASIC DATA
CHOICES SELEC
FERMENTERS 1,3 1
STILLS 1,2,3,4,5 1
HEAT EXCHANGERS 1,3 1
STORAGE TANKS i, 1
FOR WHICH:

1=CARBON STEEL

2=CARBON STEEL w/304 55 TRAYS

F3=304 STAINLESS STEEL

4=3@4L STAINLESS STEEL

5=316 STAINLESS STEEL

B=HMONEL

RETURN ON INVESTMENT

To Calculate Selling Price Heqguired to Frovide a Fixed Return,
Eriter the Desired Retura on Investment: 30 %

OR
To Calculate the ROI Resulting from a Fixed Markat Price,
Enter the Market Price for 198G: /b

Enter an Investment Contingency i
the Risk Level of the Bazic Datsa

VEMTURE TIMING

EXTRACTION

Midpoint of Conastruction (i.e., 13XX) 5

Operating Year (i,e. 18xXX) 1388

Solvent Dleyl Alcohol CHICCHZ)7OH=CH(CHZ )7CHZOH
Solvent Molecular Weight 2BEB.5

Solvent Ratio 5.5 1b/1lb water in beer bafore ex

Mutual Solubilities
Water in Solvent .02 1lb/M b
Solvent in Water .92 1u/M lb

Balances

Ewtract - Solwvent 3.49992 1b/1lb water in bear before
- YWater 2, 000@7 b 1h water in beer before
Raffinate - Water .394993 lb/lbh water in beer befaore
Salvent L0087 lb/lh water in beer bzfore
Solute Distribution

&
[

QS

il

Solute K Evtract Raffinate
Component #1 @.0a @.009 1.200 Ib/ib in b
Component #2 .00 Q.00 1.899 1b6/1b in b
Component #3 D.52 2.645 0.355 1b/1lb in b
Component %4 Q.29 Y. 208 1.089 1h/1b in b
Component #5 B.22 g.4355 Q.55 Ib/1lb in ki
Component #6 D.29 2.000 1.9002 1b/1b i b
Component #7 4.30 9,358 2.862 1b/1h 1n b
Componant #23 B.22 D.435 B.565 1b/1lb in b
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SINGLLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NG RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

BASIC DATA

Component #9 Q.00 Q.000 1,008 1b/1b in beer
Component #1@ 0.22 @.435 D.5%6% Ib/1lb in hbeer
Comporent #11 Q.00 ©0.000 1.800@ 1b/1lb in heer
Component #1727 Q.00 @.000 1.8090 1b/lb 1n beer
Component #1323 @.00 3,000 1.480 lb/1b 1n beer
Component #14 @.00 @.000 1.09@ lb/lb in beer
Component #15 @.00 0.008 1.02@ 1b/1b in beer
Component #1606 2.00 @.000 1.200 lb/lb in beer
Component #17 0.0 @.000 1.000 1b/1b in beer
Component #18 9.00 Q.00 1.200 lh/1lb in heer
Component #19 Q.00 2,009 1.20¢@ lb/lb in beer

256



ISEXT1.WKS

DISTILLATION DATA MATRIX

DEFAULT IMPURITY

ITEM COMPONENT

1 NAME

2 PRIORITY AS REFINED PRODUCT
4 NORMAL BOILING PT, C

5 LOSS/COLUMN, WT %

6 LEVEL AS IMPURITY, WTZ%

7 VAP PRESS TEMP, C

g UAROR PRESS, mm Hg

9 HT VAPORIZATION, Btu/lb
19 SENSIBLE HT (LIQ), Btu/(lbh)
11 MAX THERMAL STABILITY, €
12 LNCACTIVITY COEFFICIENTS)
13 ~COMP. #1 in:

14 ~COMP. #2 irn:

15 -COMP., #3 in:

16 ~COMP, 4 in:

17 ~-COMP. #5% in:

18 ~COMP. #6 in:

13 ~GCOMP, #7 in:

20 ~COMP. %2 in:
21 ~COMP . #9 in:
22 ~COMP. #10 in:
23 ~SOLVENT in:
24 ~COMP. %11 in:
25 ~COMP. #12 in:
26 ~COMP . #13 in:
27 -COMP. #14 in:
28 -COMP. #15 in:
29 ~COMP. %16 in:
20 ~COMP. #17 in:
31 ~COMP. #18 in:
32 ~COMP. #1939 in:
35 ~COMP ., #22 in:

UaL

UE

1l

NONE

LIST 1-4

@.
a.

800
21

@

& ok K w Kk ok ok ok ok k K ok Kk sk Kk k Fk ok Kk K K

5@
20
909
200
5.0
.50

225

oAy

IMPURITY
2

NONE

# The following values can be used in lieu of actual

activity coefficients;:

however,

the calculation is raised significantly:

alcohol/alcohol: ketone/ketone:

aldenhyde/ketone = 0.
other organic/other
alecorol/uwater = @.6
ather organic/water

3

organic

34 Bin) UARDOR PRESSURE CONST,

35 Alny VAPOR PRESSURE CONST
36 VAPOR PRESSURE €40 C
37 UAROR PRESSURE 2120 C

1

.

257

= Q.

aldehvde/aldehvde

5

~24765.10
15.703

MADTI D

[ NS SR

12121.8

the uncertainty of

-24706.10
15,703
2422.2

12121.9

14-Mar-89

LOWER BOIL
PRODUCT
3

ACETONE

2

0.400

@.400
?2.700

@.650
1.100

= 9.1

~3480.77
18.411
408.5
5096.7
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34
a5
36
37

3

DISTILLATION DATA MATRIX

IMPURITY IMFURITY
4 15

NONE

COMPONENT

NAME ETHANOL

PRIORITY AS REFINED PRODUCT

NORMAL BOILING PT, C

LOSS/COLUMN, WT %

LEVEL a5 IMPURITY,

VAP PRESS TEMP, C

VAPOR PRESS, mm Hg 40.0

HT UAPORIZATION, Btu/lb

SENSIBLE HT (LIQ), Btu/(lhi(F)

MAX THERMAL STABILITY, C

LNCACTIVITY COEFFICIENTS)
-COMP. #1
~COMP . %2
-CoMP. #3
-COMP . #4
~COMP. #5
~COMP. #b
~COMP., %7
-COMP. 23
~COMP. #93
~COMP. #10
-SOLVENT
-COMP. #11
~COMP. #12
~COMP. #13
-COMP. #14
~COMP . #15
~COMP . #16
~COMP . #17
~COMP. %13
-COMP. #18
~COMP . #20

~1
€8]
BN

W%

in:
in:
in: Q.
in: o

490

in: AR
in:

in: @.
in: @.
in:
in:
ir: 1,
in:

1n:

in:

1n:

in:

in:

in:

300
51514

@.500
@LHe

in:
1ri:
in:

14-Mar—-39

LOW BOIL
PRODUCT
7

BUTANOL

IMPURITY
6

NONE

53.4

40.9

0.400

0.300

\\\\\\\\\\

?.600

]

L4008
9.720

¥ The following values can bHe usad in lieu of actusl

activity coefficients: houwever,

the calculation 1s raised significantly:

alcohnl/alcohol: ketone/ketone;

aldehydae/tetone = 0.3

nther organic/other organic = 2.5

aloohol/water = 0.6

other organic/water = 1.0
Bin) VAFOR PRESSURE CONST. -2475.10 -5886.29
Aln) UAPOR PRESSURE CONST. 15.7@3 21.108
VAPOR PRESSURE 8406 C 2472.2 128.7

