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Letter of Transmittal Bender, Hellstern, Roman

Professor Leonard Fabiano

Dr. Daeyeon Lee

University of Pennsylvania

School of Engineering & Applied Science
220 S 33rd Street

Philadelphia, PA 19104

April 15, 20124

Dear Professor Fabiano and Dr. Lee,

We researched a two-step fermentation and reaction process to convert carbon monoxide
to 1,3- butadiene. Our report on the solution to the design problem given by Mr. Steven
Tieri is enclosed. Our design of the process includes a series of batch reactors to grow up
cells, then transporting these cells to ten CSTRs that operate at steady state. Our process
takes the intermediate 2,3-butanediol produced in the reactors through a thermo-catalytic
converter to produce 1,3-butadiene.

This project includes detailed equipment designs and a preliminary economic analysis of
the plant. The plant must be located at a medium sized steel mill to provide enough
carbon monoxide to the bacteria. The overall production rate of 1,3-butanediol is 1,550
Ibs/hr. This plant operates 24 hours a day for 330 days of the year.

This process introduces a novel separation scheme that is the most expensive piece of
equipment for our plant. The separation unit uses a moving bed chromatography to
extract the alcohols 2,3-Butadiene and ethanol from the fermentation broth. Our initial
problem asked for a production rate of 100,000 gallons/year, however we increased the
production by 20 fold to make the process more economically feasible. We produce 12.3
million pounds 1,3-butadiene per year.

Our economic analysis suggests we need to scale up the plant or modify current operation
to become more economically feasible. The internal rate of return (IRR) is 0.7% under
current conditions. The net present value (NPV) of the project is $(74.4MM).
Additionally, we explore various product price environments, demonstrating
circumstances in which this can be a more profitable investment at current scale in this
report.

Sincerely,

Courtney Bender Steven Hellstern Gus Roman
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1.0 ABSTRACT

This report describes a two-step process that creates 1,550 1b/hr 1,3-butadiene
from a feed of effluent steel mill gas. The goal for this plant was 100,000 gallons of 1,3-
butadiene per year, but preliminary economic analysis suggested a 20x scale up was
necessary for economic viability. The first step of this process uses fermenters inoculated
with cl. autoethanogenum to convert carbon monoxide-rich effluent gas to 2,3-
butanediol. This intermediate is fed to a thermo-catalytic converter to produce 1,3-
butanediene. Ethanol and MEK are both byproducts of this process that were initially
isolated and sold for greater profit.

In the pages to follow, a detailed design and economic analysis for this process is
presented for a plant in China. Process flow sheets, energy and utility requirements, and
equipment summaries are provided and analyzed. Process profitability is highly sensitive
to the pricing of butadiene and ethanol. It is shown that the plant is likely will be
unprofitable at prevailing commodities prices. The investment has an internal rate of
return of 0.7%, and net present value of $-74 4MM using a discount rate of 15%. This
project has a capital investment of $126.2MM. The return on investment (ROI) is 2.0%,
with a payback period of 10.3 years. Alternatives can be explored for different process

configurations and varying product goals. A few possibilities are presented within this

paper.
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2.0 INTRODUCTION

1,3-Butadiene is a chemical compound used a variety of ways in the synthetic
materials field, especially in the formation of polymers. It is used as an additive to make
adiponitrile, a prominent component of nylon, as well as stiffer plastics such as
polybutadiene rubber and styrene-butadiene rubber, most commonly used as automobile
tires (Morrow, 1990). This report focuses on the use of 1,3-butadiene as the feedstock for
adiponitrile.

The bioplastic market is expected to expand 17-20% in the next two years due to
a variety of factors. The important ones for this report are consumer demands of our
Company, a desire for feedstock diversification, the increasing cost of 1,3-butadiene from
fossil materials, and a desire to produce the chemical in a more environmentally friendly
manner.

The most common method for producing 1,3-butadiene is as a byproduct of steam
cracking that produces ethylene and other olefins. This process occurs when heavier
hydrocarbons are used, however ethane has become cheaper and thus a more common
feed in recent years. This has resulted in a gradual reduction in the amount of 1,3-
butadiene extracted from steam cracking plants throughout the United States, Europe, and
Japan (Morrow, 1990).

During World War II, 1,3-butadiene was in high demand. Competition to supply
this chemical to the war efforts sparked the development of new ways of creating 1,3-
butadiene. One of these processes involved the catalytic conversion of 1,3-butadiene
using 2,3-butanediol. 2,3-Butanediol is a chemical that can be produced by anaerobic
fermentation with a clostridium bacteria. Not only can this process create a desired
compound, but also it creates 1,3-butadiene using an environmentally friendly process.
This report takes lab-scale research of the fermentation of 2,3-butanediol and applies it to
a large-scale production plant to create 1,3-butadiene.

This process is split into two main sections: CO Fermentation for the Formation
of BDO and Formation of 1,3-Butadiene via Thermo-Catalytic Conversion of BDO. The

fermentation process uses cl. autoethanogenum bacteria grown in a carbon monoxide-
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rich environment. Carbon monoxide is a primary product of steel mill production.
Therefore, this chemical plant will be located next to a steel mill that will provide the gas
feed needed for the fermentation process. A typical steel mill composition of 42% CO,
36% N,, 20 CO,, and 2% H, is assumed for this plant. The basis for the industrial-sized
process described in this report is based off of a pilot plant by LanzaTech (LanaTech,
2012).

During the fermentation process, the cl. autoethanogenum cells are grown in
batches to the desired operating concentration of 2 g/L.. Continuous stirred-tank reactors
(CSTRs) are operated in parallel at steady state to produce 10 g/L of 2,3-butanediol in
solution broth. The broth also contains 20 g/L ethanol and 5 g/L cell mass, of which the
former is sold as a fuel-grade product and 40% of the latter is recycled to the CSTR to
maintain the desired cell density. 2,3-Butanediol and ethanol are both extracted from the
fermentation broth using a separation unit that utilizes Simulated Moving Bed
Chromatography (SMB). This is an Orochem product.

2,3-Butanediol, once recovered from fermentation broth, then enters the reaction
process of the plant. We chose to use a thorium oxide catalyst, which has a 62%
selectivity for 1,3-butadiene and is most commonly used for this reaction. Byproducts
include methyl ethyl ketone (MEK), methyl vinyl carbinol (MVC), and water. A rigorous
separation system was developed to perform the separation of these products. We assess
the profitability of purifying MEK versus installing the required equipment in this paper.

Our primary objective was to design a plant that produced 1,3-butadiene using
fermentation from waste steel mill gas. Our original problem statement proposed a yearly
production of 100,000 gallons. However, the final scale is much larger to make the
process more economically feasible, meaning we have an excess of 1,3-butadiene that
can be put on the market. We chose to build our plant in China, where 1,3-butadiene is
more profitable to produce, at $2100/ton USD, and we assume the plant will be

operational 330 days out of the year.



3.0 Project Charter Bender, Hellstern, Roman

3.0 PROJECT CHARTER

Project Name Bio-Butadiene from Waste CO

Project Champions Mr. S. Tieri, Dr. D. Lee, Prof. L. Fabiano

Project Members C. Bender, S. Hellstern, G. Roman

Specific Goals * Economically synthesize 1,3-butadiene using 2,3-

butanediol (BDO) as an intermediary in a 2-step process
o Covert waste CO to BDO via fermentation
o Thermo-catalytically convert BDO to 1,3-
butadiene
* Create a minimum-energy plant that exceeds safety and
environmental standards

Project Scope In-scope

* Production of polymer-grade 1,3-Butadiene

* Concentration and purity of CO feed stream is correct for
the fermentation process

* Water recycle / storage and integration into the steel mill

* Air purification / integration with existing furnace in steel
mill

* Existing environmental and safety standards

Out-of-scope
* 1,3-Butadiene for processes other than making

adiponitrile
* New facilities for water and air treatment
Deliverables * Detailed process design and accompanying flow sheets

o Includes material and energy balances
o How is this process completed?
*  Written and oral design reports
o Economic viability
o Environmental and safety analysis

Time Line Milestones

* February 4 Preliminary material balance, computer-
drawn block flow diagram

* February 25 Complete process synthesis, including
material and energy balances for the most promising flow
sheet

*  March 25 Detailed design of process units

e April 8 Complete rough draft of written report

* April 15 Complete final draft of written report

* April 23 Final report oral presentation
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4.0 INNOVATION MAP

yoig uondNpoid Oy €-1 10J dejy uonesouuy
UOTJBJUOULID
; BLI0ORQ U50100Y sosen) [[IA SUOQIBI0IPAH ASofouyday,
E Yo3)ezuo] [991§ 4ord 0D oneydiry [eLId)e Al
ad-<‘1 o oad A3ojouyday,
-€‘C J0 uoIsIoAU0d Surrmenuey
uoneradag onA[ereoouua L E Sunjoer) weolg /58301g
paseq uwnjo)
k (oSesn
uoneredos £19A110910S seo) 2Isep)
paseq uwnjod ag £Sofourpe) uoneusiq A3ojouyday uonenuaIRIIIq
snonunuo) 1 ySiH S[qeMOuy QATIORI)XF] [BOISSB[D) S]qeMmaual UON [ed1uyd9],
? k sed 9)sem
sassa001d aga-¢1 0 0ad woy Oad-€T ojnox ASojourpa) A3o1ouyday,
paseq paje[nuirg -€7 JO UOISISAUOD Jo uononpoxd paseq eypdeN Jonpoig
wayHoIO onk[ejeoouwIay |, UOTBJUSLLLIS |
y
[ s Y
nwﬂo_u Q\% eqydeN) Aan)xIw
P m.m__ uarpeing SUOQIBI0IPAY s)onpoig
€1 U0qIed-I1N0,J
A ¥ | <
@ A v ssoooxd  Asea,,
ndno K v S[[TA [991S WoIp \ 4 Jeuonipel], uopisodoxg
Anpend A3ojouyoay, ud uoneIsapug SISED ST Ao anfeA
ySig 21D), /3]qRMAUTY IIUAL [991S 3O [eaowy wnduy sseo01d Annqeigord JI9Wwo)sn))




5.0 Concept Assessment Bender, Hellstern, Roman

5.0 CONCEPT ASSESSMENT

5.1 MARKET AND COMPETATIVE ANALYISIS

Global 1,3-butadiene demand was around 10.5 million tons in 2011, which
amounted to over $40 billion in revenues. It is expected that by 2017, these annual
revenues will increase to $180 billion. The Asia-Pacific market consumes around 45% of
the 1,3-Butadiene produced annually, which is expected to grow as the Chinese and
Indian economies continue to develop (Transparency Market Research, n.d.). The North
American use accounts for 23% of production (IARC, 1997).

In major markets, such as the United States, Europe, and Japan, butadiene is
obtained as a by-product from the steam cracking of a naphtha cut, which produces
ethylene and other olefins. An additional mode of production, primarily used in South
America and Eastern Europe, is to use ethanol as a feedstock in small-capacity plants.
Other production pathways use either n-butenes or n-butane as reactants. Our company
will attempt to reap the benefits of a new bio-based LanzaTech technology, which utilizes
the carbon monoxide in a steel mill gas to produce 2,3-butanediol, which is then thermo-
catalytically converted to 1,3-butadiene. Current forecasts estimate 17-20% average
annual growth in demand for bioplastics through 2016.

1,3-Butadiene is used in the production of many polymers. For our company, it is
a critical feedstock in the production of adiponitrile, which is used in the production of
Nylon 6,6. Other major end uses, by volume of annual consumption, of butadiene are
butadiene rubber (27%), styrene butadiene rubber (32%), styrene butadiene latex (10%),
acrylonitrile butadiene styrene (9%). Since we will be producing polymer grade
butadiene with a purity of >99% by mass, our product can be used as a versatile
precursor to all of these end uses.

In addition to our main butadiene project, ethanol and methyl ethyl ketone (MEK)
will be produced in significant quantities as valuable side products. In Asia, ethanol is a
valuable commodity, with a consumption of 4.6 billion liters while only having a

production value of 4.0 billion liters (Ng, 2013). Our process at full capacity produces
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36.5 million liters of synthetic grade ethanol per year, lowering this gap in the regional
supply by 6.5% and providing valuable revenues to our company.

In addition to the strong revenues produced by ethanol sales, MEK is a valuable
chemical in the Asia-Pacific market with over 50% of the global volumes consumed in
2012. This consumption is driven by robust growth in the paints and coatings market
from the manufacturing and construction industries (Wood, 2014). MEK is used as a
solvent in paints and coatings, printing inks, adhesive for PVC pipes, industrial cements,
and resin thinners. In 2010, China’s annual MEK production was 670 million pounds.
Our process produces which produces 6.4 million tons per year and would be able to
capture approximately 1% of the Chinese market.

The proposed bio-butadiene process will be valuable our Company’s continued
growth. The Company interested in biopolymers for several reasons, including increasing
consumer demand, a business desire for feedstock diversification, the increasing price of
fossil materials, a hedge for petroleum market volatility, and to positively impact global
climate change. Additionally, there is potential to earn waste gas credits since this
process repurposes carbon monoxide from steel mill gas exhaust. Our process is very
trend-resistant since it utilizes three different chemicals as revenue generators. Especially
notable is our ability to produce a significant amount of ethanol, a chemical with a
growing market as more countries are beginning to integrate ethanol into their gasoline.
In addition, our production of ethanol is outside the food chain using steel mill gas and
bacteria as the main inputs instead of the current sugarcane and yeast based production

model, allowing for a more sustainable ethanol supply chain

Value Chain Analysis: Our Company is towards the beginning of the value chain. It is a
producer and retailer of plastics, which are used in the production of a wide host of
consumer products. Consumer products are sold via online and brick and mortar retailers.
Negotiating better terms with suppliers of the inputs to our process, the steel mill owners,
and negotiating better terms with our customers could increase the strength of our

position in the value chain.
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Value Proposition: A 1,3-butadiene production process that offers our company
the ability to fulfill consumer demand, diversify its feedstock, transition away from fossil
materials, which are increasing in price, hedge petroleum market volatility, and positively

impact global climate change by using a typical waste product in a new, innovative way.
Market Segmentation: We can look at our own company’s needs for 1,3-

butadiene production as well as the market, which can offer insight to the best location

for the production plant.

5.2 CUSTOMER REQUIREMENTS

Since the first butadiene plants began production in the 1940’s (Vernon, 1985),
consumers have been demanding butadiene of various purities for their processes.
Therefore, butadiene can be classified as a fitness-to-standard (FTS) product rather than a
new-unique-difficult (NUD) product. In this process, polymer-grade butadiene is created
with a purity of >99% by mass, necessary for its usage as adiponitrile feedstock. In
addition, customers will obtain competitively priced 1,3-butadiene created by a green
process. We only use waste material, steel mill gas from the steel mill industry, and

bacteria, a non-environmentally damaging resource, as the main inputs to the process.

5.3 PRELIMINARY PROCESS SYNTEHSIS

This project is highly based off of LanzaTech’s new technology, where bacteria,
cl. autoethanogenum, is used to produce useful materials from waste steel mill gas. The
two main products from this process, ethanol and butadiene, are classically created using
valuable hydrocarbons as their feed sources. In this process, steel mill gas, considered a
waste product of steel production, is used to feed bacteria that are capable of fixating the
carbon monoxide and hydrogen gas from feed gas to produce 2,3-butanediol (BDO) and
ethanol. This new technology enables BDO and ethanol to be created through renewable
green pathways instead of the classic energy-intensive technologies of the past.

Low levels of BDO and ethanol are present at steady state in the fermentation

broth, 10 g/L and 20 g/L respectively. To produce enough BDO to use for the second
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stage of the process, a series of five batch fermenters grow enough cells to inoculate five
continuous stirred tank reactors (CSTRs). This batch fermentation is run twice a year,
enough to inoculate a total of ten CSTRs that work in parallel. Under continuous
operation at steady state, this process can produce enough quantities of BDO. The output
streams from the CSTRs are filtered for solid materials, then combined and fed to a
simulated moving bed chromatography unit (SMB). This is an Orochem unit that extracts
the process alcohols from the fermentation broth. The alcohols are then separated to near
purity using a small distillation tower. The ethanol is stored and the BDO is pumped to
the thermo-catalytic conversion portion of the process. An alternative separation scheme
using a distillation tower is presented later in this paper.

The second stage of our process will require the conversion of BDO to 1,3-
butadiene using a thermo-catalytic conversion reaction. To achieve this we will use a
catalyst that has high conversion and selectivity of 1,3-butadiene. Preliminary conversion
data are provided in the problem statement, however a better conversion was found using
thorium oxide. The three reactions that take place in the reactor are:

(1) C,H,,0, > CH,=CHCH=CH, + H.,O.
(2) C,H,,0, > CH,C(O)CH,CH, + H,0.
(3) C,H,,0, > CH,=CHCH(OH)CH, + 2*H,0

5.4 ASSEMBLY OF DATABASE

In order to perform the economic analysis, the following values were found for
the chemicals consumed or sold in this process. Using pricing resources, the price of the
following chemicals in the Asian market were found in US dollars: $2100/ton for 1,3-
butadiene, $1700/ton for MEK, and ethanol is $1400/ton (Research China, 2012). The
price of thorium oxide is $5.75/g when bought in quantities of 50 grams or more
(Isis.com, 2014).

All systems were drawn using Visio. The process simulation was run in ASPEN
PLUS for the reaction section. In order to obtain thermodynamic data and other physical
properties data, the ASPEN databanks were used. Additionally, UNIQUAC and NRTL

were used to estimate any missing properties data.
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Conversion data and reactor operating conditions were obtained from literature.

The simple pass conversion of BDO to 1,3-Butadiene over a reactor operating at
70mmHG and 1 bar is 62.1%. Additionally, 26.2% is converted to MEK and 8.3% is

converted to methyl vinyl carbinol.

5.5 BENCH-SCALE LABORATORY WORK

There was no experimental component performed for this project. Bench-scale
and pilot plant information was obtained from various patents belonging to LanzaTech

(LanzaTech, 2012).

10
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6.0 PROCESS FLOW DIAGRAMS & MATERIAL BALANCES

This process is divided into two steps, with eight sections overall:

CO Fermentation for the Formation of BDO
Section 000: Steel Mill Gas Cooling
Section 100: Media Mixing System
Section 200: Batch Fermentation
Section 300: CSTR and Cell Recycle Close-up
Section 400: Moving Bed Chromatography Separation
Formation of 1,3-Butadiene via Thermo-Catalytic Conversion of BDO
Section 500: Thermo Catalytic Conversion
Section 600: Distillation Separation: 1,3-Butadiene Recovery

Section 700: Distillation Separation: Pressure-Swing Distillation

An overall flow diagram is shown below. The individual blocks and accompanying

material balances are shown in the following pages. Unit specifications and process

descriptions are presented later on in the report. Each group contains separation methods

to purify products. All batch processes are denoted with asterisks.

CO Fermentation for the Formation of BDO Formation of 1,3-Butadiene via Thermo-Catalytic
Conversation of BDO

— _ —_—

310,000 Ib Flue 1,539 1b 1,3-

Gas/hr 4,004 1b |
BDO/hr Butadiene/hr

Figure 6-1: Block flow diagram.