UAPOR PRESSURE @120 C 12121.8 3517.3

258

the uncertainty of

aldehyde/aldehyde = 2.1

~Z2476.10 -5854 .85
15.7@3 21.827
2422 .2 18.6

12121.4 836.1
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t4-Mar—-83

DISTILLATION DATA MATRIX

IMPURITY IMPURITY

IMPURITY

ITEM COMPONENT %9 #9 #10 SOLYENT

1 NAME ACETIC AC  NONE  BUTYRIC ACTD

2 PRIDRITY AS REFINED PRODUCT

e}

4 NORMAL BOILING PT, © 118.1 163.5 213.5
S LOSS/COLUMN, WT %

6 LEVEL A% IMPURITY, WT%

7 VAP PRESS TEMP, C 47.0 88.0 118.90
& UAPOR FPRESS, mm Hg 4.9 40.0 15.9
3 HT VAPORIZATION, Btu/lb 216.0
10 SENSIBLE HT (LIQ), Btu/(1lh)(F) 0.50
11 MAX THERMAL STABILITY, C

12 LNCACTIVITY COEFFICIENTS)

13 ~COMP. #1 in:

14 ~COMP. %2 in:

15 -COMP. #3 in: 0.700 0.550 1.109
16 ~COMP. #4 in:

17 ~COMP. #5 in: 0.600 2.500 1.058
18 -COMP. &8 in:

19 ~COMP. %7 in: 0.600 0.400 @.700
20 -COMP. #8 in: AR 0.300 0.800
21 ~COMPL #9 in: cx
22 ~COMP. 1@ in: 0.300 ® 2.750
23 -SOLVENT  in: ?.800 0.7%0  wwwuw
24 ~COMP. #11 in:

25 ~COMP. #12 in:

26 ~COMP. #13 in:
27 ~COMP. #14 in:
28 -COMP. #15 in:
29 ~COMP. #16 1in:
30 ~-COMP. #17 in:
31 ~COMP. #18 in:

32 ~COMP. #19 in:

33 ~COMP. $20 in:

be use
hHowever,

* The following values can
activity coefficients:
the calculation

aleohol/alcohol;
aldehyde/katone = 2,3
osther organic/othser
2.6
aother organic/water =

alcohol/water

1.2

34 Bir) UAPOR PRESSURE CONST. -484%.

25 Aln) VAPOR PRESSURE CONST, 19.8
36 UAPOR PRESSURE @48 C 34
37 UAPOR PRESSURE @120 C 806

259

d

in lieu of actual

the uncertainty of

ketone/ketone:

49
5

.9

i raised sigrificantly:

.1

aldehyde/aldahyde =

organic = @.5

-2476.10 -6145.3b -7818.54
15.793 20,712 22.704
2422.2 2.9 @.1

12121.9 162.0 16.6
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OFTEM USED PARAMETERS

( THOUSAND ANNUAL POUNDS)

195,099 PRODOUCT FORMED
FORMED WITH PRODUCT
2 ~COMPONENT #1
@ -~COMPONENT #2
3 ~COMPONENT #3
@ -COMPONENT #4
20,128 ~COMPONENT #5
@ ~COMPONENT #6
185,080 -COMPONENT #7
39,488 -COMPONENT #8
® -~COMPONENT #9
15,651 -COMPONENT #1@
16,612 -WATER
—COMPONENT #11
-COMPONENT #12
-COMPONENT #13
-COMPONENT #14
~COMPONENT #15
-COMPONENT #165
~COMPONENT #17
~COMPONENT #18
~COMPONENT #19
~COMPONENT #20
11,854 -HYDROGEN
434,434 -CARBON DIOXIDE

61,12

SO R0 e R

CONSUMED FOR PRODUCT
794,380 ~GLUCOSE
@ -AMMONIA
@ -OXYGEN

20,905 CELLS PRODUCED - CHO
1,911 CELLS PRODUCED - NHZ
FORMED WITH CELLS
12,536 ~WATER-CHOD
1,875 ~WATER-NHZ
13,611 ~WATER-TOTAL
30,643 -~CARBON DIOXIDE-CHO
CONSUMED FOR CELLS
41,808 -~GLUCOSE-CHO
2,031  -AMMONIA-NHZ
22,286 -0OXYGEN-CHO
956 -OXYGEN-NH2
23,242 -OXYGEN-TOTAL

116,208 OXYGEN FED-GROWTH
384,836 NITROGEN FED-GROWTH

92,367 OXYGEN VENT-GROWTH

384,836 NITROGEN VENT-GROWTH
30,643 CARBON DIOXIDE VENT-GROWTH
15,580 WATER VENT GROWTH

260
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OFTEN

434,474

24,997

453,425

rd

UEED PARAMETERS
OXYGENM FEQ-PRODN
NITROGEN FEL-PRODN

XY GE]
NTTRO
CAR
WaTER

UENT~PRODH

GEN VERT-PRODN

| DIOXIDE VENT-PRODN
UENT-PROD 1y

261
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WATER BALANCE
WATER IN:
MAKE UP WATER
BIGBUGAR SYRUP
S5TERILIZER STEAM
FORMED WITH CELLS
FORMED WITH PRODUCT

TOTAL IN

WATER 0UT:
AQUECUS WASTE
CONDENSATE MAKEUP TO P.H
FERMENTER VENTS
FURGED WITH CELLS
MOISTURE IN PRODUCTS

TOTAL OUT

262

109,@8%
B3b6,283
54,539
15,611
16,612

1,040,131

308,353
54,539
42,572
26,601

BS

1,043,131

14-Mar-89
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
MO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

MATERIAL BALANCE FLOWSHEET

THOUSAND ANNUAL POUNDS (330 DAYS) 8 CAPACITY

1 2 3 4 5
CORN ANHYD  NUTRIENTS — MIX MIXED
STREAM SYRUF  AMMONIA WATER MEDTUM
CELLS ~CHO
~NHZ
~MINERALS : )
-TOTAL o 2 2 @ a
COMPONENT #1 0 0 ) B 0
COMPONENT 472 o 2 0 @ o
COMPONENT #3 0 @ 2 @ o
COMPONENT 44 Y 0 2 ) 0
COMPONENT #5 ) 0 ) 2
COMPONENT #6 @ 2 0 o )
I COMPONENT #7 0 ¢ @ @ 9
COMPONENT %8 2 @ o ) o
COMPONENT #3 @ ) @ @ )
COMPONENT %10 o 0 0 @ ?
COMPONENT #11 0 2 ) @ 2
COMPONENT #17 0 0 0 ? 0
COMPONENT #13 o 2 ) 0 o
COMPONENT #14 o o @ @ @
COMPONENT #15 ) o ? 2 )
COMPONENT #16 @ o) 0 @ 2
COMPONENT #17 ) 0 0 @ 0
COMPONENT %18 @ o a P 0
COMPONENT 19 o 0 ) @ D
COMPONENT #70 ? ) o o P
GLUCOSE 836,283 336,283
AMMON LA 2 2,031 o ? o
PHOSPHORIC ACID 2 o L,
POTASSTUM CHLLORTDE @ 0 1
MINOR NUTRIENTS ) 4 g
WATER 236,283 @ 0 44,547 890,
SOLVENT 2 ? ) o @
CARBON DIOXTDE @ @ 0 a @
DAYGEN ) o D Y 0
NITROGEN @ @ 2 o &
HYDROGEN o h ) 2 2

SN RN
jax]
<
@D
SN

™3

(e}

W oraom
S Lo
-
=

@

HRAND TOTAL 1,672,587 2,051 3,563 44 547 1,729,676
CHECK OR TOTAL

TEMPERATURE, C 20 29 20 20 20

PRESSURE, PSIA 14.7 14,7 14,7 2@.8 25.9

STATE SOLN LIGUTD SOLI0NS LIQUIG SOLTN
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SINGLE-5TAGE

THCUSAND

TREAM
ELLS ~CHOD
- N2
~MINER
~TOTAL
COMPONENT #1
COMPONENT #2
c COMPONENT #3
COMPONENT 44
COMPONENT 5
COMPONENT #5
1 COMPONERNT #7
COMFONENT #8
COMPONENT #Y4
COMPONENT #10
COMPONENT #11
COMPONENT #12
COMPONENT #13
COMPONENT #14
COMFONENT #15
COMPONENT 186
COMPONENT #17
COMPONENT #18
COMPONENT #19
COMPONENT #70
GLUCOSE
AMMONT &
PHOSPHORIC ACID
FOTASSTIUM CHILORIDE
MIMHOR NUTRIENTS
WATER
C;Dl HCi\
CARBON DIOXIDE
OXYGEN
NTITROGEN
HYDROGERN
GRAND TOTAL
CHECK ON TOTAL
TEMPERATURE, C
ESSURE, PSIA

oo

ALS

rJ

INSTTY EXTRACTIVE FERMENTATION OF BUTANOL
WO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

MATERIAL BALANCE FLOWSHEET
ANNUAL POUNDS (330 DAYS) @ CAPACITY
5 7 3 3 1@
HX S¢S STERILE HX TS COOLER AIR
EFFLUENT MEDTUM EFFLUENT EFFLUENT TO FERM
@ 2 @ % (5]
) 2 @ @ &
2 i @ @ G
@ @ @ @ @
@ @ i a @
@ 2 @ 2 a
@ ¢ @ @ @
@ i @ @ @
@ Ui @ Ui i
i @ @ @ ]
@ @ @ @ i
@ @ @ @ &
15 @ @ 0 @
@ @ 4 i &
2 @ @ @ @
d @ d & @
@ @ 4 @ i
@ @ @ @ @
9 @ @ @ @
@ 4 @ @ @
@ @ @ 1 @
@ @ @ @ @
@ i @ @ @
0 @ @ @ d
536,283 836,225 936,243 236,283 @
? i @ @ @
1,691 1,691 1,691 1,691 2
1,288 1,288 1,288 1,288 @
5HE4 584 554 584 2
gge, 820 945,369 945, 369 945, 3649 @
2 @ @ 9 @
& @ @ @ ]
2 @ 4 0 116,208
@ @ & @ 384,836
Q ] @ @ @
1,720,676 1,789,215 1,785,215 1,785,715 501,044
100 128 49 a3 33
5.9 5.0 25.@ 25.0 C@.0
SOLN S0LN SOLTN SOL'N GAS

264

- L14-Mar-

89
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF RUTANOL
NO RECOVERY OF RAFFINATE CHEMICALS
BASECASBE STOICHIOMETRY
MATERIAL BALANCE FLOWSHEET
THOUSAND ANNUAL POUNDS (332 DAYS) @ CAPACITY
11 12 13 14
COMBINED BEER BEER VENT
STREAM FEED ¥1 #2 GROWTH
CELLS ~-CHO @ 20,905 20,305 4]
~NH2 4 1,911 1,911 @
~MINERALS @ 584 584 ?
~TOTAL 5] 3,420 23,400 ]
COMPONENT #1 @ @ ) ?
COMPONENT #2 /] 0 @ ]
COMPONENT %3 @ ] 61,123 ]
COMPONENT #4 ] 2 ] &
COMPOMNENT #5 @ ] 20,128 ]
COMPONENT #6 ? 4] 0 ?
COMPONMENT #7 @ @ 195,092 ]
COMPONENT #8 @ 2 39,488 @
COMPONENT #9 2 ] @ 1]
COMPONENT #12 @ @ ,B651 @
COMPOMENT #11 @ ? ? (%
COMPONENT %12 @ ? @ 9]
COMPONENT #1353 ] @ ] 1]
COMPONENT #14 2 1) @ ]
COMPONENT %15 ? 1] (] @
COMPONENT #18 (4] 6] @ ]
COMPONENT %17 @ ? @ ]
COMPONENT #18 ] & Y] @
COMPONENT #13 7 @ 6] @
COMPONENT #2@ 0] @ 9] @
GLUCOSE 836,283 794,474 94 @
AMMONTA 2,031 @ 2 @
FHOSFHORIC ACID 1,691 1,691 1,691 2
FOTASSIUM CHLORIDE 1,288 1,288 1,288 @
MINOR MUTRIENTS 564 @ 4] @
WATER 945,369 943,399 935,070 15,580
SOLUVENT ) @ ] &
CARBON DIOXIDE @ ] @ 3,043
OXYGEN 116,208 ? @ 892,967
NITROGEN 384,830 ) @ 784,836
HYDROGEN & @ Q &
GRAND TOTAL 2,288,290 1,764,2%2 1,292,373 524,028
CHECK OM TOTAL
TEMPERATURE, C 35 33 33 33
FREGSURE, PSIA - 44.7 44.7 14.7
STATE - GLURRY SLURRY GAS

265

14-Mar-39
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471,280
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14-Mar—-89

SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANDL

MO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY
MATERIAL BALANCE FLOWSHEET

THOUSAND ANNUAL POUNDS (3386 DAYS) ® CAFACITY

16 17 18 19
COMBINED SOLVENT RAFFINATE CELL

STREAM VENT FEED EFFLUENT
CELLS -CHQ @ @ 20,305 20,385
-NHZ 4 @ 1,311 1,911
-MINERALS @ i 584 534
-TOTAL @ i 23,400 25,400
COMPONENT #1 @ @ @ @
COMPONENT #2 @ ? @ @
COMPONENT #3 @ 4 21,674 B17
COMPONENT #4 @ @ (5] @
COMPONENT #5 ] 0 11,372 324
COMPONENT %6 @ @ @ @
COMPONENT #7 @ @ 12,154 346
COMPONENT %8 2 @ 22,309 E£35
COMPONENT #89 @ @ @ @
COMPONENT #10 ? @ 8,842 252
COMPONENT #11 @ @ @ ]
COMPONENT #12 (] 4] (] @
COMPOMENT %13 @ @ ] @
COMPONENT #14 @ @ @ @
COMPONENT #15 @ 2 @ @
COMPONENT #16 @ @ @ @
COMPOMENT #17 @ @ @ @
COMPONENT #18 4 @ 4 @
COMPONENT #19 @ @ @ @
COMPONENT #20 @ @ Y @
GLUCOSE 2 i 94 3
AMMDNT A @ @ @ @
FHOSPHORIC ACID 4] @ 1,681 43
FOTASSIUM CHLORIOE @ @ 1,288 37
MINOR NUTRIENTS @ i @ 2
WATER 40,572 @ 934,954 2h,601
SOLVENT 0 2,272,570 19 t
CARBON DIOXIDE 465,077 @ @ ?
OXYGEN 92,967 i @ @
NITROGEN 384,836 @ 5 @
HYDROGEN 11,854 d @ @
GRAND TOTAL 895,306 3,272,570 1,837,797 52,262
CHECK ON TOTAL 52,262
TEMPERATURE, C 33 2@ 33 33
PRESSURE, FSIA 14.7 15 15 447
STATE 5AS5 LIQUID SOL’N SLURRY

266

20
CELLS TQ
CISPOSAL
2@,305

1,911

584

23,400
)