11
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7.0 PROCESS DESCRIPTION

Overview

Our process is divided into two steps with eight overall sections, as described in
Section 6. The first step is the fermentation section of the plant, where carbon monoxide-
rich gas is fed into continuous stirred tank reactors (CSTRs) to produce 2,3-butanediol
during steady state operation. The gaseous feed is cooled in section 000 using a shell and
tube heat exchanger with water as coolant. Section 100 is a mixing process for media,
which supplies fresh media to sections 200 and 300. The cells are grown in sequential
fermentation tanks in section 200, then provided to ten CSTRs (section 300) working in
tandem, organized in two blocks of five, as shown in the Figure 6-2. The overall
fermentation process concludes at the separation processes in section 400, where
simulation moving bed chromatography is used to extract the alcohols 2,3-butanediol and
ethanol from the fermentation broth. A small distillation tower is used to create a stream
of nearly pure 2,3-butanediol. The ethanol effluent from the distillation tower is sold as a
secondary product.

The second step of our process coverts 2,3-butanediol to 1,3-butadiene using a
thermo catalytic converter. The reaction products are then separated in a series of
distillation towers. Section 500 describes the reactor, producing 1,3-butadiene and
byproducts. In sections 600 and 700, the reaction products are separated. First, 1,3-
butadiene is isolated in section 600. Then, the byproduct methyl ethyl ketone is isolated

in section 700 to sell as a secondary product

CO Fermentation for the Formation of BDO

Section 000: Steel Mill Gas Cooling

A shell and tube heat exchanger is used to cool excess steel mill gas from 500°F
to 98°F using water as a coolant. The steel mill gas temperature can be variable
depending on whether or not the steel mill recovers energy from the waste gas. We
initially assume a temperature of 500°F, though a situation with a hotter feed is

considered. This steel mill gas will be fed to the cells in the batch fermenters in section
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200 as needed. In addition, once our overall process is running at steady state, gas will be
added continuously to each CSTR at 31,000 1b/hr. There are ten of these compressor/heat

exchanger units.

Section 100: Media Mixing System

The media mixing section creates wet media liquid and pumps the media to either
section 100 or 200, depending on demand. The dry media powder is held in two vertical
silos, with a minimum holding volume of 950,000 1bs dry media per day. The duplicity
allows the plant to store enough media between refilling. For the batch fermentation
process, 333,600 1bs of wet media is created in the ratio of one part dry media in nine
parts pure water, which is first purchased from a water supplier for the fermentation
media in the batch fermenters. Media is distributed to the batch fermenters at varying
volumes and is held at 40°F in a 50,000 gallon storage vessel with a cooling jacket in the
intermediary time.

333,600 lbs of media are also made to preliminary fill each CSTR in section 300.
The media is fed to section 300 at 98°F, with water again purchased from a supplier.
When the CSTRs are operating continuously, wet media is made and then distributed
continuously at a total rate of 416,700 lbs/hr at 98°F. Under continuous operation, water
is recycled after undergoing microfiltration and simulated moving bed chromatography in

section 400 back into section 100 to recover and reuse media water.

Section 200: Batch Fermentation

This section utilizes five sequential fermenters to grow bacteria. The incoming
media is provided from the batch system of section 100 at 98°F. The 15-gallon seed
fermenter holds 312 lbs of media, growing cl. autoethanogenum cells from a
concentration of 0.01 mg/L to 0.2 g/L. This takes 4 days including loading and
transferring to the next vessel. All 92 1bs of the seed fermenter F201 are moved to the
next batch vessel F202, with a capacity of 130 gallons. In addition, 784 1bs of wet media
is supplied to the reactor from section 100. The cells grow from a concentration of 0.02

g/L to 0.2 g/L in the fermenter over the course of 3 days including loading and transfer.
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The third vessel F203 operates at a capacity of 1,320 gallons. The fermenter contains 876
Ibs of media and cells from the previous vessel in addition 9,034 1bs of fresh media.
Again, it grows cells from 0.02 g/L to 0.2 g/L over the course of 3 days including loading
and transfer. The fourth fermenter F204 has a volume of 13,200 gallons. From the
previous fermenter, 9,910 lbs of wet media and cells are added in addition to 16,272 Ibs
of fresh wet media from section 100. This fermenter takes 3 days to operate including
loading and transfer. The fermenter grows the cells from 0.02 g/L to 0.2 g/L and all
26,182 pounds of wet media and cells is used to fill up the last fermenter. The fifth
fermenter F505 is the largest, with a volume of 45,000 gallons. The entirety of the
previous fermenter, 26,182 pounds, is mixed with 304,166 Ibs of fresh media from
section 100. This fermenter grows the cells from a concentration of 0.06 g/L to 0.2 g/L
over the course of 5 days including loading and transfer. This produces a batch with a
total mass of 330,367 pounds including 67 pounds of cell mass. This is enough to
inoculate five CSTRs like block 300 with 66,073 pounds of broth each. The fermenters
are kept at 98°F using a dimple jacket. The batch length of section 200 is 18 days from
inoculation of the seed fermenter to transferring the contents of the final vessel into
section 300. Two batches are needed to inoculate all ten CSTRs.

The batch fermentation process provides enough cells to run five CSTRs at once.
Since the CSTRs in section 300 grow cells themselves, they can operate with a cell
recycle in steady state. Therefore, each block in section 300 needs to be seeded with cells
once a year leading to section 200 only being in operation twice a year. Each seed reactor
is inoculated with 0.01 mg/L of cl. autoethanogenum per batch, purchased fresh each

year.

Section 300: CSTR and Cell Recycle Close-up

There are ten CSTRs in total in the plant. Each CSTR will have the same set up: a
fermenter, filter, and cell recycle. The volume of each CSTR is 50,000 gallons. When
first filled, the CSTR is operated as a batch fermenter, seeded with 66,060 Ibs of media
and 13 g of cells from section 200, in addition to 336,000 lbs of wet media from section

100. It takes 13 days for the cell culture to reach 2 g/L. once seeded.
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Once the cell concentration reaches 2 g/L in the tank, the continuous reaction
begins. Fermentation broth is cycled through the CSTR at 41,670 Ibs/hr. The
fermentation broth contains 200 Ibs/hr of cell mass, 400 1bs/hr of BDO, and 800 1bs/hr
ethanol. The cell mass is collected using a disk-stack centrifuge. 120 1bs/hr of the cell
mass is deposited in a settling pond, and 80 lbs/hr of the cell mass is returned to the
reactor to ensure a constant concentration of 2 g/L in the vessel. The effluent from the
centrifuge, which has no cell mass, is combined with the effluent from the other CSTRs
to form a stream of 4000 Ibs/hr of 2,3-butanediol and 8,000 Ibs/hr of ethanol, which is

sent to section 400.

Section 400: Simulated Moving Bed Chromatography Separation

Orochem has developed a separation technique using simulated moving bed
chromatography. The feed to the separation unit is 428,355 lbs/hr, the total flow rate from
all ten CSTRs. The composition of the feed is 416,710 1bs/hr used media, 4,000 Ibs/hr of
BDO and 8,000 Ibs/hr ethane. The separation unit works by extracting alcohols and
hydrocarbons from water for high purity and high recovery rates of greater than 99%
(Orochem, 2012). The exit stream of used media is 416,710 lbs/hr, and the exit stream of
the alcohol/hydrocarbon stream is 12,000 Ibs/hr, in a ratio of 2:1 ethanol to BDO

A simple 5-tray distillation tower is used to separate ethanol from 2,3-butanediol
into two pure streams due to significant differences in boiling temperatures. The
separation produces 4,000 1b/hr of BDO and 8,000 1b/hr of ethanol that can be sold as a
byproduct. The alternative to the simulated moving bed chromatography is to use a

distillation tower to separate the output to section 300, discussed later in the report.

Formation of 1.3-Butadiene via Thermo-Catalytic Conversion of BDO

Section 500: Thermo Catalytic Conversion

The feed to this section is pure BDO at a flow rate of 4000 Ib/hr, pressure of

70mmHg obtained by passing the feed through a valve, and temperature of 248°F. This
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stream is combined with a recycle from Section 600, which contains unreacted BDO. The
reactor preheater operates at 572°F, and the reactor operates at 932°F and 70 mmHg in
order to ensure high conversions of BDO to 1,3-Butadiene. Additionally, a fired heater,
which uses No 4. Fuel Oil, is used to heat steam used to maintain the reactor at 932°F.

Once the effluent leaves the reactor, it passes through a heat exchanger to preheat
the reactant gas to 572°F. This heat exchanger operates at steady state. However, on start-
up an electric heater is used to preheat the feed to the reactor. The reactor effluent leaves
the heat exchanger at a pressure of 70mmHg and 651°F Celsius. The effluent then enters
section 600. The last unit in this section is a multi-stage compressor, which raises the
pressure of the inlet stream to 73 psi.

The catalyst is regenerated every two months by passing high-pressure steam
through the reactor for two hours. The exit steam is then treated at a waste treatment

facility to remove contaminants.

Section 600: Distillation Separation: 1,3-Butadiene Recovery

Pressurized vapor from section 500 enters a heat exchanger HX601, which creates
low-pressure steam to drive the reboiler of D602 in this section. The first distillation
column D601 operates at 70 psi and separates out the 1,3-Butadiene from the inlet stream
at a polymer grade purity of 99.3%. The distillate is then stored in a storage vessel. The
bottoms product is feed to the second column D602 operating at 19 psi. The distillate
from this column is a mixture of MEK and water at its azeotropic composition and is sent
to section 700 to recover the MEK for sale. The bottoms product from the second column
is fed to the third distillation column D603, which operates as a slightly lower pressure
than the previous column. The distillate from this column contains approximately 78% by
mass water, 19% methyl vinyl carbinol, and 5% MEK, and is sent off site to a wastewater
treatment center. The bottoms product contains pure unreacted BDO, which is recycled to

section 500.
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Section 700: Distillation Separation: Pressure-Swing Distillation

The feed at the azeotropic composition of MEK/water from section 600 is sent to
the first of two columns D701 for pressure-swing distillation. The first column operates at
106 psi and removes the MEK as a 99.99% pure product. The distillate is sent to the
second column, which removes water as the bottoms product. The second column D602
operates at a pressure of 23 psi. Two pumps are needed in order to ensure that the feeds

to the first column are at high enough pressure.
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8.0 ENERGY BALANCE AND UTILITY REQUIREMENTS

Six different utilities are used in the process: electricity, cooling water, process
water, steam, wastewater treatment, and fuel oil. Costs in the year 2006 were obtained
from Seider et. Al. and adjusted based on an assumed CE Index of 570.

Electricity costs were assumed to be $0.06/kWh. The overall electricity
requirement of the system was calculated to be 16.7 MW.

The main cooling water requirement was to drive the condensers. Cooling water
costs were assumed to $0.075/1,000 gal. The overall cooling water requirements of the
system were calculated to be 3921.4 gpm.

The process water costs were assumed to be $0.75/1,000 gal. The overall process
water requirements of the system were quite high because the fermentation broth was a
large feedstock to the batch system. 748.9 gpm of process water was required.

The main steam costs were to drive the distillation column reboilers. The cost of
low-pressure steam (50 psi) was assumed to be $3.00/1000 Ib. The cost of the medium-
pressure steam (150 psi) was assumed to be $4.50 / 1000 1b. The cost of the medium-
pressure steam (450 psi) was assumed to be $6.00 / 1000 1b. The overall steam
requirement of the system were 28 1b/hr.

The wastewater treatment was required to treat the methyl vinyl carbinol stream
leaving section 600 of the process. A rate of 336.3 Ib/hr of organic waste needed to be
treated at an assumed cost of $0.15/lb organic waste removed.

Finally, No. 4 Fuel Oil was used to drive the fired heater, which provided the heat
duty to the steam used to heat the reactor. The fuel oil was assumed to cost $0.22/Ib. The
duty required by the fired heater was 2181.1 MBtu/hr. The HHV of the oil was 18701
Btu/lb, and the density of the oil was assumed to be 59 Ib/ft’.

Below are the detailed energy balance and utility requirements of each unit by

section of the process. Please see Appendix A for example calculations.
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CO Fermentation for the Formation of BDO

Section 000: Steel Mill Gas Cooling

Unit Type Utility type Utilities Requirement | Units
cost ($/yr)
HX001 Cool Gas Feed to Cooling $69,065 1700 gpm
Fermenters Water
C001 Compresses Air Electricity $4,740,662 | 8751 kW
Total $4,809,727
Section 100: Media Mixing System
Unit Type Utility type | Utilities Requirement | Units
cost ($/yr)
ST101a | Storage Tank | NA NA NA NA
ST101b | Storage Tank | NA NA NA NA
SS101 pneumatic Electricity $128,637 237.5 kW
conveying
system
B101 Blower Electricity $27,086 50.0 kW
FT101 Water Filter NA NA NA NA
M101 Mixing Tank Electricity $202,400 373.6 kW
MI101' Mixing Tank Electricity $1,614 30 kW
agitator
P101 Pump Electricity $5,989 11.1 kW
P102 Pump Electricity $7,302 13.5 kW
FT102 Ultra filtration | Electricity $24,000 443 kW
FT103 Ultra filtration | Electricity $240,000 443.0 kW
H101 HTX Electricity $6,575 12.1 kW
H102 HTX Electricity $1,985975 | 3666.0 kW
ST102 Storage Tank | NA NA NA NA
Total $2,629,578
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Section 200: Batch Fermentation

Unit Type Utility type | Utilities Requirement | Units
cost ($/yr)

P201* Pump Electricity $0 0.0 kW

P202* Pump Electricity $0 0.0 kW

P203* Pump Electricity $1 0.0 kW

P204* Pump Electricity $4 0.0 kW

P205%* Pump Electricity $19 0.0 kW

F201* Horizontal Cooling $0 0.0 gpm
Column Water

F202* Horizontal Cooling $0 0.0 gpm
Column Water

F203* Horizontal Cooling $5 0.1 gpm
Column Water

F204* Horizontal Cooling $44 1.1 gpm
Column Water

F205% Horizontal Cooling $90 2.2 gpm
Column Water

Total 8163
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Section 300: CSTR and Cell Recycle Close-up

Unit Type Utility type Utilities Requirement | Units
cost ($/yr)

CR301 | CSTR Cooling Water | $110 2.7 gpm

CR302 | CSTR Cooling Water | $110 2.7 gpm

CR303 | CSTR Cooling Water | $110 2.7 gpm

CR304 | CSTR Cooling Water | $110 2.7 gpm

CR305 | CSTR Cooling Water | $110 2.7 gpm

CR306 | CSTR Cooling Water | $110 2.7 gpm

CR307 | CSTR Cooling Water | $110 2.7 gpm

CR308 | CSTR Cooling Water | $110 2.7 gpm

CR309 | CSTR Cooling Water | $110 2.7 gpm

CR310 | CSTR Cooling Water | $110 2.7 gpm

P301 Pump Electricity $1,079 20 kW

P302 Pump Electricity $1,079 20 kW

P303 Pump Electricity $1,079 20 kW

P304 Pump Electricity $1,079 20 kW

P305 Pump Electricity $1,079 2.0 kW

P306 Pump Electricity $1,079 20 kW

P307 Pump Electricity $1,079 20 kW

P308 Pump Electricity $1,079 20 kW

P309 Pump Electricity $1,079 20 kW

P310 Pump Electricity $1,079 2.0 kW

TF301 Disk Stack NA NA NA NA
Centrifuge

TF302 Disk Stack NA NA NA NA
Centrifuge

TF303 Disk Stack NA NA NA NA
Centrifuge

TF304 Disk Stack NA NA NA NA
Centrifuge

TF305 Disk Stack NA NA NA NA
Centrifuge

TF306 Disk Stack NA NA NA NA
Centrifuge

TF307 Disk Stack NA NA NA NA
Centrifuge

TF308 Disk Stack NA NA NA NA
Centrifuge

TF309 Disk Stack NA NA NA NA
Centrifuge

TF310 Disk Stack NA NA NA NA
Centrifuge

SS301 pneumatic c.s. Electricity $47.,892 88.4 kW
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Cont.
Unit Type Utility type Utilities Requirement | Units
cost ($/yr)
SS302 pneumatic c.s. Electricity $47.,892 88.4 kW
SS303 pneumatic c.s. Electricity $47.,892 88.4 kW
SS304 pneumatic c.s. Electricity $47.,892 88.4 kW
SS305 pneumatic c.s. Electricity $47.,892 88.4 kW
SS306 pneumatic c.s. Electricity $47.,892 88.4 kW
SS307 pneumatic c.s. Electricity $47.,892 88.4 kW
SS308 pneumatic c.s. Electricity $47.,892 88.4 kW
SS309 pneumatic c.s. Electricity $47.,892 88.4 kW
SS310 pneumatic c.s. Electricity $47.,892 88.4 kW
SS311 pneumatic c.s. Electricity $47.,892 88.4 kW
SS312 pneumatic c.s. Electricity $47.,892 88.4 kW
Total $586,592
Section 400: Moving Bed Chromatography Separation
Unit Type Utility type | Utilities Requirement | Units
cost ($/yr)
P401 Pump Electricity $5,657 10.4 kW
FT401 Membrane Electricity $499.450 922.0 kW
Separation
Unit
ST401 Storage tank | NA NA NA NA
D401 Separation of | NA NA NA NA
Ethanol from
2,3-BDO
D401 C.A Condenser NA NA NA NA
Accumulator
D401 CHX Condenser Cooling $1,430 35.2 gpm
HX Water
D401 RB Reboiler Low $236,041 8.7 Ib/hr
Pressure
Steam
D401 RP Reflux Pump | Electricity $764 14 kW
Total $743,342
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Formation of 1.3-Butadiene via Thermo-Catalytic Conversion of BDO

Section 500: Thermo-Catalytic Conversion

Unit Type Utility type Utilities cost | Requirement | Units
($/yr)
VS501 Two-stage 86% HP Steam, | $600,000.00 | HPS: 9.52, Ib/hr,
Steam-jet 14% Cooling CW:2067.5 gpm
ejector Water
HX502 (1) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX502 (2) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX502 (3) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX502 (4) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX502 (5) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX502 (6) | Reactor Vessel | NA - See Fired | NA NA NA
Heater

HX504 Heat Source for | Fuel Oil $203,715.63 | 923686.2 Ib/hr
Reactors

Recycled Reactor NA NA NA NA

Water HX/Fired
Heater System

Catalyst Catalyst NA NA NA NA

C501 Compressor to | Electricity $281,236.21 | 519.1 kW
D601

HX502 Reactor NA NA NA NA
Effluent Heat
Recovery

HX503 Compressor Cooling Water $243.88 6.0 gpm
Effluent Heat
Recovery

HX501 Startup Heater | Electricity $307,352.18 | 567 .4 kW

P501 Pressure Electricity $41.49 0.1 kW
increase of
Cooling Water
to HX

Total $1,392,589
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Section 600: Distillation Separation: 1,3-Butadiene Recovery

Unit Type Utility type Utilities Requirement | Units
cost ($/yr)
ST501 Storage Tank NA NA NA NA
D601 Tray tower for | NA NA NA NA
Separation of
1,3-Butadiene
D601 C.A Condenser NA NA NA NA
Accumulator
D601 CHX | Condenser HX | Cooling Water | $202.11 50 gpm
D601 RB Reboiler Medium 0.8 Ib/hr
Pressure Steam | $33,148.53
D601 RP Reflux Pump Electricity $343.96 0.6 kW
D602 Tray tower for | NA NA NA NA
Separation of
MEK/water
D602 C.A Condenser NA NA NA NA
Accumulator
D602 CHX | Condenser HX | Cooling Water | $212.74 5.2 gpm
D602 RB Reboiler Low Pressure 09 Ib/hr
Steam $25,041.68
D602 RP Reflux Pump Electricity $365.89 0.7 kW
D603 Tray Tower for | NA NA NA NA
Recycle of 2,3-
BDO
D603 C.A Condenser NA NA NA NA
Accumulator
D603 CHX | Condenser HX | Cooling Water | $721.38 17.8 gpm
D603 RB Reboiler Low Pressure 3.6 Ib/hr
Steam $97,563.24
D603 RP Reflux Pump Electricity $262.21 0.5 kW
Total $157,861.74
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Section 700: Distillation Separation: Pressure-Swing Distillation

Unit Type Utility type Utilities Requirement | Unit
cost ($/yr) S

ST701 MEK Storage NA NA NA NA
Tank

P701 Feed Pressure Electricity $177.05 0.3 kW
increase

P706 Recycle Pressure | Electricity $242.09 04 kW
increase

D701 Tray Tower for NA NA NA NA
Separation of
MEK

D701 C.A Condenser NA NA NA NA
Accumulator

D701 CHX | Condenser HX Cooling Water | $615.86 15.2 gpm

D701 RB Reboiler Medium $82,077.22 120 Ib/hr

Pressure Steam

D701 RP Reflux Pump Electricity $764.16 14 kW

D702 Tray Tower for NA NA NA NA
Separation of
Water

D702 C.A Condenser NA NA NA NA
Accumulator

D702 CHX | Condenser HX Cooling Water | $588.91 14.5 gpm

D702 RB Reboiler Low Pressure $3521758 | 1.3 Ib/hr

Steam

D702 RP Reflux Pump Electricity $326.49 0.6 kW

Total $120,009.36

Unaccounted For Energy Balance and Utility Requirements

Utility Type Relevant Cost ($/yr)
Quantity (Ib/hr)

Section 500

Cooling Water Used to Cooling Water 3000 $213.93

Drive P501

High Pressure Steam Used | High Pressure Steam 1000* $75,240.00

In Generation of Catalyst

Treatment of High Pressure | Wastewater treatment | 20* $1,504.80

Steam

Section 600

Treatment of S108 Wastewater treatment | 336.3 $399.474.76
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Overall Utilities by Section

Amount of Utilities Used

Utilities Quantity per Section
000 100 200 300
Steam, 450 psig | O 0 0 0
(Ib/hr)
Steam, 150 psig | 0.00 0 0 0
(Ib/hr)
Steam, 50 psig 0.0 0 0 0
(Ib/hr)
Cooling Water 1700 0 34 27.0
(gpm)
Electricity (kW) | 8751.0 4854.1 0.0 1080.8
Wastewater 0 0 0 0
Treatment (Ib
organic/hr)
Fuel Oil (Ib/hr) | 0.0 0 0 0
Utilities Quantity per Section
400 500 600 700 Total
Steam, 450 psig | O 109 0 0 109
(Ib/hr)
Steam, 150 psig | O 0 0.8 20 2.8
(Ib/hr)
Steam, 50 psig 8.7 0 4.5 1.3 14.5
(Ib/hr)
Cooling Water 352 2073.5 33.97 48.5 39214
(gpm)
Electricity (kW) | 933.8 1086.6 1.8 1.4 16709 .4
Wastewater 0 0.028 336.3 0.0 336.3
Treatment (Ib
organic/hr)
Fuel Oil (Ib/hr) |0 923686.2 0 923686.2
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Price of Ultilities Used
Utilities Cost per Section
000 100 200 300

Steam, 450 psig | $- $- $- $-
(Ib/hr)

Steam, 150 psig | $- $- $- $-
(Ib/hr)

Steam, 50 psig $- $- $- $-
(Ib/hr)

Cooling Water $69,065 $- $139 $1,098
(gpm)

Electricity (kW) | $4,740,662 $2,629,578 | $24 $585,494

Wastewater $- $- $- $-
Treatment (Ib
organic/hr)

Fuel Oil (Ib/hr) $- $- $- $-
Utilities Cost per Section

400 500 600 700 Total

Steam, 450 psig | $- $591,240 $- $- $591,240
(Ib/hr)

Steam, 150 psig $- $- $33,149 $82.,077 $115,.226
(Ib/hr)

Steam, 50 psig $236,041 $- $122,605 $35.218 $393.,863
(Ib/hr)

Cooling Water $1,430 $84,458 $1,136 $1,969 $159,296
(gpm)

Electricity (kW) | $505,871 $588,630 $972 $746

$9,051,976

Wastewater $- $1,505 $399 475 $- $400,980
Treatment (Ib
organic/hr)

Fuel Oil (Ib/hr) $- $203,716 $- $- $203,716
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9.0 UNIT DESCRIPTIONS

9.1 Fermentation Vessels

The front end of our process contains five fermentation vessels made to grow the
cells to their required mass for continuous operation in the CSTRs. Each fermenter
operates for long enough time for the cells to grow during their logarithmic phase to a
concentration of 200 mg/L. The batch fermentation vessels only need to perform two runs
a year, each time with fresh cl. autoethanogenum from the supplier. One batch vessel run
takes eighteen days.

F201 is the seed fermenter in this process. It is a carbon steel, vertical vessel with
a total volume of 15 gallons. It is inoculated with 0.1 mg of cl. Autoethanogenum and
charged with 83.4 pounds of water, 8.3 pounds of media, and 9.2 1bs/hr of steel mill gas.
The gas is fed through a fermenter bubbler to enable cell growth. A dimple jacket is used
to maintain the vessel at the optimum temperature of 98.6 °F. The batch schedule of this
vessel is as follows:

0.5 Days to fill and inoculate
3 Days of Cell Growth
0.5 Days to Harvest
1 Day to Clean and Sterilize
The total f.0.b. cost of this vessel was calculated to be $5,897 with a total bare
module cost of $24.,532. The contents of F201 are used to inoculate F202.
F202 is the second fermentation vessel in this process. It is a carbon steel, vertical
vessel with a total volume of 130 gallons. It is inoculated with 0.018 pounds of c!.
autoethanogenum and charged with 796 pounds of water, 80 pounds of media, and 79
Ibs/hr of steel mill gas. The gas is fed to the broth through a fermenter bubbler to enable
cell growth to its desired mass of 0.18 lbs. A dimple jacket is used to maintain the vessel

at the optimum temperature of 98.6 °F. The batch schedule of this vessel is as follows:

0.5 Days to fill and inoculate
2 Days of Cell Growth
0.5 Days to Harvest
1 Day to Clean and Sterilize
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The total f.0.b. cost of this vessel was calculated to be $11,837 with a total bare
module cost of $49,240. The contents of F202 are used to inoculate F203.

F203 is the third fermentation vessel in this process. It is a carbon steel, vertical
vessel with a total volume of 1,320 gallons. It is inoculated with 0.18 pounds of c!.
autoethanogenum. It is charged with 9009 pounds of water, 9009 pounds of media, and
806 lbs/hr of steel mill gas that is fed to the broth through a fermenter bubbler to enable
cell growth to its desired mass of 2 Ibs. A dimple jacket is used to maintain the vessel at
the optimum temperature of 98.6 °F. The batch schedule of this vessel is as follows:

0.5 Days to fill and inoculate
2 Days of Cell Growth
0.5 Days to Harvest
1 Day to Clean and Sterilize

The total f.0.b. cost of this vessel was calculated to be $29,677 with a total bare
module cost of $123,592. The contents of F203 are used to inoculate F204.

F205 is the fourth fermentation vessel this our process. It is a carbon steel, vertical
vessel with a total volume of 13,200 gallons. It is inoculated with 2 pounds of cl.
autoethanogenum. It is charged with 23,800 pounds of water, 2,380 pounds of media, and
8060 1bs/hr of steel mill gas fed through a fermenter bubbler to enable cell growth to its
desired mass of 2 pounds. A dimple jacket is used to maintain the vessel at the optimum
temperature of 98.6 °F. The batch schedule of this vessel is as follows:

0.5 Days to fill and inoculate
2 Days of Cell Growth
0.5 Days to Harvest
1 Day to Clean and Sterilize

The total f.0.b. cost of this vessel was calculated to be $86,528 with a total bare
module cost of $360,322. The contents of F204 are used to inoculate F205.

F204 is the fifth and final fermentation vessel in this process. It is a carbon steel,
vertical vessel with a total volume of 45,000 gallons. It is inoculated with 18 pounds of
cl. autoethanogenum and is charged with 300,300 pounds of water, 30,030 pounds of
media, and 27,479 lbs/hr of steel mill gas. The gas is fed through a fermenter bubbler to
enable cell growth to 67 pounds. A dimple jacket is used to maintain the vessel at the

optimum temperature of 98.6 °F. The batch schedule of this vessel is as follows:
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1 Day to fill and inoculate
3 Days of Cell Growth
1 Day to Harvest
2 Days to Clean and Sterilize
The total f.0.b. cost of this vessel was calculated to be $157,852 with a total bare
module cost of $656,555. The contents of F205 are used to inoculate five CSTRs. A
batch takes 18 days to produce one batch of cells including the loading of the seed

fermenter. Two batches of cells are grown per year.

9.2 Continuous Stirred Tank Reactors

2,3-Butanediol production occurs in the continuous stirred tank reactors. The
CSTRs are organized in two blocks of five, for a total of ten CSTRs operating in parallel.
Each CSTR is a carbon steel horizontal vessel with a total volume of 50,000 gallons and
an aspect ratio of five. CSTRs are first operated as batch processes and initially filled
with 40,000 gallons of fresh wet media. Each CSTR takes 1 day to fill to capacity.

Each CSTR is also charged with 66,066 lbs of broth and cells at a concentration
of 2 mg/L. This gives a starting concentration of 33 mg/L of cells for each CSTR. Steel
mill gas flows at 31,000 1b/hr through a CSTR bubbler. This batch operation continues
until the cells reach 2 g/L, the desired concentration for maximum BDO production. This
batch production takes 13 days.

Continuous operation is started once the desired steady state concentration is
achieved. Fresh media is fed at 5,000 gallons/hr, and fermentation broth is remove from
the reactor at the same rate. The gas flow rate constant at 30,532 pounds per hour. The
CSTR effluent contains 200 Ib/hr of biomass, which is separated used a disk-stacked
centrifuge. Of the biomass collected, 120 Ibs/hr is sent to a settling pond and 80 lbs/hr is
recycled back to the CSTR to maintain steady-state concentration. The cells are hearty
and can withstand the force of the centrifuge before being sterilized and disposed of at
the end of each year. The cell-free fermentation broth contains 400 Ibs/hr of BDO and
800 Ibs/hr of ethanol per CSTR.

Besides the difference in loading times, all of the ten CSTRs are identical and

operated continuously once the cells reach the desired cell concentration. The f.0.b. cost
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of each vessel was calculated to be $177,920 with a bare module cost of $737,790. This
leads to a total f.0.b. cost of $1,779,200 and total bare module cost of $7,377,900.

9.3 Simulated Moving Bed Chromatography

A simulated moving bed chromatography unit (SMB) is used to separate the cell
products from the fermentation broth leaving the CSTRs. The broth is free of cells and
contains mostly water with 4,000 Ibs/hr of BDO and 8,000 Ibs/hr ethanol. The SMB
works by separating alcohols and hydrocarbons from water. Please see Appendix C for
information on the corporate contact. The output to the SMB unit is be two streams- an
extract phase consisting of the alcohols butanediol and ethanol at a rate of 12,000 Ibs/hr
and a raffinate phase consisting of water and any leftover salts at a rate of 37,500 lbs/hr.
The extract, stream S81, is sent to a small distillation column for further separation and

the raffinate S80 is reused in the process. A typical unit is shown below.

Figure 9-1: (Orochem, 2012)

9.4 Storage Tanks

S101a is a storage tank designed to hold and transport dry media. It cylindrical,
carbon steel, vessel with a volume of 50,000 gallons, a height of 41.3 ft, and a diameter
of 13.8 ft. This vessel is designed to provide enough media for block 300 to operate
continuously for 1 day or to provide sufficient media for a fermentation batch. Dry

powder media leaves the storage tank at 4,170 Ibs/hr and is sent to the mixer through the
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use of blower SS101. It has a total f.0.b purchase cost of $165,626 and total bare module
cost of $689,003. A duplicate vessel exists to ensure adequate media storage.

ST102 is a storage tank designed to store the water media mixture until it is
supplied to a batch fermentation vessel in block 200. It is a cylindrical, carbon steel,
pressurized vessel with a volume of 50,000 gallons, a height of 41.3 feet and a diameter
of 13.8 feet. It is maintained at 40 °F through the use of a dimple jacket. ST102 keeps
water/media mixture stored at cool temperature until it is needed by components of block
200. Since one batch through block 200 takes approximately 18 days, media is kept at
ST102 for a maximum of approximately 19 days to include for loading time. It has a total
f.0.b purchase cost of $182,189 and total bare module cost of $757,903.

ST601 is a storage tank is designed to store 1,3-butadiene before it can be shipped
and sold. It is cylindrical, carbon steel, pressurized vessel with a volume of 50,000
gallons, a diameter of 23 4 feet. The hold-up time for this vessel is 7 days, accounting for
a shipping rate of once a week. It is highly pressurized at 65 psi to ensure the 1,3-
butadiene remains a liquid product. It is stored at room temperature. This vessel has a
total f.0.b. cost of $226,185 and total bare module cost of $940,923.

ST701 is a storage tank is designed to store methyl ethyl ketone before it can be
shipped and sold. It is a carbon steel, cylindrical, pressurized storage tank with a volume
of 21,000 gallons, a height of 31.8 feet and a diameter of 10.6 feet. The hold-up time for
this vessel is 7 days, accounting for a shipping rate of once a week. In order to keep this
product liquid, the tank is pressurized at 58 psi and kept at room temperature. This vessel
has a total f.0.b. cost of $115,638 and total bare module cost of $481,052.

ST401 is a storage tank is designed to store ethanol before it can be shipped and
sold. It is a carbon steel, cylindrical, pressurized storage tank with a volume of 116,717
gallons, a height of 56.3 feet and a diameter of 18.8 feet. The hold-up time for this vessel
is 4 days. In order to keep this product liquid, the tank is pressurized at 40 psi and kept at
room temperature. This vessel has a total f.0.b. cost of $267,531 and a total bare module

costof $1,112,928.
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9.5 Pumps

P101 is a carbon steel, centrifugal pump used to pressurize stream S10 at 921.5
gpm. The pressure of S10 is increased from 22 psi to 50 psi to allow the stream to pass
through the microfiltration unit, FT102, and then to the ST102 where it is kept for storage
until needed by the batch fermenters. Therefore, this pump is only needed twice a year
during batch operation. The pump is 74% efficient and uses 11.05 kW of electricity. The
estimated purchase cost of P101 is $4797 and the total purchase and installation cost is
$18.,406.

P102 is a carbon steel, centrifugal pump used to pressurize stream S16 at 738
gpm. The pressure of S16 is increased from 22 psi to 50 psi to allow the stream to pass
through FT'103, a microfiltration unit, to block 300. At full capacity, this pump operates
continuously to allow for the CSTRs to operate at steady state. The pump is 75% efficient
and uses 13.5 kW of electricity. The estimated purchase cost of P102 is $4475 and the
total purchase and installation cost is $16,836.

Pumps P201 to P205 are used to move the media and cell product between batch
fermenters. These pumps are in operation twice a year and only change the pressure of
the streams enough to pass the material to the next fermenter. Since the streams are
mostly water, the solid cell mass can be moved by a centrifugal pump.

P201 is a carbon steel, centrifugal pump, which is used to pressurize stream S28
at 0.02 gpm. The pressure of stream S28 is increased from 22 psi to 23 psi to ensure
enough pressure to traverse the pipeline from F201 to F202. This pump is also needed
once each batch fermentation cycle. The pump is 30% efficient and uses 2.3 * 1075 kW
of electricity. The estimated purchase cost is $3000 and the total purchase and installation
cost is $11,285.

P202 is a carbon steel, centrifugal pump, which is used to pressurize stream S30,
which is at .16 gpm. The pressure of stream S28 is increased from 22 psi to 23 psi, so it
has enough pressure to traverse the pipeline from F202 to F203. This pump is also
needed twice as year or once for each batch fermentation cycle. The pump is 30%
efficient and uses 2.9%10* kW of electricity. The estimated purchase cost of P202 is
$4390 and the total purchase and installation cost is $16,517.
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P203 is a carbon steel, centrifugal pump which is used to pressurize stream S32,
The pressure of stream S32 is increased from 22 psi to 23 psi, so it has enough pressure
to traverse the pipeline from F203 to F204. This pump is also needed twice as year or
once for each batch fermentation cycle. The pump is 30% efficient and uses 2.4%107° kW
of electricity. The estimated purchase cost of P203 is $9478 and the total purchase and
installation cost is $35,658.

P204 is a carbon steel, centrifugal pump, which is used to pressurize stream S34,
which is at 4.8 gpm. The pressure of stream S32 is increased from 22 psi to 23 psi, so it
has enough pressure to traverse the pipeline from F204 to F205. This pump is also
needed twice as year or once for each batch fermentation cycle. The pump is 30%
efficient and uses electricity at 6.5 x 1073 kW. The estimated purchase cost of P203 is
$6152 and the total purchase and installation cost is $23,146.

P205 is a carbon steel, centrifugal pump used to pressurize stream S32. The
pressure of stream S32 is increased from 22 psi to 23 psi, so it has enough pressure to
traverse the pipeline from F204 to F205. This pump is needed twice as year or once for
each batch fermentation cycle. The pump is 35% efficient and uses 0.3 kW of electricity.
The estimated purchase cost of P203 is $3540 and the total purchase and installation cost
is $13,317.

P301 is a carbon steel, centrifugal pump that is used to pressurize stream S50. The
pressure of stream S50 is increased from 22 psi to 50 psi so as to pass through the
stacked-disk centrifuge and continue to block 400. This pump operates continuously. The
pump is 50% efficient and uses 2 kW of electricity. The estimated purchase cost of P301
is $3000 and the total purchase and installation cost is $11,283. Each CSTR has a this
pump.

P401 is a carbon steel, centrifugal pump that is used to pressurize stream S60. The
pressure of stream S50 is increased from 22 psi to 50 psi so it has enough pressure to
travel through FT401, the simulated moving bed chromatography unit and onwards. This
pump operates continuously. The pump is 73% efficient and uses 10 kW of electricity.
The estimated purchase cost of P301 is $4391 and the total purchase and installation cost

is $16,520.
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9.6 Heaters

H101 is a carbon steel, electricity-power heater with horizontal carbon steel tubes.
It is used to heat wet media in stream S14 from 68 °F to the optimal temperature of 98 °F
before being used in the batch fermenters in section 200. The flowrate through H101 can
vary depending on the fermentation batch vessel, but the maximum flow rate is 304,166
Ibs/hr. It uses electricity to heat the wet media with a power usage of 111 kW and a
thermal efficiency of 80% only during the batch fermentation period. H101 costs $3,308
and has a total purchase and installation cost of $3,561.