@

617

&

324

@

346
B35

@

Gl

J
e

=
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SINGLE-STAGE
N0 RECOUVERY

INSITU

EXTRACTIVE FERMENTATION
OF HAFFINATE CHEMICALS

BASECASE STOICHIOMETRY

MATERTAL BALANCE FLOWSHEET

OF BUTANOL

THOUSAND ANNUAL POUNDS (332 DAYS) @ CAPACITY

STREAM
~CHO
~NH2
~MINERALS
~-TOTAL
COMPONENT #1
COMPONENT #2
COMPONENT #3
COMPONENT #4
COMPONENT #5
COMPONENT %6
COMPONENT #7
COMPONENT #8
COMPONENT 49
COMPONENT #18
COMPORENT %11
COMPONENT #12
COMPOMENT #13
COMPOMENT #14
COMPONENT #15
COMPONENT #1686
COMPONENT #17
COMPONENT #18
COMPONENT #1193
COMPONENT #2090
GLUCOSE
AMMONTIA
FHOSPHORIC ACIOD
FOTASSIUM CHLORIDE
MINOR NUTRIENTS
WATER
SOLVENT
CARBON DIOXIDE
OXYGEN
NITROGEN
HYDROGERN
GRAND TOTAL
CHECK ON TOTAL
TEMPERATURE, C
PRESSURE, PSIA
STATE

CELLS

11,209
21,674
)
8,591
)

0

0

0

@

0

0

)

e
oy

L
~1
at

@

65
3,272,551
@

[ IS RS

3,527,746
33

14.7
SOL'N

267

[SSIECE RS o B e

= A S

9
65

3,472,410

=

24
BEER #1
MAKE
)
i
)
@
2
@
39,449
7
8,757
i

209,227
17,129
)

5,811

0

)

oS

o099 S @

=

]
&
=
rJ
~3

-3
[ IR SER YRR SY BRE 5 B s B G S R N )

14-Mar-

25
BEER #1
TATLE

915
16,815
0
6,445
@

@

@

]

2

]

]

]

B

o

(&Y
3
~J
3
o
fae}
-1

-
<

29
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL

NO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

MATERIAL BALANCE FLOWSHEET

THOUGAND ANNUAL POUNDS (330 DAYS) @ CAPACITY

r3

STREAM
CELLS -CHO
~NH2
-MINERALS
~T0TAL
COMPONENT #1
COMPONENT #2
COMPOMNENT #3
COMPONENT #4
COMPONENT #5
COMPONENT %6
COMPONENT #7
COMPONENT #8
COMPONENT #9
COMPONENT %10
COMPONENT #11
COMPONENT #12
COMPONENT #13
COMPONENT #14
COMPONENT #15
COMPONENT #16
COMPONENT #17
COMPONENT #18
COMPONENT #1989
COMPOMNENT #290
GLUCOSE
AMMONTA
PHOSPHORIC ACID

PGTASSTUM CHLORIDE

MINOR NUTRIENTS

WATER

SOLVENT

CARBON DIOXIDE

OXYGEN

NITROGEN

HYDROGEN

GRAND TOTAL
CHECK ON TOTAL

TEMFERATURE, C

PRESSURE, PSIA

STATE

26
BEER 42
MAKE

(&N

SO0 PTR80S eSee RS -

89.3
SOL'N

37
oo

BEER #2
Talls

S SS90 o6

199,85

268

28
LBS #1
MAKE

(83}
[0 ¢] Q0
[S¥} =
0 w

a
Pl

117
84.6
SOL’N

29
LES #1
TAILS

xd
g}

,.4
(38}
o [ &3]
Oy — =g
R e OO MNESeS

53
[p]
S &~

(%))

eSS +UISe0NS &S

30
LES #Z
MAKE

=

@

]
38,882

~J

@

)

LSRG IS S B eI S I S IS B S I G T SN I OV S

38,868

10@
58.2
S0L°N
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SINGLE~STAGE

THOUSAND ANNUAL POUNDS

STREAM
CELLS ~CHO

=NH2

~MINERALS

~=TOTAL
COMPOMENT #1
COMPONENT #2
COMPONENT #3
COMPONENT #4
COMPOMENT 2%
COMPONENT #6
COMPONEMNT &7
COMPONENT #2
COMPONENT #9
COMPONENT #1280
COMPONENT #11
COMPONENT #172
COMPONENT #13
COMPONENT #14
COMPONENT #15
COMPONENT #16
COMPONENT #17
COMPOMENT #18
COMPOMENT #1193
COMPOMERNT 220
GLUCOSE
AMMONTIA
PHOSFHORIC ACID
POTASSTUM CHLORIDE
MINOR NUTRIENTS
WATER
SOLVENT
CARBON DIOXIDE
OXYGEN
MITROGEN
HYDROGEN
GRAND TOTAL

CHECK ON TOTAL

TEMPERATURE, C
PRESSURE, PGIA
STATE

31

%2
THILS

@

INSTITU EXTRACTIUL
NO RECOUERY

nF

LBS %4
MAKE

5

268

RAFFINATE |
ECASE STOICHIOMETRY

FERT

MATERIAL BALANCE FLOWSHEEY

(338 DAYS) @

LES #7
TATLS

EMTATION OF

HEMICALS

CAPACTTY

34

HES B
MAKE

915
16,731

14-Mar-59

EUTANOL

35
HES #1
TAILS

.....

3,077,290

S 220
17.8

SOLTN
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2

{4-Mar-g89

SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL

NG RECOVERY OF RAFFINATE
EASECASE STOICHIOMETRY

MATERIAL BALANCE FLOWSHEET

THOUSAND ANNUAL POUNDS

(320 DAYSH @

36 37 38

REFINED REFINED ORGANIC

STREAM PRODUCT B.P.#1 WASTE
CELLS —-CHO 2 @ @
-NHZ 4 2 @
MINERALS @ 4 @
~TOTAL @ ) @
COMPONENT #1 0 (] @
COMPONENT #2 @ i i
COMPOMENT %3 362 24,892 195
COMPONENT #4 @ @ @
COMPONENT #5 362 78 8,317
COMPONENT #8& @ a @
COMPONENT #7 181,111 i 1,825
COMPONENT #8 264 @ 16,731
COMPONENT %9 ) @ 2
COMPONENT #12 364 @ 6,413
COMPONENT #11 @ 2 (]
COMPONENT #12 @ 0] @
COMPONENT #13 @ @ i
COMPONENT %14 ? @ @
COMPONENT %15 2 ] ]
COMPONENT #16 @ i @
COMPONENT #17 ) Ui 2
COMPONENT %18 0 4] @
COMPONENT #19 @ @ @
COMPONENT #2@ 0 @ @
GLUCOSE @ @ @
AMMONTIA ? @ @
FHOSPHORIC ACLD @ i @
POTASSTUM CHLORIDE @ % @
MINOR NUTRIENTS @ @ ]
WATER 65 @ 0
SOLVENT 364 ] 13
CARBON DIOXIDE @ @ 0
OXYGEN 0 @ ]
NITROGEN 9 @ @
HYDROGEN @ @ @
___________________ @ 0 —— e n
GRAND TOTAL 182,993 58,969 33,493

CHECK ON TOTAL @ @

TEMPERATURE, C 179 100 40
PRESSURE, PSIA 87 58 14.7
STATE i i SOL "N

270

CHEMICALS

CARPACITY

349
MAKE-UP
SOLVENT

@
@
@
@

DS S

!
=
OSSO 1980809098050 0 S

14.7
LIQUID

49
MAKE-UP
WATER

169,08

9OV .T IO HODY SO S

)