H102 is a carbon steel, electricity-power heater with horizontal carbon steel tubes.
It is used to heat cold wet media in stream S17 from 68 °F to its optimal temperature of
98 °F before being used in the continuous CSTR reactions in section 300. The flowrate
through H102 is 417,600 lbs/hr. It uses electricity to continuously heat the wet media
with a power usage of 3666 kW and a thermal efficiency of 80%. H102 costs $25,232
and has a total purchase and installation cost of $90,981.

HS505 is designed to heat a mixed water and steam stream flowing at 20,0001b/hr
to steam at 14 psi and 1200°F. During plant startup, the water is heated from cooling
water to steam. This cooling water, at 14 psi and 86°F is then passed through the heater
several times to bring the temperature to 1202°F. This heating technique f.0.b. cost is
$27,889, with a bare module cost of $69,629. Once the desired temperature of steam is
achieved, the heater is then to heat the reactors in this section, modeled as catalyst-packed
heat exchangers. The heater is designed to deliver a duty of 2181.08 MBTU/hr, which
will heat the reactor exit stream from 911°F to1202°F. The steam is then recycled back to
the heater to bring the temperature back to 648.89 Celsius. It assumed that 2,000,000 Ibs
of water will be sufficient to fill the piping of the system and achieve the desired flow
rate of 20,000 Ibs/hr. The initial cost of this water at $0.075/1000 gallons will be
negligible at $1,424.43. We will use No 4. Fuel Oil, which has a higher heating value of
18,701 BTU/Ib and costs $0.22/1b. Therefore, using the required duty, the annual cost
will be $203,715.63.
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9.7 Reactors

The six reactors operate at 932°F and 70mmHg. Due to the low operating
pressure of the reactor, a large volume is needed, too large for one reactor alone. The
total calculated reactor volume was 509.5 ft’, which was obtained using the reactor
residence time of 1.4s, the density of the effluent gas, 0.00315 Ib/ft’, and the flow rate of
the effluent, 4127.9 Ibs/hr (Winfield, 1945). Each individual reactor has a volume of 170
ft’. The multiple reactors ensure that 1,3-butadiene will continuously be produced. At any
one time, three reactors are in operation while the catalyst in the other three is being
regenerated. Regeneration is performed by passing steam at 932°F over the catalyst for
two hours.

In a single reactor, there are 1557 tubes of 1-inch diameter that are 20 ft long, for
a surface area of 8152 ft*. The shell side pressure is 0.304 psi. Using these specifications,
the f.0.b. cost of a single reactor vessel is calculated to be $58,694 and the total bare
module cost was calculated to be $212,110. Three reactions occur in the reactor, two of
which are endothermic and one of which is exothermic. There is 62.1% conversion of
BDO to 1,3-Butadiene and water, 26.2% conversion to MEK and water, and 8.4%
conversion to methyl vinyl carbinol and water. The heats of reaction for these reactions
respectively are 107904 kJ/kmol, 1482 kJ/kmol, and -21,6755 kJ/kmol.

The amount of thorium oxide catalyst used in each reactor was calculated using
the reactor volume, surface area of catalyst, 55 m?% gram, and density of the catalyst, 8.6
g/cm’. The amount of catalyst used per reactor is 336 kg, which at a price of $5.745/g

results in a catalyst price of $1.93MM.

9.8 Distillation Columns

The purpose of D401 is to remove 1,3-butadiene as the distillate product at a
purity of 99.3%, flow rate 1550 Ib/hr, temperature of 107°F, and pressure of 65 psi. The
condenser duty is -1065.6 MBtu/hr and the reboiler duty is 794.2 MBtu/hr. The bottoms
product leaves at a temperature of 282°F and pressure of 70 psi. There are 21 stages and

19 sieve trays. The height of the column is 56 ft and it has a diameter is 1.5 ft. The
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column is made of carbon steel, has a tray efficiency of 0.7, tray spacing of 2 ft, and
theoretical stage pressure drop of 0.1 psi. The feed to the column is on stage 9. There is a
total condenser and a kettle reboiler. Additionally, the pressure drop in the condenser is 3
psi.

The purpose of C603 is to remove the MEK as distillate product at its azeotropic
composition of approximately 13% water and 87% MEK at 17 psi. The flow rate of this
stream is 929.8 1b/hr. The condenser duty is -1121.6 MBtu/hr and the reboiler duty is
961.4 MBtu/hr. The bottoms product leaves at a temperature of 232°F and a pressure of
23 psi. There are 39 stages and 37 sieve trays. The height of the column is 114 ft and
diameter is 2 ft. It is made of carbon steel, has a tray efficiency of 0.7, tray spacing of 2
ft, and theoretical stage pressure drop of 0.1 psi. The feed to the column is on stage 32.
There is a total condenser and a kettle reboiler. Additionally, the pressure drop in the
condenser is 3 psi.

Columns C701 and C702 separate the MEK from water at the azeotropic
concentration. The first column C701 removes the MEK as a 99.99% pure product in the
bottoms. The flow rate of the MEK product is 8091b/hr at 106 psi. The column has 23
stages and 21 sieve trays. The feed stage is stage 6 for both the recycle from the lower
pressure column C702 as well as the feed from the previous tower C603. The height and
diameter of the column are 68 ft and 2 ft, respectively. The column is made of carbon
steel, with a tray efficiency of 0.7 and tray spacing of 2 ft, and a theoretical stage pressure
drop of 0.1 psi. The reflux ratio is 3. There is a total condenser and a kettle reboiler.
Additionally, the pressure drop in the condenser is designed to be 3 psi.

The distillate is sent to the second column, which removes the water as the
bottoms product at a flow rate of 120 Ib/hr. The second column operates at a pressure of
1.6 bar. The column has 33 stages and 31 trays. The feed stage is stage 15. The height
and diameter of the column are 96ft and 2.5ft respectively. The column is made of carbon
steel, with a tray efficiency of .7 and tray spacing of 2ft, and theoretical stage pressure
drop of .1 psi. The reflux ratio is 3. There is a total condenser and a kettle reboiler.
Additionally, the pressure drop in the condenser is 3 psi. The pressure-swing distillation
towers are only useful to recover MEK as a product for sale. We consider not separating

MEK for profit in the next sections.
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9.9 Mixing Tanks

MI101 is a mixing tank designed to agitate the dry media and water to a wet media
mixture. It is a cylindrical, carbon steel, pressurized vessel with a volume of 15,000
gallons, a height of 27.8 ft and a diameter of 9.3 ft. During continuous operation, 416,700
pounds/hr goes through the mixer with a residence time of 18 minutes before exiting as
wet media in stream S16. During batch operation, 333,600 pounds/hr goes through the
mixer with a residence time of 22 minutes before exiting as wet media in stream S10.
There is also an agitator that runs at 3 kW in order to mix the solids and liquids
efficiently. The agitator costs $4,170 and is included in the purchase cost of the tank.
M101 has a total purchase cost of $95,706 and a total purchase and installation cost of
$384.,960.

9.10 Compressors

C001 is a cast iron, centrifugal compressor that is used to compress hot
flue gas from steel mill to 30 psi. The flowrate into the compressor is 310,000 Ib/hr
and it has an efficiency of 72%. The compressor has an electricity usage of 8751 kW.
CO001 has an estimated purchase cost of $3,528,002 and a total purchase and
instillation cost of $7,585,376.

C501 is carbon steel, centrifugal, compressor, which is used to compress cooled
reactor effluent from the distillation columns. The flowrate into the compressor is
4321 lbs/hr and an efficiency of 72%. The compressor has an electricity usage of
519 kW. C501 has an estimated purchase cost of $368,126 and a total purchase and
installation cost of $902,278.

9.11 Heat Exchangers

HXO001 is a shell-and-tube heat exchanger fabricated from cast iron. It is used to
cool the steel mill gas to 98 °F at 22 psi. The flue gas enters at 770 °F and exits at 98 °F.
The cold stream enters at 45 °F and exits at 88 °F. This process transfers 6,710,000
BTU/hr of heat. HX001 has an estimated purchase cost of $21,211 and a total purchase
and installation cost of $68,301.
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HX502 is a shell and tube heat exchanger fabricated from carbon steel. It is used
to recover heat from compression to use for a reboiler. The hot stream enters at 1341 °F
and exits at 194 °F. The cold stream enters at 90 °F and exits at 760 °F. This process
transfers 4,061,080 BTU/hr of heat. HX502 has an estimated purchase cost of $58,694
and a total purchase and installation of $212,1009.

D603 is a total condenser for the distillation tower D603 fabricated from carbon
steel. It uses water, at a flowrate of 3,000 Ib/hr to condense the distillate of the THIRD
DISTILLATION tower. The distillation tower’s distillate exits at 240 °F with a flowrate
of 71 Ibs/hr. The cooling water enters at 90 °F and exits at 120 °F. This process transfers
226,218 BTU/hr of heat. The estimated purchase cost is $550,689 and the total purchase
and estimation cost of $627,786.

D601 is a total condenser for distillation tower D601 fabricated from carbon steel.
It uses water at a flowrate of 8,880 lbs/hr as the cold stream. The distillate is at a flowrate
of 137 and enters the condenser at 137 °F and exits at 107 °F. This process transfers
74,586 BTU/hr of heat. The estimated purchase cost of D601 is $25,190 and it has a total
purchase and installation cost of $57,214.

D602 is a total condenser to for the distillation tower D602 tower fabricated from
carbon steel. It uses water at a flowrate of 2,487 Ibs/hr that enters the condenser at 90 °F
and exits at 120 °F. The distillate is cooled from 198 °F to 170 °F and it is a flowrate of
930 Ibs/hr. This process transfers 78,150 BTU/hr. The estimated purchase cost of D602 is
$4.,469 and it has a total purchase and installation cost of $5,340.

D401 is a total condenser for the distillation tower D401. It uses water at a
flowrate of 17,902 Ibs/hr that enters the condenser at 90 °F and exits the condenser at 120
°F. The distillate enters the condenser at a flowrate of 7,996 Ibs/hr at 198 °F and exits at
170 °F. This process transfers 78,510 BTU/hr of heat. The estimated purchase cost of
D401 is $502,838 and the total purchase and installation cost is $593,755.

HX501 is carbon steel, electric heat exchanger used to heat feed to the reactor,
R501, during start-up conditions. This feed is 4,132 Ibs/hr of 1,3- butanediol that is
heated from 257 °F to 572 °F. It uses electricity at a rate of 47,334 BTU/hr to provide the

heat. This unit is a conditional, continuous unit that is only in operation during project
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start up. The estimated purchase cost of HX501 is $4724 and the total purchase and
installation cost is $5,669.

D701 is a carbon steel total condenser used to condense the distillate from
distillation tower, D701. Water is used on the cold side at a flowrate of 7,579 1bs/hr and
enters at 90 °F and exits at 120 °F. The distillate has a flowrate of 1,475 1bs/hr and enters
at 310 °F and exits at 278 °F. D701 has a heat duty of 227,278 BTU/hr. The estimated
purchase cost of D701 is $4,724 and the total purchase and installation cost is $5,669.

D702 is a carbon steel total condenser used to condense the distillate from the
distillation tower, D702. Water is used on the cold side at a flowrate of 7,250 1bs/hr and
enters at 90 °F and exits at 120 °F. The distillate has a flowrate of 1,255 lbs/hr and enters
at 205 °F and exits at 173 °F. D701 has a heat duty of 210,330 BTU/hr. The estimated
purchase cost of D701 is $4,348 and the total purchase and installation cost is $5,089.

HX502 is carbon steel, shell and tube heat exchanger used to preheat the feed to
the reactor, R501 with effluent heat from the reactor. This feed is 4,132 lbs/hr of that is
heated from that is heated from 245 °F to 572 °F. The hot stream 1is at 4,132 Ibs/hr and is
cooled from 932 °F to 652 °F. This unit is has a heat duty of 47,334 BTU/hr. The
estimated purchase cost of HX501 is $3,854 and the total purchase and installation cost is

$7,584.
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10.0 COSTING SUMMARIES
10.1 EQUIPMENT COST SUMMARY

The total bare module costs were calculated for each process unit using the
Guthrie method. This estimation involves finding the f.0.b. equipment cost and
modifying the price by a bare module factor, which adjusts for indirect costs associated
with the setup of equipment on site. The correlation equation used to calculate bare
module cost was obtained in Seider et al. and based on 2006 costing data.
Correspondingly, the bare module costs were adjusted using the CE index of today,
which is taken to be 570. The total bare module cost for the process was calculated to be

$58,175,107.

Section Total Bare Module Investment
000 $7,653,677

100 $3,599,764

200 $1,314,344

300 $12,178,958

400 $14,016,860

500 $13,938,042

600 $3,363,827.86

700 $2,109,634.63

Total $58,175,107

Table 10-1: Total bare module investment.

Additionally, the itemized bare module costs are shown for the each of the seven plant

sections in the following tables.
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CO Fermentation for the Formation of BDO

Section 000: Steel Mill Gas Cooling

Unit Type F.0.b Purchase Cost | Bare Module
Cost ($)
HXO001 Cool Gas Feed to Fermenters | $21,211 $68.,301
C001 Compresses Air $3,528,082 $7,585,376
Total $3,549,293 $7,653,677
Section 100: Media Mixing System
Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
ST101a Storage Tank $165,626 $689,003
ST101b Storage Tank $165,626 $689,003
SS101 pneumatic conveying $827,361
system
B101 Blower $9,320
FT101 Water Filter $50,600
M101 Mixing Tank $91,536 $380,790
MI101' Mixing Tank agitator $4,177 (Contained in
M101 BM)
P101 Pump $4,797 $18.,406
P102 Pump $16,836
FT102 Ultra filtration $6.,000
FT103 Ultra filtration $60,000
H101 HTX $3,561
H102 HTX $90,981
ST102 Storage Tank $182,189 $757.903
Total $613,951 $3,599,764
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Section 200: Batch Fermentation

Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
P201 Pump $3,000 $11,285
P202 Pump $4,390 $16,517
P203 Pump $9,478 $35,658
P204 Pump $6,152 $23,146
P205 Pump $3,540 $13,317
F201 Horizontal Column $5,897 $24 532
F202 Horizontal Column $11,837 $49 420
F203 Horizontal Column $29.677 $123.592
F204 Horizontal Column $86,528 $360,322
F205 Horizontal Column $157,852 $656,555
Total $318,351 $1,314,344
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Section 300: CSTR and Cell Recycle Close-up

Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
CR301 CSTR $177,920 $737,790
CR302 CSTR $177,920 $737,790
CR303 CSTR $177,920 $737,790
CR304 CSTR $177,920 $737,790
CR305 CSTR $177,920 $737,790
CR306 CSTR $177,920 $737,790
CR307 CSTR $177,920 $737,790
CR308 CSTR $177,920 $737,790
CR309 CSTR $177,920 $737,790
CR310 CSTR $177,920 $737,790
P301 Pump $3,000 $11,283
P302 Pump $3,000 $11,283
P303 Pump $3,000 $11,283
P304 Pump $3,000 $11,283
P305 Pump $3,000 $11,283
P306 Pump $3,000 $11,283
P307 Pump $3,000 $11,283
P308 Pump $3,000 $11,283
P309 Pump $3,000 $11,283
P310 Pump $3,000 $11,283
TF301 Disk Stack Centrifuge $125,000 $170,672
TF302 Disk Stack Centrifuge $125,000 $170,672
TF303 Disk Stack Centrifuge $125,000 $170,672
TF304 Disk Stack Centrifuge $125,000 $170,672
TF305 Disk Stack Centrifuge $125,000 $170,672
TF306 Disk Stack Centrifuge $125,000 $170,672
TF307 Disk Stack Centrifuge $125,000 $170,672
TF308 Disk Stack Centrifuge $125,000 $170,672
TF309 Disk Stack Centrifuge $125,000 $170,672
TF310 Disk Stack Centrifuge $125,000 $170,672
SS301 pneumatic c.S. $200,567 $248.,459
SS302 pneumatic c.S. $200,567 $248.,459
SS303 pneumatic c.S. $200,567 $248.,459
SS304 pneumatic c.S. $200,567 $248 459
SS305 pneumatic c.s. $200,567 $248.,459
SS306 pneumatic c.s. $200,567 $248.,459
SS307 pneumatic c.s. $200,567 $248.,459
SS308 pneumatic c.s. $200,567 $248.,459
SS309 pneumatic c.s. $200,567 $248.,459
SS310 pneumatic c.S. $200,567 $248.,459
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Cont.
Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
SS311 pneumatic c.S. $200,567 $248.,459
SS312 pneumatic c.S. $200,567 $248.,459
Total $5,466,004 $12,178,958
Section 400: Moving Bed Chromatography Separation
Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
P401 Pump $4,391 $16,520
FT401 Membrane Separation Unit $6,000,000 $12,000,000
ST401 Storage Tank $267,531 $1,112,928
D401 Separation of Ethanol from $520,838 $593.,755
2,3-BDO
D401 C.A Condenser Accumulator $20,020 $52,347
D401 CHX Condenser HX $27,098 $99.231
D401 RB Reboiler $37,922 $131,080
D401 RP Reflux Pump $2.,924 $10,999
Total $6,880,724 $14,016,860
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Formation of 1,3-Butadiene via Thermo-Catalytic Conversion of BDO

Section 500: Thermo Catalytic Conversion

Unit Type F.0.b Purchase Cost | Bare Module
Cost ($)

VS501 Two-stage Steam-jet $17,991.28 $17,991.28
ejector

HX502 (1) Reactor Vessel $58.,694 .42 $212,10991

HX502 (2) Reactor Vessel $58,694 .42 $212,10991

HX502 (3) Reactor Vessel $58,694 .42 $212,10991

HX502 (4) Reactor Vessel $58,694 .42 $212,10991

HX502 (5) Reactor Vessel $58.,694 .42 $212,109.91

HX502 (6) Reactor Vessel $58.,694 .42 $212,109.91

HX504 Heat Source for Reactors $27.,889.63 $69,629.25

Recycled Used in Reactor HX/Fired $1.,424 .43

Water Heater System

Catalyst Catalyst $11,566,212.70

C501 Compressor to First $368,126.54 $902,278.15
Distillation Column

HX502 Reactor Effluent Heat $3,196.78 $3.853.87
Recovery

HX503 Compressor Effluent Heat $28.,003.36 $101,566.86
Recovery

HX501 Startup Heater $4.724.71 $5,669 44

P501 Pressure increase of $3.920.12 $14.,747 49
Cooling Water to HX

Total $788,028 $13,938,042
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Section 600: Distillation Separation: 1,3-Butadiene Recover

Unit Type F.0.b Purchase Bare Module Cost
Cost )]
ST601 storage tank $226,185.00 $940,923.00
D601 Tray tower for Separation of 1,3- | $531,370.98 $605,762.92
Butadiene
D601 C.A Condenser Accumulator $21,615.52 $57,214.79
D601 CHX | Condenser HX $25,190 45 $91.,445.51
D601 RB Reboiler $4,516.94 $5,335.77
D601 RP Reflux Pump $2.941.41 $11,065.59
D602 Tray tower for Separation of $624.635.34 $712,084.29
MEK/water
D602 C.A Condenser Accumulator $21,615.52 $57,214.79
D602 CHX | Condenser HX $4.468.90 $5,339.75
D602 Reboiler $4,110.86 $4,870.15
Reboiler
D602 RP Reflux Pump $2.,983.78 $11,224.98
D603 Tray Tower for Recycle of 2,3- $550,689.18 $627,785.67
BDO
D603 C.A Condenser Accumulator $21,615.52 $57,214.79
D603 CHX | Condenser HX $4.769.38 $5,698.80
D603 RB Reboiler $43,800.50 $159,328.95
D603 RP Reflux Pump $3,008.54 $11,318.14
Total $2,093,517.84 $3,363,827.86
Section 700: Distillation Separation: Pressure-Swing Distillation
Unit Type F.0.b Purchase Cost Bare Module
Cost ($)
ST701 MEK Storage Tank $115,638.00 $481,052.00
P701 Feed Pressure increase $3,574.87 $13,448.66
P706 Recycle Pressure increase $3.360.55 $12.,642.39
D701 Separation of MEK $552,961.59 $630,376.21
D701 C.A Condenser Accumulator $21,615.52 $57,214.79
D701 CHX Condenser HX $4.724.71 $5,669 44
D701 Reboiler $35,081.02 $126,323.16
Reboiler
D701 RP Reflux Pump $2.923.80 $10,999.32
D702 Separation of Water $608,087.12 $693,219.32
D702 C.A Condenser Accumulator $21,615.52 $57,214.79
D702 CHX Condenser HX $4,347.56 $5,089.38
D702 RB Reboiler $4,408.86 $5,223.19
D702 RP Reflux Pump $2.967.03 $11,161.98
Total $1,381,306.16 $2,109,634.63
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10.2 FIXED CAPITAL SUMMARY

The total capital investment was calculated to be $126.2MM. To calculate the
total of direct permanent investment (DPI), three additional costs, the Cost of site
preparation, cost of service facilities, and allocated costs for utility plants and related
facilities, were calculated. The cost of site preparation was assumed to be 7% of the total
bare-module cost since the plant is being integrated with an existing steel mill plant
facility. The cost of service facilities was assumed to be 6% of TBM since these costs are
considered to be some of the largest in the construction of the plant. The allocated costs
for utility plants and related facilities was calculated using the total steam requirement of
28 1b/hr, electricity requirement of 16.7 MW, cooling water of 3921.4 gpm, and total
process water of 748.9 gpm. These values were used in the correlations presented in
Seider et. Al. From DPI, the total depreciable capital (TDC) is calculated by adding the
cost of contingencies and contractor’s feed, which is assumed to be 18% of DPI. The next
important number calculated is the total permanent investment, TPI. This is calculated by
adding the cost of land, cost of initial royalties, and cost of plant startup, each assumed to
be 2% of TDC. Since the site is in China, there is no adjustment made to the TPI number.
Finally, working capital is added to the TPI to get the total capital investment

Working capital is calculated as the sum of cash reserves inventory and accounts

receivable minus accounts payable, as presented in Seider, et. Al.

66



10.0 Cost Summaries Bender, Hellstern, Roman

Total Bare-Module Investment, TBM $58,175,107.50
Cost Of Site Preparation ("substantial": $4,072,257.52
0.07*TBM)

Cost of Service Facilities ("substantial": $3,490,506.45
0.06*TBM)

Allocated Costs for Steam $12,292.73
Allocated Costs for Electricity $26917,326.23
Allocated Costs for Cooling Water $277,677.63
Allocated Costs for Process Water $862,083.38
Total of Direct Permanent Investment, DPI $93 807,251 .44
Cost of Contingencies and Contractor's fees $16,885,305.26
(0.18*DPI)

Total Depreciable Capital, TDC $110,692,556.70
Cost of land (0.02*TDC) $2,213,851.13
Cost of royalties (0.02*TDC) $2,213,851.13
Cost of plant startup (0.02*TDC) 2,213,851.13
Total Permanent Investment, TPI $117,334,110.10
Working Capital (See Working Capital Table) $8,874,233.54
Total Capital Investment, TCI $126,208,343.65
Working Capital Calculation Cost

Cash Reserves $3.828,365.78

Inventories $1,091,860.08

Accounts Receivable $4.737,080.43

Accounts Payable $783,072.7475

Working Capital $8.874,233.54

10.3 COMPUTATION OF ANNUAL GROSS PROFIT

Annual gross profit was calculated by taking the difference between annual sales
and annual production costs. Sales and costs were estimated using prices for the Asian
Market in accordance with the theoretical location of our plant. The process produces
1550 Ib/hr of 1,3-butadiene at $2100/metric ton, 810 1b/hr of MEK at $1700/metric ton,
and 8000 Ib/hr of ethanol at $1400/metric ton, to produce annual revenues of $11.7
MM/yr, $4.9 MM/yr, and $40.2 MM/yr respectively. Therefore total annual sales are
$56.9 MM/yr.
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Sales( China)
1,3-Butadiene ($2100/metric ton) $11,690,456.72
MEK ($1700/metric ton) $4,941,385.10

Ethanol - Commodity ($1400/metric ton)

$40,235,870.45

Total

$56,867,712.28

Total production costs were calculated using the method outlined in Seider et. Al

to be $52.7MM/yr. Total production costs were calculated by summing feedstock,

utilities, operations, maintenance, property taxes and insurance, depreciation, and general

expense costs.

Cost Factor

Annual Cost

Feedstock (Raw Materials) $9.,400,633.22
Dry Media $9,260,633.22

Steel Mill Gas $-

Cells $140,000.00

Water $267406.96

Utilities $10,916,296.11
Steam, 450 psig $591,240.00

Steam, 150 psig $115,225.76

Steam, 50 psig $393,863.14

Cooling Water $159,295.56

Electricity $9,051,976.46

Wastewater Treatment $400,979.56

Fuel Oil $203,715.63

Operations (O) $2.642.640.00

Direct wages and benefits (DW&B)

$2,184,000.00

Direct salaries and benefits (0.15*DW&B) $327,600.00
Operating supplies and services (0.06*DW&B) $131,040.00
Technical Assistance to Manufacturing $-
Control Laboratory $-

Maintenance (M)

$11,456,679.62

Wages and benefits (MW &B), Solids-fluids handling
process

$4,981,165.05

Salaries and benefits

$1,245,291.26

Materials and Services

$4,981,165.05

Maintenance Overhead $249,058.25

Operating Overhead $1,135,705.63
General plant overhead $353,662.72

Mechanical department services $119,547.96

Employee Relations Department $293,888.74

Business Services $368.,606.21

Property taxes and insurance

$2,213,851.13
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Contd.

Depreciation $8.,192.967.17
Direct Plant $6.205,655.07

Allocated Plant $1,987.312.10

COM $45,958,772.88
General Expenses $6,710,390.05

Selling (or transfer) expense

$1,706,031.37

Direct research

$2,729,650.19

Allocated research $284,338.56
Administrative expense $1,137,354.25
Management incentive compensation $853,015.68

Total Production Cost

$52,669,162.93

Feedstock costs was comprised of dry media, steel mill gas, process water, and

cells, presented in the tables below.

Total Feedstock Quantity Cost ($/yr)
Cost
Dry Media 333600 Ib/hr $9,260,633.22
Process Water 375,000 Ib/hr $267,406.96
Cells 0.1mg/twice a year $140,000.00
Flue Gas 305,320 Ib/hr $-
Media Calculations
Media (L) 10
2.64
Density (Ibs/gallon) 18
Ibs 47.55
total 1bs needed 333600
total loads 7015.63
cost per unit $4.00
cost per day $28,062.52
cost (yr) $9,260,633.22

Utilities used were steam at 450 psi, 150 psi and 50 psi, cooling water, electricity,

wastewater treatment, and No. 4. fuel oil. Per unit costs are available from Seider, et. Al.

The largest operations cost was direct wages and benefits (DW&B), which was

calculated assuming two operators/per plant section, three plant sections, and an hourly
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wage of 35%/hr. Please refer to the following table. for more details about assumptions. In
addition to DW&B, direct salaries and benefits (15% of DW&B) and operating supplies
and services (6% of DW&B) were calculated.

Operations Value

Process Type Continuous, Solids-
fluids Processing

Number of Operators Per Process 2

Section

Number of Sections 3

Number of Operators/shift 6

Shifts 5

Hours Worked/(Operator*Year) 2080

Hourly Wage 35

DW&B ($/year) $2,184,000.00

There were four contributions to maintenance costs. Wages and benefits
(MW &B) was assumed to be 4.5% of TCI because our process requires handling of both
solids and fluids. Salaries and benefits were assumed to be 25% of MW &B. Materials
and services cost was assumed to be equal to MW &B. Maintenance overhead was
assumed to be 5% of MW&B.

There were four contributions to operating overhead as well. The four
contributors are general plant overhead, mechanical department services, employee
relation’s department costs, and business services costs. The cost associated with these
factors was assumed to be 7.1%,2.4%,5.9%, and 7.4% of MW&B, respectively.

Property taxes were assumed to be 2% of TCI.

Depreciation was assumed to be comprised only of direct and allocated plant
costs. Direct plant costs were assumed to be 8% of the difference between allocated costs
for utility plants and related faculties subtracted from TCI.

Finally, there were five contributors to general expenses, all of which were
assumed to cost a certain percentage of sales. Selling expense, direct research, allocated
research, administrative expense, and management incentive compensation were assumed
to be 3%,4.8%,0.5%,2%, and 1.5% of sales, respectively.

Therefore, gross profit is the difference in sales and total production costs,

estimated to be $4.2MM/yr in China.
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11.0 ECONOMIC ANALYSIS

11.1 Economic OQverview

The centerpiece of the economic analysis of the plant is the cash flow analysis.
Additionally, two profitability ratios, ROI and payback period, were calculated to
determine the profitability of our system. Additionally, the sensitivity of the profitability
to product pricing was examined.

Using the costs and sales numbers previously calculated in section 10, as well as
assuming a required rate of return of 15% and a tax rate of 40%, ROI was calculated to

be 2%. ROl is defined as after-tax profit/TCI. The payback period was calculated to be

10.3 years.

Ratio Value
Return on Investment (ROI) 2.00%
Payback Period 10.33
Assumptions Value
Tax rate 40%
Required Return on Investment 15%

Finally, a cash flow analysis was performed, from which and IRR and NPV were
calculated. We assume a plant life of 30 years and that plant construction is evenly spread
out over three years. In addition, the initial working capital is assumed to be bought at the
end of year three. The cost of land is incurred at the end of year one. Startup costs are
incurred at the end of year three. Additionally, since we are using a proprietary
LanzaTech technology, we assume that 3% of sales will be required to pay royalties for
the first ten years of operation. We also assume that the first year’s sales and production
costs are 50% of the maximum sales and the second year’s sales and production costs are
75% of the maximum sales.

For the NPV calculation, the required rate of return was assumed to be 15%.
Given the above assumption, a negative NPV of 74.4 MM was obtained. The IRR was
calculated by setting the NPV of the project to $0, and the IRR obtained was 0.7%.
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11.2 Alternative Process Considerations

Moving Bed Chromatography Separation

The fermentation product contains 1% BDO at the exit of the CSTR. Since the
reaction is held in nearly vacuum conditions, the BDO must be concentrated to keep the
reactor as small as possible. Two primary methods were examined- classic separation
using a large distillation tower and the simulated moving bed chromatography unit
presented earlier in this report. Since the primary objective in this process was to increase
profitability, capital costs and operating costs were compared. For the classic distillation
method, there is total purchase and installation cost of $4,127,090 but a staggering yearly
operating cost of $3,114,380. This was a result of the energy intensive process of boiling
out the water in the CSTR output stream. The SMB system had a high initial capital
investment of $12,539,600, but had a much lower yearly operating cost of $737,685. The
large disparity in the yearly operating costs were compared against the lifetime of our
plant. By year six, the SMB process is cheaper than the distillation process with a total
capital and operating cost of $15,490,340 compared to $16,584,610 respectively. After
twenty years, the SMB process is cheaper than the classic distillation process by $36
million. With these results in mind, the SMB process with the small distillation tower was
chosen to be the process of choice for creating a nearly pure BDO stream from the CSTR

outputs.

Variable Product Pricing

A sensitivity analysis was run to determine the profitability of the process under
variable ethanol and 1,3-butadiene prices. If there is a 50% increase in both the price of
ethanol and 1,3-Butadiene, the IRR of the process rises to 14.3%, which is very close to
the required rate of return of 15%. Another point of note is that the process actually
becomes more profitable if the price of ethanol decreases by 10% and the price of 1,3-
Butadiene increases by 40%, with the IRR going from 0.7% to 1.3%, which shows that
profitability of the process mainly depends on the price of ethanol, which is to be

expected because ethanol comprises over 70% of annual revenues. The main take away
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from this analysis is that under certain circumstances, it is not unreasonable to believe

that this process may be profitable enough to be a viable investment.

IRR
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1 25% 33% 4.1% 4.9% 56% 63% 69% 7.5% 8.1% 8.7% 9.3%
1 52% 59% 6.6% 72% 78% 84% 9.0% 95% 101% 106% 11.1%
1 75% 8.1% 8.6% 9.2% 98% 103% 108% 113% 11.8% 123% 12.8%
2 95% 100% 105% 11.0% 115% 120% 125% 130% 134% 139% 143%
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12.0 OTHER IMPORTANT CONSIDERATIONS

12.1 PLANT STARTUP

This plant begins with a batch process, then transitions to a steady-state
continuous operation. Each complete fermentation takes 18 days to complete, and it can
inoculate five CSTRs at once. It is reasonable to conclude startup time until continuous
operation will be less than two months. The reactor must be preheated using a heating
recycle system while the CSTRs are growing cells to the correct concentration. Since
equipment is being used for two purposes, it is also important to maintain constant and

clear communication so that the valves direct the material flow in the right direction.

12.2 PROCESS SAFETY

During batch preparation, it is important that all the valves are switched for the
appropriate directions so that the equipment can be used correctly. In addition, the media
must be made without oxygen entering the system, since the cells grow in anaerobic
conditions. To do this, the blower must use nitrogen gas and be monitored to ensure no
oxygen can enter the system. Since hydrogen is present in the steel mill gas, we must be
mindful to stay well below flammability limits.

Parts of our process operate at very high temperatures and relatively high
pressures. This means potentials for burns or material leaks are possible and preventative
measures should be taken to ensure they do not happen during operation. Additionally,
the chemicals present throughout this process may be harmful to humans. Full details can

be found in the MSDS sheets for each compound located in the appendix.

12.3 ENVIRONMENTAL CONCERNS

During continuous operation, wastewater and excess cell mass must be properly
disposed of as to not contaminate the surrounding area. It is our understanding that we
can place some of our biologic waste in settling ponds while it is being sanitized. We
must also take precautions to see that our water with hydrocarbons is properly treated at

water treatment facilities.

76



12.0 Other Important Considerations Bender, Hellstern, Roman

Also, excess flue gas must get returned to the furnace that the steel mill uses to
traditionally clean the gas. We cannot be responsible for releasing excess carbon
monoxide into the atmosphere, especially since we feed our gas in excess to all batch

fermenters and CSTRs.

12.4 PROCESS CONTROLLABILITY

As shown in Figures 1-2 to 1-8, control valves are very common in our process.

Other instrumentation must also be utilized to ensure temperatures and pressures are
correct throughout the plant. This project does not take into account process control,
however if this project were to come into fruition, it would be paramount to install

control systems into the plant.
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13.0 CONCLUSIONS

This process is not profitable enough in a reasonable amount of operation time at
current capacity to justify its installation. Bioprocesses generally need additional
government funding in order to come into fruition. According to our sensitivity analysis,
1,3-butadiene and ethanol must be worth 50% more, either by market demand or tax
incentives, for an ideal IRR of 14.3%. The current design produces 9500 tons of polymer
grade 1,3-butadiene yearly along with 30,000 tons of industrial grade ethanol per year,
3,250 tons of MEK. At current market prices, we calculated an ROI of 0.7%, an IRR of
2.0%, and a NPV of -$74 million. Though the project requires a significant initial total
capital investment of $124.2MM and has high production expenses of $52.7 MM yearly,
the potential for large profit exists depending on the future prices of the products.

With butadiene’s importance in the global rubber industry, in our case for the
production of adiponitrile, demand and prices will only confidently increase in the future.
This growth can be expected in the growing economy of China, and in combination with
their extensive steel production, allows for multiple potential locations in the future
(Researching China, 2012).

The overall economics show that this process will still be only slightly profitable
at current prices after 30 years, with a gross profit of $4.1 MM/yr. This is assuming that
the prices of BDO and ethanol will remain constant, two sensitive values for our
calculations. Steel mill gas and cl. autoethanogenum cultures are likely a stable costs
from now into the future and do not play into the sensitivity of our profits.

We recommend two areas of further research. It is possible that one if not all of
these areas can make this a profitable process at current market values. The assumed
concentrations of BDO and ethanol in broth from CSTRs were obtained from patent
literature. Experimental work should be done in order to see if it is possible to create
more productive bacteria that could create higher levels of BDO in solution. It is possible
other bacteria can be made to be more successful converters of CO to BDO.

Also, the reaction data on the thermo-catalytic reaction section information was

gathered from an outdated process. Though thorium oxide was regularly used to perform
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this conversion, not much research has been performed on this catalyst since the steam
cracking became a better way to create 1,3-butadiene. It is possible a more selective

catalyst could be found.
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APPENDICES

Appendix A: Sample Calculations

Please note an example of heat exchanger sizing is given in Appendix E
Equations can be found in Chapter 22 of Seider et. Al.
Carbon Monoxide Feed Capacity

Typical steel mill product from scrubber: 1.7x10° 1b CO,/hr

Carbon mass balance across the scrubber

100% CO, = 42% (CO, inlet) + 20% (CO inlet)

From the carbon exiting, 68% was converted from CO (assuming 1:1 conversion)

1.7x1071b CO,/hr + 0.68 (22) = 7.36x1071b CO/hr
We have 7.36x10" 1b CO/hr available as gaseous feed from a medium steel mill

Density of CO air: 0.0727 Ibm/ft’

10 7 ft3/ min co
250 ft3reactor

From LanzaTech: = 2.4 ft3 CO/hr/ft3reactor

Maximum volume of reactors based on feed availability
107 ft3 CO/hr total

2.4 ft3CO/hr/ft3reactor

= 4x10° ft3reactor

= 3x107 gallons max
The problem statement calls for 100,000 gallons of BDO. We have the capacity to
scale up 3000 times.

Batch Schedule Calculation

Seed Fermenter:

mg cells
L

3.7

mg cells

200 I

—.007

mg dry cells
L * hr

= 3 days
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Fermenter #2:

mg cells
I 20

mg dry cells
L * hr

mg cells

200 I

= 2 days
3.7

Fermenter #3:

mg cells
I 20

mg dry cells
L * hr

mg cells

200 I

= 2 days
3.7

Fermenter #4:

mg cells
I 20

mg dry cells
L * hr

mg cells

200 I

= 2 days
3.7

Fermenter #5:

mg cells
I 40

mg dry cells
31—

mg cells
L

200

= 3 days

Number of CSTRs for target production

lbs lbs BDO grams
200 ﬁ(orlgmal target) * 20(scale up factor) = 4,000 = 1814368
grams BDO grams L
Flow needed = 1814368 *x 1 - = 181,436.8 —
hr Liter hr
181,436.8 hA
r

Total CSTR Volume =

0.1dilution factor hr" —1 1814368 L = 479,035 gallons

479,035 gallons
= 10 CSTRs

# of CSTRS = =
of 50,000 gallon (assumed max CSTR volume)
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Example Costing: Bare Module cost from f.o.b. cost
The bare module cost used in the Guthrie Method is calculated using:

I
Cey = CPb*<I_>*(FBM+(Fd*Fp*Fm_1))
b

Where:
Cp, is the f.0.b cost.