14.7
LIQUID



TSEXTL.WKS -G~ 14-Mar—§9

SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANGL
NO RECOVERY DOF RAFFINATE CHEMICALS
BASECASE STOICHIUMETRY

MATERTAL BALANCE FLOWSHEET

THOUSAND ANNUAL POUNDS {332 DAYS) ® CAPACITY

41 42 43 44 45
S5TERILE FERM'TR DISTILL.  Copk. MU MEDIUM
STREAM STEAM STEAM STEAM FIWR H'SE COOL WTR
CELLE -CHO @ @ @ i ]
~NHZ 0 @ 2 0 ]
—MINERALS Ui 4] @ @ &
-TOTAL 0 & 2 ¢ 2
COMPONENT #1 ] @ 4] U ?
COMPONEMT #2 @ @ 2 @ D
2 COMPONEMT #3 @ ) i @ ]
COMPONENT 4 ? @ @ Q &
COMPONENT #5 @ 2 ? 2 2
COMPOMENT #& 2 @ @ @ 4]
1 COMPOMENT #7 i 0 @ i 2
COMPONENT #8 @ 0 @ @ @
COMPONENT #9 @ @ @ @ i
COMPONENT #10 ? (] @ 2 @
COMPONENT #11 @ @ 2 ] i
COMPONENT #12 @ @ 0 & a
COMPONENT #13 @ ? @ @ 2
COMPONENT #14 @ @ @ @ @
COMPONERNT #15 ? 0 2 ) 0
COMPONENT #1686 5 ] % a A
COMPONENT #17 2 9 @ i i
COMPONENT #18 @ @ @ @ {4
COMPONENT #19 2 5] ¥ ? @
COMPONENT #20 ® @ 4 2 &
HLUCOSE i ] 2 & 4
AMMONTA @ @ 2 @ 4]
PHOSPHORIC aCID @ @ 2 @ @
FOTASSTUM CHLORIDE @ @ @ @ il
MINDOR NUTRIENTS @ @ @ @ i
WATER f4,539 . 324,984 bd,559 233,108
SOLVENT @ @ & 2 9
CAREON DIOXIDE ? Ui & @ [
DAY GEN 2 & ? @ 2
NITROGEN @ i @ @ i
HYDROGEN 5 @ i & 0
GRAKD TOTAL F4,533 9 324,924 654,533 533,100
CHECK ON TOTAL

TEMPERATURE, C 141 141 136 112 3
PRESSURE, FSIA Ga.7 4,7 164.7 20,8 f4.7
aTATE GAS 305 DAS LIGUTD LIaUIn
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SINGLE-STAGE INSITU EXTRACTIVE FERMENTATION OF BUTANOL
NO RECOVERY OF RAFFINATE CHEMICALS
BASECASE STOICHIOMETRY

MATERIAL BALANCE FLOWSHEET

THOUSAND ANNUAL POUNDS ¢330 DAYS) & CAPACITY

46 47

FERM'TR DIeTiLL.

STREAM COOL WTR CODL WTR
CELLS ~-CHO @ @
~NH2 @ @
~MINERALS @ ]
-TOTAL @ @
COMPONENT #1 @ 2
COMPONENT %2 @ ]
2 COMPONENT %3 2 @
COMPONENT #4 4 i
COMPONENT #5 i @
COMPONENT B @ &
I COMPONENT &7 2 )
COMPONENT #8 @ a
COMFONENT 23 @ @
COMPONENT #1@ i @
COMPONENT #11 @ @
COMPONENT #12 2 &
1“PFU‘FPT t13 @ @
COMPOMENT #1714 @ @
NPIJFNT ¥1e @ @
”ONPF NENT #16 @ 4]
COMPONENT #17 & 2
COMPONENT #18 @ @
COMPONENT #1193 @ a
COMPONENT %20 @ @
GLUCOSE @ @
AMMONT A 2 @
FHOSPHORIC ACID @ 0
FOTASSTUM CHLORIDE @ Q
MINCR RNUTRIENTS G Ui
WATER 13,649,059 9,739, 168
SOLVENT i 2
CARBON DIOXIDE 4 4]
OXYGEN 2 )
NITROGEN @ @
HYDROGEN d A
HAND TOTAL 15,649,259 9,739,168

CHECK OM TOTAL

TEMPERATURE, C 5 @
PRESSURE, FJlﬁ 14.7 14.7
STATE LIQUID LIQUID
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M LB. MOLES/YEAR

COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENTY
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONERNT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONERNT
COMPONENT
WATER
SOLVENT

TOTAL (g

{Storage

UAFOR PRESS 4@(g)

{Storage

VAPOR FRESS 120(q)
CONSTANT
CONSTANT

B(g) U.P.
ALY U.P.
TEHPERATUR
PRESSURE m

ki (CO
Ko Lo
VoPLKL S
(VR CN & i)

GAMMA-K L IN K2
GAMMA-KZ2 IN K1

ALFHA

AYVG COLUMN
MOL FRACT.
MOL FRACT.

¥1
#2
3
#4
e
¥h
17
#4
9
#10
#11
12
#13
$14
¥15
%16
k17
¥18
$¥19
$20

3

)

EC
mHg

COMPONENT &)
MPONENT #9

ALPHA

k1
K1

DISTILLATION CALCULATIONS

22 23 24
BEER #1 BEER #1
EXTRACT FEED MAKE

DISTILLATION CALCULATIONS

27 23 24
BEER #1 BEER #1
EXTRACT FEED MAKE
o 0
0 )
5793 579 579
0 )
199 190 190
) 0 2
2,468 2,714 7,701
296 287 285
o o
77 78 7
0 o
2 )
) )
? )
0 0
) o
) 0
0 )
? )
) o
4 4
17,190 12,934 746
15,894 16,2385 4,683
358 362 362
27.6 71.5 77.4
5,437 5,643 6,63
417.7 496. 1 1418.

-44385.6 -4515.5 ~4473.,

17.449 17.497 18.640
33.0 B6 .9 B7.3

760 760 505

SOLVENT

%]
—
3O

n
o Gy

IS
—
~2

I
< Al S

273

HERR SIS s SR ¥ b S i S
FOS R~ ' TR € B SN SWE N i <

14-Mar~89

25
BEER #1
TAILS
25

BEER #1
TALLS

@

]

d

]

@

)]

12

280

@

73

@

@

@

2

@

@

]

0]

2

2

]

12,188

12,554

19
@.9
248

35.9
h7.5
7.976
220.0

6bhR

Ty

- L

7

SOLUENT

17164.0

939.4
<.014
2.014
26 .743

@.0a1



ISE

M LB. MOLES/YEAR EXTRACT

MOL
ADJ
And
MIN

XT1.WKS -2-

DISTILLATION CALCULATIONS

pehel
Lol

FRACT. KZ {MAKE OR TAILS)

. GAMMA-KL IN K2

. BAMMA-RZ IN K1

IMUM REFLUX RATIO (ADJUSTED)

ACTUAL REFLUX RATIO

MIN

[MumM Pl.aTES

ACTUAL PLATES

PRE

S55URE mm Hg (REVISED)

TEMPERATURE C (REVISED)
AVERAGE MOLECULAR WEIGHT

GRS

DENSITY ~ LB/CF
5SS SECTIONAL AREA - 50 FT

COLUMN HEIGHT - FT

COL
K1
Hwv
Cn

UMN DIAMETER

(MPPY)
(HEAT VAPORIZ.-Btu/Lb)
(HEAT CAPACITY - Biu/lLb/F)

HEAT LOAD ~ MM Btu/Hr

CONDENSER COOLING WATER ~ GPM (15 C d7)

CALANDRIA STEAM - MPPH (150 PSIG)
UMN COST ~ 21000 3Q8% MPC ~ BARE EQUIPMENT
- ALL CARBON STEEL

coL

CONDENSER OR CALANDRIA SURFACE ~

CON

C.% w/304 S.5. TRAYS

ALl 304 STAINLESS STEEL
ALl 304L STAINLESS STEEL
ALL F16 STAINLESS STEEL

g1 oy
o
e

0. OR CALAND. COST - $1000 3Q8

~CARBON STEEL

316 STAINLESS

304 STAINLESS EEL

T
TEEL

LUy

-MONEL

SUBTOTAL
SUBTOTAL
SUBTOTAL

MIN
Cn
Cn

IMuUM REFLUX RATIO
SUBTOTAL #1
SUBTOTAL #2

Cn SUBTOTAL #3

Cn
H-
Hv
Hv

Hv

MIN.

CoL
CoL
MIN

C.S.

HEA

CHECK

SUETOTAL #1
SUBTOTAL #2

SUBTOTAL #3
CHECK
PLATES(NORMAL )
LLOST-C/5 NORMAL
05T-5/5 NORMAL.
EFLUXONORMAL)
AREACNORMAL)

T LOADINORMAL }

.C
.R

274

i ld
£330

BEER #1 B
FEED

- BARE EQUIPMENT

24
EER #1

MAKE

0.216
L.
1.

&
Gt

= & 0
R R S A 6

Ju—
=

$66.4
$73.6
$108.0
£118.8
$i45.8
1,540

$56.9
$79.7
£85.4
$111.@

(0.4)

124,215
11,970
1e@,177
@.500
55,412
5,147
43,111

215,72

14-Mar-89

25
BEER #1
TAILS

215.0
@.500
77.210

30.09

457
11,639
1,636,083
@.520

137

5,001
705,520
215.0



TSEXT1.WKS

M LB. MOLES/YEAR

- CON/TAL

COSTONORMAL )

DISTILLATION CALCULATIONS
22 23 24
BEER #1 BEER #1
EXTRACT FEED MAKE

275

14-Mar-89

25
BEER #1
TAILS



ISEXTLI.WKS -4 14-Mar-89

DISTILLATION CALCULATIONS

26 27 28 29
BEER #2 BEER #2 LBS #1 LBS #1

M LB. MOLES/YEAR MAkE TAILS MAKE TAILS

DISTILLATION CALCULATIONS

26 27 28 29
BEER #2 BEER #2 LES #1 LBS #1
M LB. MOLES/YEAR MAKE TAILS MAKE TAILS
COMPONENT #1 @ @ i @
COMPONENT #2 ? @ ] ]
COMPONENT #3 673 @ B73 6
COMPONENT #4 (4] @ ] 2
COMPONENT 45 190 @ 182 3
COMPONENT %6 @ @ 9] @
COMPONENT #7 2,456 246 12 2,443
COMPONENT #8 6 1 (% 6
COMFONENT #9 @ @ i ]
COMPONENT #10 4 ] 2 4
COMPONENT #11 @ 2 @ @
COMPONENT #12 5] 2 2 @
COMPONENT #1323 @ @ @ @
COMPONENT #14 5] @ @ @
COMPONENT #15 @ @ @ &
COMPONENT %16 @ 4] & @
COMPONENT #17 2 @ @ 5
COMPONENT #18 @ ] @ ]
COMPONENT #18 ] @ (] ]
COMPONENT #2@ 5] @ @ ]
WATER 4 @ @ 4
SOLVENT 1 744 @ 1
TOTAL (q) 3,340 331 868 2,473
(Storage)? 3483 5 298 49
UAPOR FRESS 4Q(qg) 104.1 4.7 344.2 19.9
(Storage) 6,183 206 4,081 2,108
VAPOR PRESS 120(q) 1852.9 220.2 4704 .6 852 .4
Big) U.P. CONSTANT -4427.0@ -5915.7 -4021.@ -5779.9
Alg) U.P. CONSTANT 18.789 20.447 18.668 21.455
TEMPERATURE C 183.7 220.0 116.8 170.9
PRESSURE mmHg 4,505 4,865 4,323 4,483
K1 (COMPONENT #) 7 7 6,5,4,3 6,5,4,3
K2 (COMPONENT %) SOLVENT SOLVENT 7
V.PL(KL) 2787.3 17164.0 316@2.4 15156.9
UV.PLK2) 79.8 939.4 73%.2 4492.5

GAMMA-K1 IN KZ 2.014 2.014 1.350 1.3250
GAMMA-KZ IN K1 2.014 2.014 1.350 1.350
ALPHA 16.870 26.609 3.290 4.545
AVUG COLUMN ALPHA 21.435 3.918
MOL FRACT. K1 (MAKE OR TAILS) @.399 @.248 @.337 0.0063
MOL FRACT. K1 (FEED) 0.784 0.072



ISEXT1.WKS

M LB. MOLES/YEAR
MOL FRACT. KZ (MAKE OR TAILS)
ADJ . BAMMA-KT IN K2

ADJ . GAMMA-KZ IN K1

MINIMUM REFLUX RATIO (ADJUSTED
ACTUAL REFLUX RATIO

MINIMUM PLATES

ACTUAL PLATES

PRESSURE mm Hg (REVISED)
TEMPERATURE G (REVISED)
AVERAGE MOLECULAR WEIBHT
GAS DENSITY - LB/CF

CROSS SECTIOMAL AREA - GO F
COLUMN HEIGHT - FT

COLUMN DIAMETER

Ki (MFPY)

Hy (HEAT VAPORIZ.-Btu/lb)
Cn (HEAT CAPACITY - Btu/Lb/F)
HEAT LOAD - MM Btu/Hre
CONDENSER COOLING WATER ~ GPM

-1

DISTILLATION CALCULATIONS

26
BEER #2
MAKE
Q.001
1.002
Z.o12
2.0
@.0
13
4,615
155
59.27
0.747%9
7.8
34.0
3.2

182,021
215.2
?.500
5.916

bld

CALANDRTA STEAM ~ MPPH (150 P3IG)H
COLUMN COST - $102@¢ 3085 MPC - BARE EQUIPMENT

- ALL CAREBON STEEL

- C.5 w/304 5.5, TRAYS

- ALL 304 STAINLESS STEEL

-~ ALL 324L STAINLESS STEEL

- ALL 316 STAINLESS STEEL
CONDENSER OR CALANDRIA SURFACE

COND. OR CALAND. COST - $1000 3088 MPC -

-CARBON STEEL

-5304 STAINLESS STEEL
316 STAINLESS STEEL
~-MONEL

SUBTOTAL

SUBTOTAL

SUBTOTAL
MINIMUM REFLUX RATIO
Cn SUBTOTAL #1
Gn SUBTOTAL #2
Cn SUBTOTAL &3

Cr CHECK
Hv SUBTOTAL #1
Hv SUBTOTAL %2
Hw SUBTOTAL #3

Hv CHECK
MIN. PLATES(NORMAL)
COL.COST-C/5 NORMAL
COL.COST-5/5 NORMAL
MIN.REFLUX(NORMAL)
C.S. AREACMORMAL)
HEAT LOADCNORMAL?

£41.8
$£45., 9
568,
$75.
F92.

2
58!

[ERRR RNy

o

R
ol s

£51.
$33.

5473,

et}

[S LS AR Y

(9.8

115,113
264

247
?.500
49,495
157

142

215.2

277

BARE

27

BEER #2 L

228.11
2.0840

=D
=
LSV

H
S
2
a
[

12.@8

G576
EQUIFPMENT

$78.5

$39.9
$42.
B55.

U1~

9,137
0
@

9,101
36
99,929
@.508
3,913
16
42,4970

215.9

5

28

BS #1

MAKE
2.063
1.001
1,301
8.5

=
X N ~d

I
—

T - = a3 3
[S9 RSt S

23]
LIRS A

i
g
ISV s B ER RN

©
o

>

- (5

S NS R

¢
&2}
o0

S P

i

-

[ IS e

500
2.425
180

14-Mar—-89

24
LBS #1

TAILS

2.997

1.347

1.200

74.00
0.7493

154

£14.
$13.
$21.
$27.