I. . . . .
s the ratio of the current cost index to the base year cost index. [ is

b

taken to be 570

and [, is taken to be 500.

Fgp 1s the bare-module factor
F, is equipment design factor
E, is the pressure factor

F,, is the material factor

Example Costing: Centrifugal Compressor

In a few places our process requires the pressure of a vapor stream to change pressure.
The bare module cost for C501 is shown below.

Fp=1
Fy=1
From ASPEN, driver horsepower = 969 HP

Cg = exp(7.5800 + 0.80 In(driver horsepower))
= $368,127

Cp = CgFpFy = $368,127

Assuming a CE of 570, F,, of 2.15, and F; of 1
Cpm = $902,278

Utilities Cost

From ASPEN, utilities requirement is 519 kW

Operation of 24 hours per day for 330 days at $0.06/kWh

Cost = kWh x price * % (to adjust for money value today)
= $281,236/year
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Example Costing: Vacuum System
The air leakage in the system is found using the following equation:
W = 54 (0.0298 + 0.03088 * In(P) — 0.00057333 * In(P)?) « V/-6¢

Where: W is the air leakage rate in Ib/hr, P is the absolute pressure in torr (70
torr), V is the vessel volume in ft* (509.5).

Therefore W = 14 .21b/hr.
Cp, =2%1690 x S*!
Where:

S is the size factor in units of (Ib/hr*torr). S is calculated by giving the
Flow at suction (4132.23 lb/hr) by the vacuum pressure (70 torr) to get
59.03 Ib/hr*torr. Note: This cost equation is a modification of the single-
stage steam-jet cost equation. We assume that the two-stage Steam-jet
ejector is twice the cost.

Therefore C, = $17,991.28. Fpy, Fy, F,, F;, all taken to be 1 so Cp,,, = $17,991.28
Example Costing: Reactor Vessel

We model the Reactor Vessel as a shell and tube heat exchanger with H = 20ft long, R =
.5 inch radius tubes. Therefore the single tube volume and surface area are:

Vone tube — T * H*R? = 0.109ft3
SAoneture = 2*m*R*xH = 5-24ft2

The total flow through the reactor is:
__ 9
1= p * 3600
Where : q is flow rate in ft'/s, q’ is flow rate in Ib/hr (4127.9), p is density in 1b/
ft’ (.0031505).
Therefore q = 364 ft'/s.

V=1xq
Where: 7 is the residence time in seconds (1.4s). V is volume in ft’.

Therefore V = 509.5 ft'/s. Therefore the number of tubes required was:

509.5
Ntubes,total = m = 4671
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In order to purchase a commercially available heat exchanger, the total volume was

divided by 3. Therefore the number of tubes/reactor:

4671

Ntubes,l Reactor — T = 1557

Therefore the surface area per reactor was:
SA 1 reactor = 1557 * 5.24 = 8152.55 ft?
Using the fixed head shell and tube HX equation:

C, = exp(11.2927 — 0.9228 * In(SA 1 reactor) + 0.09861 * IN(SA 1 reactor)?)
= $59,694.42

Cp = F, x By x Fp % G

Since we are using carbon steel/carbon steel, F,, F,, F, Fy = 1, and Fy,,,, = 3.17
Cp, = $212109.90

Example Costing: Catalyst
For literature the values for the following properties of thorium oxide were obtained:

SA catalyst = 55 mz/gram
pcatalyst = 8.6 g/Cm3

Assuming a void fraction of .4, the amount of catalyst in grams was calculated as
follows:

28316.85cm3 (1 -—.4)
*

ft3 pcatalyst
= 1,006,632.96 grams

0.6
Amount =V = = 509.5 x 28316.85 * Y

Finally, the cost is taken to be $287.25/50 grams, so the overall cost is $5,783,106.35.
Since the reactors were bought in duplicate, the total cost was doubled to be
$11,566,212.70.
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Appendix B: Relevant ASPEN Reports

Block Flow Diagram

B17

.

Streams

210

STREAM ID 210
FROM : B19

TO : B18
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SUBSTREAM: MIXED

PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 0.0
MEK 0.0
2:3-B-01 4.4384-02
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 173.4791
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.0
MEK 0.0
2:3-B-01 2.5578-04
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.9997
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 0.0
MEK 0.0
2:3-B-01 4.0000
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 7992.0160
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.0
MEK 0.0
2:3-B-01 5.0025-04
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.9995
2-BUT-01 0.0
BENZENE 0.0
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TOTAL FLOW:
LBMOL/HR 173.5235
LB/HR 7996.0159
L/MIN 85.2454
STATE VARIABLES:
TEMP C 96.6605
PRES BAR 2.0000
VFRAC 0.0
LFRAC 1.0000
SFRAC 00
ENTHALPY:
CAL/MOL -6.3932+04
CAL/GM -1387.4112
CAL/SEC -1.3978+06
ENTROPY:
CAL/MOL-K -75.8501
CAL/GM-K -1.6460
DENSITY:
MOL/CC 1.5389-02
GM/CC 0.7091
AVG MW 46.0803
260
STREAM ID 260
FROM : B19
TO : -—--
SUBSTREAM: MIXED
PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 00
MEK 0.0
2:3-B-01 443396
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 00
ETHAN-01 0.1737
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 00
MEK 0.0
2:3-B-01 0.9961
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1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 3.9012-03
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 0.0
MEK 0.0
2:3-B-01 3995.9840
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 8.0000
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.0
MEK 0.0
2:3-B-01 0.9980
1:3-B-01 0.0
3-BUT-01 0.0
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 1.9980-03
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 44.5133
LB/HR 4003.9841
L/MIN 38.0459
STATE VARIABLES:
TEMP C 198.1946
PRES BAR 2.0276
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
ENTHALPY:
CAL/MOL -1.2160+05
CAL/GM -1351.8934
CAL/SEC -6.8202+05
ENTROPY:
CAL/MOL-K -126.6372
CAL/GM-K -1.4079
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DENSITY:
MOL/CC 8.8450-03
GM/CC 0.7956
AVG MW 89.9503
39
STREAM ID 39
FROM : B2
TO B23
SUBSTREAM: MIXED
PHASE: VAPOR
COMPONENTS: LBMOL/HR
H20 73.0743
MEK 12.0000
2:3-B-01 1.4198
1:3-B-01 28.4427
3-BUT-01 3.9389
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.6147
MEK 0.1009
2:3-B-01 1.1944-02
1:3-B-01 0.2393
3-BUT-01 3.3135-02
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 1316.4533
MEK 865.2824
2:3-B-01 127.9597
1:3-B-01 1538.5138
3-BUT-01 284.0240
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
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BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.3186
MEK 0.2094
2:3-B-01 3.0966-02
1:3-B-01 0.3723
3-BUT-01 6.8734-02
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 118.8758
LB/HR 4132.2332
L/MIN 6.1901+05
STATE VARIABLES:
TEMP C 500.0000
PRES BAR 9.3326-02
VFRAC 1.0000
LFRAC 0.0
SFRAC 0.0
ENTHALPY:
CAL/MOL -3.0065+04
CAL/GM -8649111
CAL/SEC -4.5032+05
ENTROPY:
CAL/MOL-K -5.1801
CAL/GM-K -0.1490
DENSITY:
MOL/CC 1.4518-06
GM/CC 5.0466-05
AVG MW 34.7609
15
STREAM ID 15
FROM : B14
TO -—--
SUBSTREAM: MIXED
PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 0.3839
MEK 5.7559-02
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2:3-B-01 8.6441-14
1:3-B-01 28.4427
3-BUT-01 9.8657-05
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 1.3291-02
MEK 1.9927-03
2:3-B-01 2.9927-15
1:3-B-01 0.9847
3-BUT-01 3.4156-06
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 6.9163
MEK 4.1504
2:3-B-01 7.7903-12
1:3-B-01 1538.5136
3-BUT-01 7.1139-03
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 4.4633-03
MEK 2.6784-03
2:3-B-01 5.0273-15
1:3-B-01 0.9929
3-BUT-01 4.5908-06
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 28.8843
LB/HR 1549.5875
L/MIN 19.6485
STATE VARIABLES:
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TEMP C 41.6329
PRES BAR 4.5000
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
ENTHALPY:
CAL/MOL 2.0348+04
CAL/GM 379.2932
CAL/SEC 7.4055+04
ENTROPY:
CAL/MOL-K -49.1404
CAL/GM-K -0.9160
DENSITY:
MOL/CC 1.1113-02
GM/CC 0.5962
AVG MW 53.6481
19
STREAM ID 19
FROM : B13
TO -—--
SUBSTREAM: MIXED
PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 65.7449
MEK 0.7212
2:3-B-01 2.5357-03
1:3-B-01 0.0
3-BUT-01 3.9389
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.9338
MEK 1.0243-02
2:3-B-01 3.6014-05
1:3-B-01 0.0
3-BUT-01 5.5944-02
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
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2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 11844131
MEK 52.0009
2:3-B-01 0.2285
1:3-B-01 0.0
3-BUT-01 284.0184
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.7789
MEK 3.4196-02
2:3-B-01 1.5028-04
1:3-B-01 0.0
3-BUT-01 0.1868
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 70.4075
LB/HR 1520.6608
L/MIN 12.8438
STATE VARIABLES:
TEMP C 88.3460
PRES BAR 1.1000
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
ENTHALPY:
CAL/MOL -6.7179+04
CAL/GM -3110.4475
CAL/SEC -5.9596+05
ENTROPY:
CAL/MOL-K -43.4903
CAL/GM-K -2.0136
DENSITY:
MOL/CC 4.1442-02
GM/CC 0.8951
AVG MW 21.5980
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20

STREAM ID 20
FROM : B13
TO : B17

SUBSTREAM: MIXED

PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 0.2499
MEK 7.8607-10
2:3-B-01 1.4173
1:3-B-01 0.0
3-BUT-01 2.1317-07
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.1499
MEK 4.7149-10
2:3-B-01 0.8501
1:3-B-01 0.0
3-BUT-01 1.2786-07
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 45018
MEK 5.6681-08
2:3-B-01 127.7315
1:3-B-01 0.0
3-BUT-01 1.5371-05
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 3.4044-02
MEK 4.2865-10
2:3-B-01 0.9660
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1:3-B-01 0.0
3-BUT-01 1.1624-07
2-MET-01 0.0
ACETO-01 00
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 1.6672
LB/HR 132.2333
L/MIN 1.1676
STATE VARIABLES:
TEMP C 162.0657
PRES BAR 1.3827
VFRAC 0.0
LFRAC 1.0000
SFRAC 00
ENTHALPY:
CAL/MOL -1.1511+405
CAL/GM -1451.3368
CAL/SEC -2.4181+04
ENTROPY:
CAL/MOL-K -115.6397
CAL/GM-K -1.4580
DENSITY:
MOL/CC 1.0795-02
GM/CC 0.8562
AVG MW 79.3145
8
STREAM ID 8
FROM : B3
TO -—--
SUBSTREAM: MIXED
PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 5.2631
MEK 9.9060
2:3-B-01 0.0
1:3-B-01 1.1282-18
3-BUT-01 2.1036-07
2-MET-01 0.0
ACETO-01 00
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ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.3470
MEK 0.6530
2:3-B-01 0.0
1:3-B-01 7.4375-20
3-BUT-01 1.3868-08
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 94.8164
MEK 7142877
2:3-B-01 0.0
1:3-B-01 6.1026-17
3-BUT-01 1.5168-05
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.1172
MEK 0.8828
2:3-B-01 0.0
1:3-B-01 7.5424-20
3-BUT-01 1.8747-08
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 15.1691
LB/HR 809.1041
L/MIN 9.2425
STATE VARIABLES:
TEMP C 154.0302
PRES BAR 7.3309
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
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ENTHALPY:
CAL/MOL -6.1688+04
CAL/GM -1156.5241
CAL/SEC -1.1790+05
ENTROPY:
CAL/MOL-K -64.1523
CAL/GM-K -1.2027
DENSITY:
MOL/CC 1.2407-02
GM/CC 0.6618
AVG MW 53.3391
9
STREAM ID 9
FROM : B6
TO -—--
SUBSTREAM: MIXED
PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 1.4424
MEK 1.3123
2:3-B-01 0.0
1:3-B-01 6.8097-09
3-BUT-01 1.8137-09
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.5236
MEK 0.4764
2:3-B-01 0.0
1:3-B-01 2.4720-09
3-BUT-01 6.5842-10
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 25.9850
MEK 94.6263
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2:3-B-01 0.0
1:3-B-01 3.6835-07
3-BUT-01 1.3078-07
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.2154
MEK 0.7846
2:3-B-01 0.0
1:3-B-01 3.0540-09
3-BUT-01 1.0843-09
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 2.7547
LB/HR 120.6113
L/MIN 1.1842
STATE VARIABLES:
TEMP C 86.8378
PRES BAR 1.6410
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
ENTHALPY:
CAL/MOL -6.4973+04
CAL/GM -1483.9529
CAL/SEC -2.2551+04
ENTROPY:
CAL/MOL-K -60.8474
CAL/GM-K -1.3897
DENSITY:
MOL/CC 1.7586-02
GM/CC 0.7700
AVG MW 43.7840
21
STREAM ID 21
FROM : B9
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TO B3

SUBSTREAM: MIXED

PHASE: LIQUID
COMPONENTS: LBMOL/HR
H20 6.6955
MEK 11.2213
2:3-B-01 1.6928-27
1:3-B-01 6.7326-09
3-BUT-01 2.1217-07
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MOLE FRAC
H20 0.3737
MEK 0.6263
2:3-B-01 9.4482-29
1:3-B-01 3.7577-10
3-BUT-01 1.1842-08
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: LB/HR
H20 120.6219
MEK 809.1306
2:3-B-01 1.5256-25
1:3-B-01 3.6417-07
3-BUT-01 1.5299-05
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
2-BUT-01 0.0
BENZENE 0.0
COMPONENTS: MASS FRAC
H20 0.1297
MEK 0.8703
2:3-B-01 1.6409-28
1:3-B-01 3.9169-10
3-BUT-01 1.6455-08
2-MET-01 0.0
ACETO-01 0.0
ETHAN-01 0.0
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2-BUT-01 0.0
BENZENE 0.0
TOTAL FLOW:
LBMOL/HR 17.9168
LB/HR 929.7524
L/MIN 9.1457
STATE VARIABLES:
TEMP C 76.5195
PRES BAR 7.5000
VFRAC 0.0
LFRAC 1.0000
SFRAC 0.0
ENTHALPY:
CAL/MOL -6.4685+04
CAL/GM -1246.5085
CAL/SEC -1.4602+05
ENTROPY:
CAL/MOL-K -69.8677
CAL/GM-K -1.3464
DENSITY:
MOL/CC 1.4810-02
GM/CC 0.7685
AVG MW 51.8928
Blocks

BLOCK: B2  MODEL: RSTOIC
INLET STREAM: 36
OUTLET STREAM: 39
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

% MASS AND ENERGY BALANCE #**%*
IN OUT  GENERATION RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 46.0514 118876  72.8244 -0.119544E-15
MASS(LB/HR ) 4132.23 4132.23 0.220098E-15
ENTHALPY(CAL/SEC) -603003. -450318. -0.253207

k% CO2 EQUIVALENT SUMMARY #*%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

ok [INPUT DATA #
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STOICHIOMETRY MATRIX:

REACTION # 1:
SUBSTREAM MIXED :
H20 100 MEK 1.00 2:3-B-01 -1.00

REACTION # 2:
SUBSTREAM MIXED :
H20 200 2:3-B-01 -1.00 1:3-B-01 1.00

REACTION # 3:
SUBSTREAM MIXED :
H20 100 2:3-B-01 -1.00 3-BUT-01 1.00

REACTION CONVERSION SPECS: NUMBER= 3
REACTION # 1:
SUBSTREAM:MIXED KEY COMP:2:3-B-01 CONV FRAC: 0.2620
REACTION # 2:
SUBSTREAM:MIXED KEY COMP:2:3-B-01 CONV FRAC: 0.6210
REACTION # 3:
SUBSTREAM:MIXED KEY COMP:2:3-B-01 CONV FRAC: 0.8600E-01

TWO PHASE TP FLASH

SPECIFIED TEMPERATURE C 500.000
SPECIFIED PRESSURE BAR 0.093326
MAXIMUM NO. ITERATIONS 50
CONVERGENCE TOLERANCE 0.000100000

SIMULTANEOUS REACTIONS
GENERATE COMBUSTION REACTIONS FOR FEED SPECIES NO

s RESULTS

OUTLET TEMPERATURE C 500.00
OUTLET PRESSURE = BAR 0.93326E-01
HEAT DUTY CAL/SEC 0.15268E+06
VAPOR FRACTION 1.0000

HEAT OF REACTIONS:

REACTION REFERENCE HEAT OF
NUMBER COMPONENT REACTION
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CAL/MOL
1 2:3-B-01 353.97
2 2:3-B-01 25772.
3 2:3-B-01 -5177.0

REACTION EXTENTS:

REACTION REACTION

NUMBER EXTENT
LBMOL/HR

1 12.000

2 28.443

3 3.9389

V-L PHASE EQUILIBRIUM :

COMP F(I) X(T) Y(I) K()
H20 061471  0.73991  0.61471 10383.
MEK 0.10095  0.13416  0.10095  9403.5

2:3-B-01 0.11944E-01 0.15122E-01 0.11944E-01 9870.9
1:3-B-01 0.23926 0.94461E-01 0.23926 31655.
3-BUT-01 0.33135E-01 0.16347E-01 0.33135E-01  25331.