R )

90,952

59

99,918
364
247

0.500

33,095
157
142

215.3



M LB, MOLES/YEAR

CONsUAL COSTONORMAL)

DISTILLATION CALCULATIUNS

26 27 28
BEER %2 BEER #2 1.BS #1
MAKE TAILS MAKE

278
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ISEXTL.WKS

M LB. MOLES/YEAR

M LEB. MOLES/YEAR
COMPONENT #1
COMPONENT #2
COMPONENT #2
COMPONENT #4
COMPONENT #5
COMPONENT #6
COMPONENT #7
COMPONENT ¥2
COMPONENT #9
COMPOMNENT #10
COMPONENT %11
COMPONENT #12
COMPONENT #13
COMPONENT #14
COMPONENT #14
COMPONENT #16
COMPONENT #17
COMPONENT #18
COMPONENT #19
COMPONENT #20
WATER

SOLUENT

TOTAL (g)

(Storage)
VAPOR FRESS

(Storage)
VAPOR FRESS 120{(g)
Bi{n) V.P. CONSTANT
Alg) U, P. CONSTANT
TEMPERATURE C
FRESSURE mmHg

40(g)

(COMPONENT %)

K2 (COMPOMENT 49
V.PLOIKD)

VLRI

GAMMA-KT IN K2
GAMMA-KZ2 IN K1
ALPHA
AVG COoLUMM ALPHA
MOL FRACT. K1 (MAKE
MOL FRACT. K1 (FEEDS

OR TAILS)

30 31 37 33
LBS #2  LBS #2 LBS #3  LBS #3
MAKE TAILS MAKE TAILS
DISTILLATION CALCULATIONS
30 1 32 33
LBS #2  LBS #2 LBS #3  LBS #3
MAKE TAILS MAKE TAILS
@ ] ? ?
) 2 ? 2
570 3 @ 2
] ) ? ]
2 181 2 ?
4 ? & )
) 12 2 ]
2 2 ) 0
? 2 ) ?
] @ @ ]
@ 2 @ 1]
2 2 ] ]
¢ 2 ) @
? @ ? o
) ? @ 0
0 ] 0 0
4] o 0 @
) 2 ] 2
7] ] 0 @
7 o o) ?
0 ] @ ?
? @ @ ?
571 136 2 @
274 25 @ @
497.8 126.6 .0 .2
3,419 5EB2 @ 2
5092.7  3376.5 .0 .0
~F8R2.2  ~G5P48.7 2.0 0.0
18.414  29.971 -4 . B@%  ~4.605
102.5 120.0 ERR 1720.0
3,217 3,377 (162 ]
3 3 2,1 2,1
1,56 4,5,8 3 3
F219.7  5096.7 ERR 1.0
1926.5 3517.3 ERR  5(96.7
1. 492 1.492 1.000 1.000
1.4497 1,492 1.000 1.000
1,123 2. 130 ERK ERR
1.B26 ERR
®.997 D.818 ERR ERR
@.787 0.000

279
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TOEXTL . WKS

MoLBE. MOLES/YEAR

MOL FRACT. KZ (MaAkKE
ADI . GAMMA-KL IN K2
ADT . GAMMA-EZ IN H1
MINIMUM REFLUX RATIOD
ACTUAL REFLUX RATIO

MINTMUM PLATES
ACTUAL PLATES

PRESSURE mm Hy (REVISED
TEMPERATURE € (REVISED)
AUVERABE MOLECULAR WEIGHT
6AS DENGITY - LB/CF
CROGS SECTIONAL AREA -

COLUMN HEIGHT - K7
COLUMN DIAMETER
K1 (MPRY)

Hv (HEAT UAFORIZ. -Btu/tb?

5w/ 304 5.5,

Ll 384 STAINL

304l 5TAT

COMDENSER OR CALAN

CONDL. OR CALAND. COs

CAREON STEEL
-304 STATHLESE

sITp]

~318 STAINLESS STEERI

~MONEL
SUBRTOTAL
SUBTOTAL

CUETFTF
MUM HEFLIX
Cm DUE OTAL #£1
Cn ZUBTGTAL #2
Cn SUBTOTAL #3
Cn CHECK
Mo SUHBETOTAL #1
Hy SUBTOTAL #2
Hy SUBTOGTAL #3
Hy CHEDHK
MIN. PLATESCNGRMAL
COL COsT-C/75% NORMAL
COL.COST-2/8 NORMAIL
MINM.REFLUX CMORMAL &
C.5. AREACMORMAL?
HEAT LOADCMNORMAL

)
e
-4

U0

CADJUSTED

Cn (HEAT CAFACTTY

HEAT LOAD - MM Bt m
CONDENSER COOLING
CALANDRTIA STEAM ~ MPFH
coLu N COST - 51000 3412

M

- ALL CARBON =TEEL
C.
A

F

L NL.

- ﬁLl 316 _lmIMt
DR

b

o]

-8- 14-Mar -89

DISTILLATION CALCULATIONS

30 a1 32 33
LBS #2 LBS #72 LBS #3 LBS #3
MAKE TAILS MAKE TAILS
@.803 @.982 ERR ERR
1.000 1.47@ ERR ERR
1.4883 1.000 ERR ERR
D.@ ERF
@.0 ERR
2 @
9z @
5,008 @
100 (2730
58.05 48 .23 ERR ERR
@.4682 @.4129 ERR ERR
1.7 2.@
153,53 2.0
1.5 D.0
38,692 ]
215.0 215.@ ERR ERR
Q.500 500 ERR ERI
L.164 1,157 0.000 3.000
g6 @
C153 PSIG 1.36 Q.00
BAaRE EQUIPMENT
$76.2 0.0
$37.8 $¢.9
12205 0.0
#134.8 0.0
$165.4 $Q.0
115 65 2 5]
3@85 MPC - BaRE EGQUIPHMENT
F12.3 F1@.a 0.0 $0.0
$17.3 $14.0 $0.0 9.0
$i5.5 $15.6 8.0 0.0
$24.1 F19.5 0.0 0.0
455 @
@ @
@ ]
(Q.6) ERR
19,485 4,711 2 @
@ @ ? @
3 @ & 1%
.50 ERR ERR
A 2,026 @ o
@ & @ @
2 @ @ &
215.0 215.@ ERR ERR

280
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DISTILLATION CALCULATIONS

30 31 32 53
LBS #2 LBS #2 LBS %3 LES #3
M LB. MOLES/YEAR MAKE TAILS MAKE TAILS

COn/CAL COSTINORMALD

281



ISEXTL.WKS

M LE. MOLES/YERR

M LB. MOLES/YEAR
COMPONENT #1
COMPONENT %2
COMPONENT #3
COMPONENT #4
COMPONENT #5
COMPONENT %6
COMPONENT #7
COMPONENT #8
COMPONENT #9
COMPONENT #10
COMPONENT #11
COMPONENT #12
COMPONENT #13
COMPONENT #14
COMPONENT #15
COMPONEMT #16
COMPONENT #17
COMPONENT #18
COMPONENT #19
COMPONENT #22
WATER

SOLVENT

TOTAL (g)
(Storage)

UAPOR PRESS 40<(qg)
(Storage)

UAPOR PRESS 120(g)
Blgy V.P. CONSTANT
Alg) U.P, CONSTANT

TEMPERATURE C
PRESSURE mmHg

K1 (COMPONENT #)
K2 (COMPONENT #)

VLoP LKD)
V.PLOKZ)
GAMMA-K 1 IN KZ
GAMMA-KZ IN K1
ALPHA

AYG COLUMN ALPHA

MOL FRACT. K1 (MAKE OR TAILS)
MOL FRACT. K1 (FEED)

..1@,

DISTILLATION CALCULATIONS

3 35
HBS i1 HBS #1

MAKE TAILS

DISTILLATION CALCULATIONS

34 25
HBS #1 HBS #1
MAKE TAILS

@ @

@ i

@ 2

@ @

@ @

@ @

12 /]

279 1

@ &

73 4

2 @

@ 0

i @

@ i

@ @

@ 2

@ @

@ i

@ @

@ i

@ 1

@ 12,188

364 12,1981

19 i

27.7 0.1

247 1

678.4 6.7

-4918.6 -7768.0

19.03¢ 22.581

123.6 220.02

60 9.0

19,9,8 10,3,8

SOLVENT SOLVENT

184.5 3815.4

13.9 939.4

2.117 2.117

2.858 2. 858

3.247 8.598
5.823

@.999 .Bo@
Q.00

282
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DISTILLATION CALCULATIONS

34 35
HES #1 HBS #1
M LE. MOLES/YEAR MAKE TAILS
MOL FRACT. KZ (MAKE OR TAILS) 0.001 1.020
ADT. GAMMA-KL IN K2 1.009 2.117
ADS . GAMMA-KZ TN K1 Z2.854 1.000
MIMNIMUM REFLUX RATIO (ADJUSTED 8.7
ACTUAL REFLUX RATIO 1.9
MINIMUM PLATES 19
ACTUAL PLATES 45
PRESSURE mm Hg (REVISED? 741
TEMPERATURE C (REVISED) 123
AVERAGE MOLECULAR WEIGHT BB.17 268.42
HAS DENSITY - LB/CF 8.1239 D.5014
CROGS SECTIONAL AREA —~ SG FT 23.8
COLUMN HEIGHT - FT 82.3
COLUMN DIAMETER 5.8
KL (MPPY) @
Hy (HEAT UAFORIZ.-Biu/Lb) 215.0 215.@
Cn (HEAT CAPACITY - Biu/Lb/F) ?.500 0.500
HEAT LOAD - MM Btu/Hr 8.576 8.576
CONDENSER COOLING WATER - GPM 636
CALANDRIA STEAM - MPPH (150 PSIG) 18.01
COLUMN COST -~ #1080 3Q85 MPC - BARE EQUIPMEMT
- ALL CARBON STEEL $144.5
- £.5 w/384 S.5. TRAYS $158.9
- ALL 384 STAINLESS STEEL $229.9
- ALL 39040 STAINLESS STEEL $252.9
- ALL 316 STAINLESS STEEL $310.3
CONDENSER OR CALANDRIA SURFACE 642 476
COND. OR CALAND. COST - #1000 34086 MPC - BARE EQUIFMENT
-CARBON STEEL $20.5 $25.3
-394 STAINLESS STEEL $42.8 $35.56
-316 STAINLESS STEEL $45.8 $38.0
-MONEL $59.6 $49.4
SUBTOTAL 65
SUBTOTAL &
SUBTOTAL 6
MINIMUM REFLUX RATIO 8.7
Cn SUBTOTAL #1 457 (4
Cn SUBTOTAL #2 11,572 58
Cn SUBTOTAL. %3 6 1,636,087
Cn CHECK 0.500 2.550
Hv SUBTOTAL % 197 2
Hv SUBTOTAL #2 4,978 25
Hv SUBTOTAL #3 3 03,517

Hyv CHECK 215.0 290.0
MIN. PLATES(NORMAL)
COL.COST-C/5 NORMAL
COL.CO5T-5/5 NORMAL
MIN.REFLUX{NORMAL)
C.5. AREACNORMAL)
HEAT LOAD(CNORMAL)

283



ISEXTL.WKS 12 L4 Mar-89

DISTILLATION CALCULATIONS

34 35
HBS #1 HES #1
M LB, MOLES/YEAR MAKE TATLS

CON/CAL COSTINORMAL)

284



APPENDIX G. EXTERNAL EXTRACTOR MODE
NUMBER OF EXTRACTOR STAGES REQUIRED
FOR VARIOUS SOLVENT/FEED RATIOS
AND YIELD TO EXTRACT
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Solvent/

Water
Ratic

DHNIULAL & LBIWNN - - &

.53
.00
.50
.00
.50
.00
.50
.20
.50
.00
.50
.00

Solvent/

Water
Ratio

TN N & &N T = -

.25
.59
.00
.50
.00
.50
.20
=Y
.00
.50
.00
.50

Solvent/

Water
Ratio

M U N & I =

.40
.50
.00
.50
0o
.50
.20
.50
.00
.50
.00
.58

7¢.00%
3

rJ

bt Bt ek s pt Bt pr b = b

70.00%

[SY]

[ I T T N SV IR S S I o0

79.00%

T e T N S S SR N VT N S 2V

Solute Yield (as % of sclute in feed)

80.00%
4

[l i S S S N el el o B £ B 2%

SENSITIVITY ANALYSIS
NUMBER OF STAGES

FOR K= 2

9@¢.00% 95.00%
7 13
3 4
2 3
2 2
2 2
2 2
2 2
2 2
1 2
1 2
1 2
! 2

SENSITIVITY ANALYSIS

NUMBER OF STAGES

Solute Yield (as

80.00%
4

[ SV — i Sy S NG 0% B I N I $Y]

Solute Yield (as

80.00%
4

Lot S OO TN AN T o6 B 0 G ON i 6 [ $% I - N

% of solute in feed)

FOR K= t

2¢.00% 95.00%
8 14
4 5
3 4
3 3
2 3
2 3
2 2
2 2
2 2
2 2
2 2
2 2

SENSITIVITY ANALYSIS

NUMBER OF STAGES
FOR K= 8.75

% of solute in fead)

98.00% 95.00%
8 14
B 10
4 5
3 4
3 3
2 3
2 3
2 3
2 3
2 2
2 2
2 2
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SENSITIVITY ANALYSIS
NUMBER OF STAGES

Solvent/ FOR K= 2.5
Water
Fatio Solute Yield (as % of sclute in feed)
79.00% 80.00% 90.00% 95.00% 98.00% 99.00% 99.90% 998.9¢
2.10 3 ] 9 15 220 »20 > 20 > 2l
2.50 2 3 5 8 11 14 > 20 > 2t
3.00 2 3 4 5 8 g ™ 5 24
3.50 2 2 3 4 B 7 11 1¢
4.00 2 2 3 4 5 8 9 1:
4.50 2 2 3 3 S 5 2] 1]
5.00 1 2 3 3 4 g 7 1¢
5.59 1 2 2 3 4 ) 7 ¢
£.00 1 2 2 3 4 4 6 £
5.50 1 2 2 3 3 4 B £
7.00 1 2 2 3 3 4 & £
7.5 1 2 2 3 3 4 5 7
SENSITIVITY ANALYSIS
NUMBER OF STAGES
Solvent/ FOR K= 0.25
Water
Ratio Solute Yield (as % of solute in feed)
70.20% 80.00% 90.00% 95.00% 98.00% 99.00% 99.90%Y 99.99%
4.20 2 5 9 18 z_' 20 > 20 » 20 20
4.50 2 4 B 10 iB z 2@ > 20 >20
5.00 2 3 5 7 11 14 > 20 >20
5.50 2 3 4 6 9 11 * 18 - 20
6.02 2 3 4 5 7 9 15 320
5.50 2 2 4 g5 7 8 13 17
7.00 2 2 3 4 B 7 14 15
7.50 2 2 3 4 B 7 1@ 14
8.00 2 2 3 4 5 6 g 13
8,5 2 2 3 4 5 B 9 12
9,00 2 2 3 3 5 5 8 11
3.5 1 2 3 3 4 s 8 10
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