BLOCK: B19 MODEL: RADFRAC
INLETS -170 STAGE 3
OUTLETS -210 STAGE 1
260 STAGE 5
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

k% MASS AND ENERGY BALANCE #**

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 218.037 218.037 0.00000
MASS(LB/HR ) 12000.0 12000.0 0.235393E-09

ENTHALPY(CAL/SEC) -0.218629E+07 -0.207981E+07 -0.487024E-01

k% CO2 EQUIVALENT SUMMARY #*%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR
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st st s s sfe sk sk skt sk sk sk sk sfeoskoskoskoskokokokok

Rk INPUT DATA Fxkk
stk sl Rk Rk Rk st el ok

wadk INPUT PARAMETERS ot

NUMBER OF STAGES 5

ALGORITHM OPTION STANDARD
ABSORBER OPTION NO

INITIALIZATION OPTION STANDARD
HYDRAULIC PARAMETER CALCULATIONS NO
INSIDE LOOP CONVERGENCE METHOD BROYDEN
DESIGN SPECIFICATION METHOD NESTED
MAXIMUM NO. OF OUTSIDE LOOP ITERATIONS 25
MAXIMUM NO. OF INSIDE LOOP ITERATIONS 10
MAXIMUM NUMBER OF FLASH ITERATIONS 30
FLASH TOLERANCE 0.000100000
OUTSIDE LOOP CONVERGENCE TOLERANCE 0.000100000

sk COL-SPECS

MOLAR VAPOR DIST / TOTAL DIST 0.0
MASS REFLUX RATIO 1.00000
MASS DISTILLATE TO FEED RATIO 0.66000

sk PROFILES  #oe
P-SPEC STAGE 1 PRES,BAR 2.00000
w4 TRAY VAPORIZATION EFFICIENCY

SEGMENT 2 4 EFFICIENCY 0.70000

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

*kkk RESULTS ek
sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

*#%  COMPONENT SPLIT FRACTIONS = #%#*

OUTLET STREAMS
210 260
COMPONENT:
2:3-B-01 .10000E-02 .99900
ETHAN-01 .99900 .10000E-02
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4%k SUMMARY OF KEY RESULTS  ***

TOP STAGE TEMPERATURE C 96.6605
BOTTOM STAGE TEMPERATURE  C 198.195

TOP STAGE LIQUID FLOW LBMOL/HR 280.855
BOTTOM STAGE LIQUID FLOW  LBMOL/HR 44.5133
TOP STAGE VAPOR FLOW LBMOL/HR 0.0
BOILUP VAPOR FLOW LBMOL/HR 345.821
MOLAR REFLUX RATIO 1.61854

MOLAR BOILUP RATIO 7.76895
CONDENSER DUTY (W/O SUBCOOL) CAL/SEC -527.905.
REBOILER DUTY CAL/SEC 634,382.

ik MANIPULATED VARIABLES %%

BOUNDS CALCULATED
LOWER UPPER VALUE
MASS DISTIL TO FEED RATIO 0.10000 1.0000  0.66633
MASS REFLUX RATIO 0.10000 3.0000 1.6185

wadk  DESIGN SPECIFICATIONS - ###%

NO SPEC-TYPE QUALIFIERS UNIT SPECIFIED CALCULATED
VALUE VALUE
1 MASS-RECOV STREAMS: 210 0.99900  0.99900
COMPS: ETHAN-01
2 MASS-RECOV STREAMS: 260 0.99900  0.99900

COMPS: 2:3-B-01

ik MAXIMUM FINAL RELATIVE ERRORS - %

DEW POINT 0.14501E-04 STAGE= 4

BUBBLE POINT 0.60032E-05 STAGE= 4

COMPONENT MASS BALANCE 0.16035E-05 STAGE= 2 COMP=2:3-B-01
ENERGY BALANCE 0.28329E-03 STAGE= 4

sk PROFILES  #oe
**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES

ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.
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ENTHALPY
STAGE TEMPERATURE PRESSURE CAL/MOL HEAT DUTY
C BAR LIQUID  VAPOR CAL/SEC
1 96.660 20000  -63932. -54902. -.52790+06
2 107.71 20069  -64307. -54711.
3 116.27 20138 -79905.  -54990.
4 164.69 20207 -0.11712E+06 -63882.
5 198.19 20276  -0.12160E+06 -0.10198E+06 .63438+06
STAGE FLOW RATE FEED RATE PRODUCT RATE
LBMOL/HR LBMOL/HR LBMOL/HR
LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
1 4544  0.000 173.5234
2 2832 4544
3 4745 456.7 218.0367
4 3903 4300
54451 3458 44.5132

wak MASS FLOW PROFILES %%

STAGE FLOW RATE FEED RATE PRODUCT RATE
LB/HR LB/HR LB/HR
LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
1 0.2094E+05 0.000 7996.0159

2 0.1320E+05 0.2094E+05

3 0.2726E+05 0.2120E4+05 .12000+05

4 0.3331E405 0.2326E+05

5 4004. 0.2930E+05 4003.9840

ik MOLE-X-PROFILE — ###%
STAGE 2:3-B-01 ETHAN-01
0.25578E-03 0.99974
0.12616E-01 0.98738
0.25843  0.74157
0.89111 0.10889
0.99610  0.39012E-02

DB~ W=

sk MOLE-Y-PROFILE — ##%%
STAGE 2:3-B-01 ETHAN-01
0.38116E-05 1.0000
0.25578E-03 0.99974
0.79197E-02 0.99208
0.18206  0.81794
0.87760  0.12240

DB W=
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STAGE 2:3-B-01

1

(9 ISR US I ]

STAGE 2:3-B-01

1

(9 ISR US I ]

STAGE 2:3-B-01

1

(9 B SN USI \S]

Heokoskosk

sk K-VALUES
ETHAN-01

1.0003

1.4465

19112

10.731

31.377

0.14902E-01
0.28963E-01
0.43779E-01
0.29187
0.88103

eskoskosk

sk MASS-X-PROFILE
ETHAN-01
0.50025E-03 0.99950
0.24386E-01 0.97561

040538  0.59462
094121  0.58793E-01
0.99800  0.19980E-02

kskskosk

Fakk - MASS-Y-PROFILE
ETHAN-01
0.74564E-05 0.99999
0.50025E-03 0.99950
0.15376E-01 0.98462

0.30335  0.69665

093345  0.66554E-01

ik VAPORIZATION EFF

STAGE 2:3-B-01 ETHAN-01

1 1.0000 1.0000

2 0.70000  0.70000

3 0.70000  0.70000

4 0.70000  0.70000

5 1.0000 1.0000

BLOCK: B14 MODEL: RADFRAC

INLETS -5 STAGE 9
OUTLETS - 15 STAGE 1

10 STAGE 16

PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skt sk sk sk sk sk sk sk skosieoske sk sk sk sk sk sk sk sk sk sk s sk sk skoskok sk sk sk sk skoskoskoskokok sk skoskoskokokosk

*
*

*

*

INCOMPLETE OR INCONSISTENT KEY SPECS. APPROXIMATIONS ARE
USED. *

*
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sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skt sk sk sk sk sk sk sk skosieoske sk sk sk sk sk sk sk sk sk sk s sk sk koo sk sk sk sk skoskoskoskokok sk skoskoskokokosk

% MASS AND ENERGY BALANCE #*%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 118.876 118.876 0.119544E-15
MASS(LB/HR ) 4132.23 4132.23 0.174735E-07

ENTHALPY(CAL/SEC)  -657939. -676934. 0.280596E-01

% CO2 EQUIVALENT SUMMARY #*%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION 0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

st st s s sfe sk sk skt sk sk sk sk sfeoskoskoskoskokokokok

Rk INPUT DATA Fxk
stk sl Rk sl R skl Rk sl sk ok

wadk INPUT PARAMETERS - ot

NUMBER OF STAGES 16

ALGORITHM OPTION STANDARD
ABSORBER OPTION NO

INITIALIZATION OPTION STANDARD
HYDRAULIC PARAMETER CALCULATIONS NO
INSIDE LOOP CONVERGENCE METHOD BROYDEN
DESIGN SPECIFICATION METHOD NESTED
MAXIMUM NO. OF OUTSIDE LOOP ITERATIONS 200
MAXIMUM NO. OF INSIDE LOOP ITERATIONS 10
MAXIMUM NUMBER OF FLASH ITERATIONS 30
FLASH TOLERANCE 0.000100000
OUTSIDE LOOP CONVERGENCE TOLERANCE 0.000100000

sk COL-SPECS

MOLAR VAPOR DIST / TOTAL DIST 0.0
MASS REFLUX RATIO 3.00000
MASS DISTILLATE TO FEED RATIO 0.37500

sk PROFILES  #oe
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P-SPEC STAGE 1 PRES,BAR 4.50000

ik TRAY VAPORIZATION EFFICIENCY ##%%*

SEGMENT 2 16 EFFICIENCY 0.70000

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

*#%  COMPONENT SPLIT FRACTIONS = #%#*

OUTLET STREAMS

15 10
COMPONENT:
H20 S52538E-02 .99475
MEK AT966E-02 .99520
2:3-B-01 .60881E-13 1.0000
1:3-B-01  1.0000 23671E-09
3-BUT-01 .25047E-04 .99997

4% SUMMARY OF KEY RESULTS  ***

TOP STAGE TEMPERATURE C
BOTTOM STAGE TEMPERATURE  C
TOP STAGE LIQUID FLOW
BOTTOM STAGE LIQUID FLOW
TOP STAGE VAPOR FLOW
BOILUP VAPOR FLOW
MOLAR REFLUX RATIO 3.00000
MOLAR BOILUP RATIO 0.62387
CONDENSER DUTY (W/O SUBCOOL) CAL/SEC
REBOILER DUTY CAL/SEC 55,5939

LBMOL/HR
LBMOL/HR
LBMOL/HR 56.

ik MAXIMUM FINAL RELATIVE ERRORS - %

DEW POINT
BUBBLE POINT

0.88909E-05 STAGE= 4
0.25420E-03 STAGE= 5

41.6329
138.928
LBMOL/HR 86.6529

89.9915
0.0
1427

-74,588.5

COMPONENT MASS BALANCE
ENERGY BALANCE

0.39691E-05 STAGE= 4 COMP=3-BUT-01

0.17236E-04 STAGE= 5
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sk PROFILES  #oe

**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES
ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.

ENTHALPY

STAGE TEMPERATURE PRESSURE CAL/MOL HEAT DUTY

C BAR LIQUID  VAPOR CAL/SEC
1 41.633 4.5000 20348.  26102. -.74588+05
2 58.340 4.7068 17045.  25472.
3 64.304 4.7137 15.161 22770.
4 86.273 47206  -41700. 11618.
7 119.50 47413  -59731. -23518.
8 120.09 47482  -59832. -23724.
9 13437 4.7551 -64973.  -49338.
10 136.95 47620  -65113.  -54922.
11 137.26 47689  -65126. -55486.
12 137.35 47758  -65128.  -55541.
13 137.45 47827  -65135.  -55550.
15 138.03 4.7965 -65226.  -55612.
16 138.93 4.8034  -66232. -55755. .55594+05
STAGE FLOW RATE FEED RATE PRODUCT RATE

LBMOL/HR LBMOL/HR LBMOL/HR

LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
1 1155 0.000 28.8843
2 9118 1155
37276  120.1
4 53.17 1016
7 5179 80.76
8 5397 80.68 40.1575
9 1452 42.69 78.7181
10 1463  55.18
11 1464 56.30
12 1464 5642
13 1464 5644
15 146.1  56.28
16 89.99  56.14 89.9914
wak MASS FLOW PROFILES %%
STAGE FLOW RATE FEED RATE PRODUCT RATE

LB/HR LB/HR LB/HR

LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
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1 6198. 0.000 1549.5874
2 4827. 6198.

3 3744. 6376.

4 2566. 5294.

7 2416.  3971.

8 2556.  3965. 2101.4060
9 5142. 2004. 2030.8271

10 5190.  2559.

11 5195. 2608.

12 5194. 2612.

13 5189. 2612.

15 5160.  2585.

16 2583.  2578. 2582.6456

STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01

1 0.13291E-01 0.19927E-02 0.29927E-14 0.98471 0.34156E-05
2 041256E-01 0.18405E-01 0.17249E-12 0.94031 0.31530E-04
3 0.13395  0.12224  0.12125E-10 0.74353  0.27824E-03

4 035404 0.38324  0.10104E-08 0.26096  0.17648E-02

7 045541 047845  0.20674E-04 0.46099E-01 0.20023E-01
8 044220 046995  0.51248E-03 0.45999E-01 0.41340E-01
9 0.68059  0.26807  0.99702E-02 0.28429E-02 0.38534E-01
10 0.68033  0.27092  0.98996E-02 0.27538E-03 0.38576E-01
11 0.68037 027103  0.98917E-02 0.26248E-04 0.38676E-01
12 0.68057  0.27056  0.98909E-02 0.24954E-05 0.38981E-01
13 0.68114  0.26905  0.98929E-02 0.23632E-06 0.39911E-01
15 0.68359 025473  0.10126E-01 0.20309E-08 0.51553E-01
16 0.80775  0.13271 0.15778E-01 0.74813E-10 0.43769E-01

sk MOLE-Y-PROFILE — ##%%

STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01

1 0.35549E-02 0.17905E-03 0.35549E-16 0.99627  0.30941E-06
2 0.13291E-01 0.19927E-02 0.29927E-14 0.98471 0.34156E-05
3 0.34529E-01 0.14457E-01 0.13171E-12 0.95099  0.24767E-04
4 0.99663E-01 0.88069E-01 0.86802E-11 0.81207  0.20014E-03
7 0.29601 031345  0.53743E-06 0.38429  0.62560E-02

8 029713 030787  0.13272E-04 0.38214  0.12856E-01

9 044050 045679  0.45438E-03 0.74204E-01 0.28047E-01
10 047319 048884  0.49847E-03 0.74795E-02 0.29995E-01
11 047665  0.49185  0.50336E-03 0.71559E-03 0.30275E-01
12 047722 049166  0.50428E-03 0.68111E-04 0.30554E-01
13 047780  0.49034  0.50505E-03 0.64739E-05 0.31348E-01
15 048424 047437  0.51747E-03 0.57220E-07 0.40879E-01
16 048459  0.45031 0.10662E-02 0.51662E-08 0.64030E-01

%% MOLE-X-PROFILE

kR
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STAGE H20 MEK 2:3-B-01 1:3-B-01  3-BUT-01
1 026747  0.89849E-01 0.11879E-01 1.0117  0.90591E-01
2 046029  0.15467  0.24785E-01 1.4960  0.15476
3 036835 0.16892  0.15513E-01 1.8271  0.12715
4 040242 032816  0.12271E-01 4.4442  0.16198
7 092876 093572  0.37138E-01 11906  0.44629
8 096006 093574  0.36998E-01 11.866  0.44423
9 092471 24338  0.65100E-01 37.277 1.0396
10 0.99370 25772 0.71926E-01 38.791 1.1106
11 1.0009 25921  0.72691E-01 38.938 1.1181
12 1.0018 2.5957  0.72831E-01 38.986 1.1196
13 1.0021 2.6033  0.72928E-01 39.130 1.1220
15 1.0120 2.6603  0.73007E-01 40.250 1.1328
16 0.85704 4.8476  0.96537E-01 98.651 2.0899
wkEE - MASS-X-PROFILE ~ ##%%
STAGE H20 MEK 2:3-B-01 1:3-B-01  3-BUT-01
1 0.44633E-02 0.26784E-02 0.50273E-14 0.99285  0.45908E-05
2 0.14040E-01 0.25071E-01 0.29366E-12 0.96085  0.42949E-04
3 046889E-01 0.17127  0.21232E-10 0.78145  0.38983E-03
4 0.13217 057267  0.18871E-08 0.29252  0.26372E-02
7 0.17590  0.73965  0.39945E-04 0.53461E-01 0.30955E-01
8 0.16818  0.71539  0.97504E-03 0.52528E-01 0.62930E-01
9 034615 0.54570  0.25367E-01 0.43413E-02 0.78443E-01
10 0.34544 055059  0.25146E-01 0.41983E-03 0.78399E-01
11 0.34544 055079  0.25124E-01 0.40014E-04 0.78598E-01
12 0.34564 054998  0.25129E-01 0.38052E-05 0.79241E-01
13 0.34624 054741  0.25156E-01 0.36069E-06 0.81202E-01
15 0.34875 052014  0.25842E-01 0.31108E-08 0.10527
16 0.50705 033343  0.49546E-01 0.14101E-09 0.10997
#kEE - MASS-Y-PROFILE %%
STAGE H20 MEK 2:3-B-01 1:3-B-01  3-BUT-01
1 0.11867E-02 0.23923E-03 0.59366E-16 0.99857  0.41342E-06
2 0.44633E-02 0.26784E-02 0.50273E-14 0.99285  0.45908E-05
3 0.11713E-01 0.19629E-01 0.22351E-12 0.96862  0.33627E-04
4 0.34471E-01 0.12192  0.15019E-10 0.84333  0.27707E-03
7 0.10845 045964  0.98499E-06 042273  0.91739E-02
8 0.10891 045166  0.24336E-04 0.42055  0.18860E-01
9 0.16902 0.70154  0.87219E-03 0.85490E-01 0.43075E-01
10 0.18378  0.75990  0.96848E-03 0.87221E-02 0.46628E-01
11 0.18538  0.76567  0.97936E-03 0.83564E-03 0.47129E-01
12 0.18568  0.76568  0.98155E-03 0.79570E-04 0.47583E-01
13 0.18603  0.76413  0.98368E-03 0.75681E-05 0.48851E-01
15 0.18996  0.74483  0.10155E-02 0.67398E-07 0.64187E-01
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16 0.19014  0.70721  0.20927E-02 0.60863E-08 0.10056

ik VAPORIZATION EFF - ###%
STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01
1.0000 1.0000 1.0000 1.0000 1.0000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
0.70000  0.70000  0.70000  0.70000  0.70000
13 0.70000  0.70000  0.70000  0.70000  0.70000
15 0.70000  0.70000  0.70000  0.70000  0.70000
16 0.70000  0.70000  0.70000  0.70000  0.70000

Do 800 h W —

sk sk sfe sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoke sk sk sk skoskokoskokok ok

wakx COLUMN TARGETING RESULTS otk

sk sk sfe sk sk sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoke sk sk sk skoskokoskokok ok

s THERMAL ANALYSIS

STAGE TEMPERATURE PRESSURE ENTHALPY DEFICIT EXERGY LOSS

CARNOT FACTOR
C BAR CAL/SEC CAL/SEC
1 41.633 4.5000 74588. 601.79  0.52839E-01
2 58.340 4.7068 55941. 76.598  0.10058
3 64.304 4.7137 52314. 22723  0.11647
4 86.273 4.7206 45573. 3516.5  0.17048
7 119.50 4.7413 251.90 31.887  0.24067
8 120.09 47482  -589.52 1558.6  0.24181
9 134.37 4.7551 -24445. 417.77  0.26838
10 136.95 47620  -28440 1.8285  0.27298
11 137.26 47689  -383.13 39164  0.27353

12 137.35 47758  -60.607 47584  0.27369
13 137.45 47827  -90.772 5.7336  0.27386
15 138.03 4.7965 2866.6 40.068  0.27490
16 138.93 4.8034 55594. -.25880E+28 0.27647
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BLOCK: B15 MODEL: RADFRAC
INLETS -10 STAGE 32
OUTLETS - 29 STAGE 1
30 STAGE 36
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

% MASS AND ENERGY BALANCE #*%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 89.9915 89.9915 0.00000
MASS(LB/HR ) 2582.65 2582.64 0.387507E-06

ENTHALPY(CAL/SEC) -750989. -762205. 0.147155E-01

% CO2 EQUIVALENT SUMMARY #**
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

st st sfe s sfe sk sk skt sk sk sk sk sfeoskoskoskoskokokokosk

Rk INPUT DATA Fxkk
sk sl gk Rkl Rk sl sk ok

wadk  INPUT PARAMETERS ot

NUMBER OF STAGES 36

ALGORITHM OPTION 3P-NEWTON

INITIALIZATION OPTION AZEOTROPIC

HYDRAULIC PARAMETER CALCULATIONS NO

DESIGN SPECIFICATION METHOD SIMULT

MAXIMUM NO. OF NEWTON ITERATIONS 200

MAXIMUM NUMBER OF FLASH ITERATIONS 30

FLASH TOLERANCE 0.000100000

COLUMN EQUATIONS CONVERGENCE TOLERANCE 0.100000-06

sk COL-SPECS

MOLAR VAPOR DIST / TOTAL DIST 0.0
MASS REFLUX RATIO 3.00000
MASS DISTILLATE TO FEED RATIO 0.36000

woadck 12-STAGES SPECIFICATIONS %%
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TWO LIQUID PHASE CALCULATIONS ARE PERFORMED FOR STAGE TO
STAGE
1 9

ook 12-COMPS SPECIFICATIONS ###%

KEY COMPONENTS IN THE SECOND LIQUID PHASE COMPONENT
H20

sk PROFILES  #oe
P-SPEC STAGE 1 PRES,BAR 1.15000
w4 TRAY VAPORIZATION EFFICIENCY

SEGMENT 2 36 EFFICIENCY 0.70000

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

*#%  COMPONENT SPLIT FRACTIONS = ##*

OUTLET STREAMS

29 30
COMPONENT:
H20 92110E-01 .90789
MEK 93961 .60387E-01
2:3-B-01 0.0000 1.0000
1:3-B-01  1.0000 12147E-09
3-BUT-01 .53867E-07 1.0000

4% SUMMARY OF KEY RESULTS  ***

TOP STAGE TEMPERATURE C 76.3741
BOTTOM STAGE TEMPERATURE  C 110.980

TOP STAGE LIQUID FLOW LBMOL/HR 71.6672
BOTTOM STAGE LIQUID FLOW  LBMOL/HR 72.0747
TOP STAGE VAPOR FLOW LBMOL/HR 0.0
BOILUP VAPOR FLOW LBMOL/HR 58.3740
MOLAR REFLUX RATIO 3.00000

MOLAR BOILUP RATIO 0.80991
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CONDENSER DUTY (W/O SUBCOOL) CAL/SEC -78,511.7
REBOILER DUTY CAL/SEC 67,295.8

ik MAXIMUM FINAL RELATIVE ERRORS - %

DEW POINT
BUBBLE POINT

COMPONENT MASS BALANCE
ENERGY BALANCE

koo

**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES

0.39984E-03 STAGE= 1 PHASE=L1
0.39968E-03 STAGE= 1 PHASE=LI1
0.24404E-09 STAGE= 8 COMP=3-BUT-01

PROFILES %%

0.21316E-11 STAGE= 9

ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.
ENTHALPY
STAGE TEMPERATURE PRESSURE CAL/MOL HEAT DUTY
C BAR LIQUID  VAPOR CAL/SEC
1 76374 1.1500  -64719. -56292. -78512+405
2 91.958 1.3568  -64194. -56025.
8 92.899 1.3982  -64173.  -56009.
9 93054 1.4051 -64313.  -560006.
10 93.043 14120  -64282. -56054.
30 96.871 1.5499  -64574. -56116.
31 97.634 1.5568  -64860. -56191.
32 98.684 1.5637  -66580. -56297.
33 100.19 1.5706  -66817. -56456.
35 106.90 1.5844  -67415. -57250.
36 11098 1.5913 -67843.  -57737. 67296405
STAGE FLOW RATE FEED RATE PRODUCT RATE
LBMOL/HR LBMOL/HR LBMOL/HR
LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
1 71.67 0.000 179167
2 5718  71.67
8 57.19 75.10
9 56.65 75.10
10 56.84 74.56
30 56.11 7435
31 55.78 74.03 13.3582
32 1338 60.33 76.6332
33 1326  61.75
35 1304 59.21

118



Appendices Bender, Hellstern, Roman
36 7207  58.37 72.0746
STAGE FLOW RATE ENTHALPY
LBMOL/HR CAL/MOL
LIQUID] LIQUID2 LIQUIDI LIQUID2
1 6101 10.66 -64308. -67073.
2 4972 7465 -63811. -66743.
8 4957 7618 -63781. -66723.
9 4631 1034 -63776. -66719.
10 56.84 0.000 -64282. -64282.
30 56.11 0.000 -64574. -64574.
31 5578 0.000 -64860. -64860.
32 0.000 133.8 -66580. -66580.
33 0.000 1326 -66817. -66817.
35 0.000 1304 -67415. -67415.
36 0.000 72.07 -67843. -67843.
#kE% MASS FLOW PROFILES *%#*%
STAGE FLOW RATE FEED RATE PRODUCT RATE
LB/HR LB/HR LB/HR
LIQUID VAPOR LIQUID VAPOR MIXED LIQUID VAPOR
1 3719. 0.000 929.7524
2 2966. 3719.
8 2959. 3890.
9 2832.  3888.
10 2840. 3762.
30 2748. 3712.
31 2689. 3678. 647.6005
32 4625. 2971. 1935.0440
33 4422.  2972.
35 3886.  2485.
36 1653. 2233, 1652.8922
STAGE FLOW RATE
LB/HR
LIQUID] LIQUID2
1 3494, 2246
2 2808. 1583
8 2797. 161.6
9 2613. 2193
10 2840. 0.000
30 2748. 0.000
31 2689. 0.000
32 0.000 4625.
33 0.000 4422.
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35 0.000
36 0.000

STAGE H20

1
2
8
9
10
30
31
32
33
35
36

STAGE H20

1
2
8
9
10
30
31
32
33
35
36

STAGE H20

1
2
8
9
10
30
31
32
33
35
36

3886.
1653.

s MOLE-X-PROFILE ~ ###5

0.37370
0.37412
0.37660
0.40877
0.40917
0.42755
0.44197
0.69772
0.72042
0.78622
0.91565

MEK 2:3-B-01  1:3-B-01  3-BUT-01
0.62630  0.94482E-28 0.37577E-09 0.11842E-07
0.62588  0.26713E-26 0.23971E-10 0.23826E-07
0.62340  0.21202E-23 0.60626E-11 0.42848E-06
0.59123  0.20695E-22 0.57372E-11 0.62471E-06
0.59083  0.59313E-21 0.57278E-11 0.10804E-05
0.52466  0.16512E-04 0.54342E-11 0.47774E-01
0.47951 0.50474E-03 0.50879E-11 0.78017E-01
0.22555  0.10749E-01 0.14863E-12 0.65976E-01
0.18001 0.10862E-01 0.52501E-14 0.88713E-01
0.56790E-01 0.11650E-01 0.27045E-17 0.14534
0.10006E-01 0.19700E-01 0.11346E-19 0.54649E-01

sk MOLE-X1-PROFILE — ##3#5

0.27420
0.28900
0.28988
0.29002
0.40917
0.42755
0.44197
0.69772
0.72042
0.78622
0.91565

MEK 2:3-B-01  1:3-B-01  3-BUT-01
0.72580  0.10000E-32 0.44005E-09 0.13735E-07
0.71100  047713E-28 0.27486E-10 0.27081E-07
0.71012  0.22990E-23 0.69723E-11 0.48835E-06
0.70998  0.23108E-22 0.69855E-11 0.75077E-06
0.59083  0.59313E-21 0.57278E-11 0.10804E-05
0.52466  0.16512E-04 0.54342E-11 0.47774E-01
0.47951 0.50474E-03 0.50879E-11 0.78017E-01
0.22555  0.10749E-01 0.14863E-12 0.65976E-01
0.18001 0.10862E-01 0.52501E-14 0.88713E-01
0.56790E-01 0.11650E-01 0.27045E-17 0.14534
0.10006E-01 0.19700E-01 0.11346E-19 0.54649E-01

sk MOLE-X2-PROFILE  ##3#5

0.94343
0.94098
0.94083
0.94081
0.40917
0.42755
0.44197
0.69772
0.72042
0.78622
0.91565

MEK 2:3-B-01  1:3-B-01  3-BUT-01
0.56571E-01 0.63547E-27 0.77004E-11 0.10024E-08
0.59021E-01 0.20144E-25 0.56202E-12 0.21494E-08
0.59169E-01 0.95684E-24 0.14387E-12 0.38951E-07

0.59193E-01 0.98827E-23 0.14436E-12 0.59930E-07

0.59083  0.59313E-21 0.57278E-11 0.10804E-05
0.52466  0.16512E-04 0.54342E-11 0.47774E-01
0.47951 0.50474E-03 0.50879E-11 0.78017E-01
0.22555  0.10749E-01 0.14863E-12 0.65976E-01
0.18001 0.10862E-01 0.52501E-14 0.88713E-01
0.56790E-01 0.11650E-01 0.27045E-17 0.14534
0.10006E-01 0.19700E-01 0.11346E-19 0.54649E-01

sk MOLE-Y-PROFILE ~ ###5
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STAGE H20 MEK 2:3-B-01 1:3-B-01  3-BUT-01
1 034136  0.65864  0.46239E-29 0.73298E-08 0.57714E-08
2 037370  0.62630  0.17684E-27 0.37577E-09 0.11842E-07
8 037559  0.62440  0.65058E-25 0.94254E-10 0.21399E-06
9 037591  0.62409  0.65904E-24 0.94260E-10 0.32909E-06
10 040035  0.59965  0.14790E-22 0.94653E-10 0.47744E-06
30 040993  0.56835  0.41763E-06 0.94813E-10 0.21724E-01
31 041451  0.54926  0.12515E-04 0.95069E-10 0.36211E-01
32 042278  0.52391  0.28498E-03 0.76367E-11 0.53028E-01
33 044336 047714  0.30277E-03 0.32211E-12 0.79197E-01
35 055732 0.24347  0.43928E-03 0.30936E-15 0.19877
36 0.62642  0.11456  0.17101E-02 0.60296E-17 0.25731
k% K-VALUES: V-L1  #%%*
STAGE H20 MEK 2:3-B-01 1:3-B-01 3-BUT-01
1 1.2444 09071 2.0732-02 16.6502 0.4200
2 1.8472 1.2584 39757-02 19.5300 0.6247
8 1.8510 12561 4.0427-02 19.3120 0.6260
9 1.8516 12558 4.0537-02 192766 0.6262
10 13978 14499 3.5621-02 23.6075 0.6313
30 1.3697  1.5475 3.6133-02 24.9249 0.6496
31 1.3398  1.6364 3.5422-02 26.6934 0.6631
32 MISSING MISSING MISSING MISSING MISSING
33 MISSING MISSING MISSING MISSING MISSING
35 MISSING MISSING MISSING MISSING MISSING
36 MISSING MISSING MISSING MISSING MISSING
k% K-VALUES: V-L2  #%%*
STAGE H20 MEK 2:3-B-01 1:3-B-01 3-BUT-01
1 03617 11.6381 4.8920-02 9514966  5.7555
2 05673 15.1591 9.5436-02 955.1500  7.8707
8 05703 15.0756 9.7133-02 9359155  7.8483
9 05708 150620 9.7414-02 932.8020 7.8446
10  MISSING MISSING MISSING MISSING MISSING
30 MISSING MISSING MISSING MISSING MISSING
31 MISSING MISSING MISSING MISSING MISSING
32 0.8656 33182 3.7874-02 73.4022 1.1482
33 0.8792 3.7867 3.9819-02 87.6467 1.2753
35 1.0127  6.1246 5.3869-02 1634065 1.9537
36 09773 163557 0.1240 759.1551  6.7263
wkEkx  K-VALUES: L2-L1  *#%%*
STAGE H20 MEK 2:3-B-01 1:3-B-01 3-BUT-01
I 02906 12.8299 23596 57.1464 13.7029
2 03071 12,0464 24005 489068 12.5994
8 03081 120016 24027 484628 12.5376
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9 03083 11.9943 24031 483904 12.5274
10  MISSING MISSING MISSING MISSING MISSING
30 MISSING MISSING MISSING MISSING MISSING
31  MISSING MISSING MISSING MISSING MISSING
32  MISSING MISSING MISSING MISSING MISSING
33 MISSING MISSING MISSING MISSING MISSING
35 MISSING MISSING MISSING MISSING MISSING
36  MISSING MISSING MISSING MISSING MISSING
sk MASS-X-PROFILE %
STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01
1 012974  0.87026  0.16409E-27 0.39169E-09 0.16455E-07
2 0.12994  0.87006  0.46413E-26 0.24998E-10 0.33122E-07
8 0.13114  0.86886  0.36933E-23 0.63387E-11 0.59719E-06
9 0.14730  0.85270  0.37305E-22 0.62072E-11 0.90099E-06
10 0.14750  0.85250  0.10696E-20 0.61997E-11 0.15588E-05
30 0.15725  0.77238  0.30381E-04 0.60013E-11 0.70331E-01
31 0.16516  0.71721 0.94356E-03 0.57087E-11 0.11669
32 0.36371 0.47061 0.28031E-01 0.23263E-12 0.13766
33 0.38935 038938  0.29367E-01 0.85194E-14 0.19190
35 047548  0.13747  0.35244E-01 0.49110E-17 0.35181
36 0.71929  0.31460E-01 0.77416E-01 0.26762E-19 0.17183
sk MASS-X1-PROFILE -
STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01
1 0.86248E-01 091375  0.15735E-32 0.41559E-09 0.17292E-07
2 0.92193E-01 0.90781 0.76141E-28 0.26327E-10 0.34578E-07
8 0.92549E-01 090745  0.36718E-23 0.66837E-11 0.62405E-06
9 092608E-01 090739  0.36913E-22 0.66974E-11 0.95953E-06
10 0.14750  0.85250  0.10696E-20 0.61997E-11 0.15588E-05
30 0.15725  0.77238  0.30381E-04 0.60013E-11 0.70331E-01
31 0.16516  0.71721 0.94356E-03 0.57087E-11 0.11669
32 0.36371 0.47061 0.28031E-01 0.23263E-12 0.13766
33 0.38935  0.38938  0.29367E-01 0.85194E-14 0.19190
35 047548  0.13747  0.35244E-01 0.49110E-17 0.35181
36 0.71929  0.31460E-01 0.77416E-01 0.26762E-19 0.17183
sk MASS-X2-PROFILE -
STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01
1 080645  0.19355  0.27174E-26 0.19764E-10 0.34295E-08
2 079933 020067  0.85602E-25 0.14335E-11 0.73080E-08
8 0.79890  0.20110  0.40645E-23 0.36681E-12 0.13238E-06
9 0.79883  0.20117  0.41978E-22 0.36803E-12 0.20367E-06
10 0.14750  0.85250  0.10696E-20 0.61997E-11 0.15588E-05
30 0.15725  0.77238  0.30381E-04 0.60013E-11 0.70331E-01
31 0.16516  0.71721 0.94356E-03 0.57087E-11 0.11669

122



Appendices Bender, Hellstern, Roman

32 0.36371 0.47061 0.28031E-01 0.23263E-12 0.13766
33 0.38935  0.38938  0.29367E-01 0.85194E-14 0.19190
35 047548  0.13747  0.35244E-01 0.49110E-17 0.35181
36 0.71929  0.31460E-01 0.77416E-01 0.26762E-19 0.17183

sk MASS-Y-PROFILE %k

STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01
1 0.11464 0.88536  0.77684E-29 0.73912E-08 0.77581E-08
2 012974  0.87026  0.30712E-27 0.39169E-09 0.16455E-07
8 0.13065  0.86935  0.11321E-24 0.98442E-10 0.29793E-06
9 0.13080 0.86920  0.11472E-23 0.98480E-10 0.45833E-06
10 0.14296  0.85704  0.26419E-22 0.10148E-09 0.68238E-06
30 0.14790  0.82073  0.75377E-06 0.10271E-09 0.31371E-01
31 0.15030  0.79713  0.22701E-04 0.10350E-09 0.52552E-01
32 0.15467  0.76716  0.52156E-03 0.83886E-11 0.77648E-01
33 0.16595  0.71483  0.56692E-03 0.36200E-12 0.11865

35 0.23923 041832  0.94330E-03 0.39872E-15 0.34151

36 0.29501 0.21593  0.40288E-02 0.85260E-17 0.48503

*adk VAPORIZATION EFF - ###%
STAGE H20 MEK 2:3-B-01  1:3-B-01  3-BUT-01

1 1.0000 1.0000 1.0000 1.0000 1.0000

2 0.70000  0.70000  0.70000  0.70000  0.70000

8 0.70000  0.70000  0.70000  0.70000  0.70000

9 0.70000  0.70000  0.70000  0.70000  0.70000
10 0.70000  0.70000  0.70000  0.70000  0.70000
30 0.70000  0.70000  0.70000  0.70000  0.70000
31 0.70000  0.70000  0.70000  0.70000  0.70000
32 0.70000  0.70000  0.70000  0.70000  0.70000
33 0.70000  0.70000  0.70000  0.70000  0.70000
35 0.70000  0.70000  0.70000  0.70000  0.70000
36 0.70000  0.70000  0.70000  0.70000  0.70000

BLOCK: B16 MODEL: PUMP

INLET STREAM: 31
OUTLET STREAM: 18
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

k% MASS AND ENERGY BALANCE **%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 0.118709 0.118709 0.00000
MASS(LB/HR ) 8.02844 8.02844 0.00000

ENTHALPY(CAL/SEC) -949.780 -949.093 -0.722847E-03
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% CO2 EQUIVALENT SUMMARY #*%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

ek [INPUT DATA #
OUTLET PRESSURE BAR 7.50000
DRIVER EFFICIENCY 1.00000

FLASH SPECIFICATIONS:

LIQUID PHASE CALCULATION

NO FLASH PERFORMED

MAXIMUM NUMBER OF ITERATIONS 30
TOLERANCE 0.000100000

s RESULTS 4

VOLUMETRIC FLOW RATE L/MIN 0.081469
PRESSURE CHANGE BAR 6.25894
NPSH AVAILABLE M-KGF/KG 2.80319
FLUID POWER KW 0.00084985
BRAKE POWER KW 0.0028744
ELECTRICITY KW 0.0028744

PUMP EFFICIENCY USED 0.29566

NET WORK REQUIRED KW 0.0028744
HEAD DEVELOPED M-KGF/KG 85.6693

BLOCK: B6 MODEL: RADFRAC
INLETS - 32 STAGE 15
OUTLETS - 31 STAGE 1
9 STAGE 30
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skt sk sk sk sk sk sk sk skosieoske sk sk sk sk sk sk sk sk sk sk s sk sk skoskok sk sk sk sk skoskoskoskokok sk skoskoskokokosk

* *
*  ERRORS IN BLOCK CALCULATIONS *
* *
*  COLUMN DRIES UP OR COLUMN FLOWS VIOLATE BUILT-IN LIMITS
*
* *

sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skt sk sk sk sk sk sk sk skosieoske sk sk sk sk sk sk skoskoske sk sk sk s sk sk skoskok sk sk sk sk skoskoskoskokokoskoskoskoskokokosk
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k% MASS AND ENERGY BALANCE #**%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 2.86644 2.87340 -0.242229E-02
MASS(LB/HR ) 128.677 128.640 0.287973E-03

ENTHALPY(CAL/SEC) -22838.6 -23501.1 0.281878E-01

% CO2 EQUIVALENT SUMMARY #%%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

st st s s sfe sk sk skt sk sk sk sk sfeoskoskoskoskokokokok

Rk INPUT DATA Fxk
skt sl Rk Rk Rkl ek e ok

*adk INPUT PARAMETERS ot

NUMBER OF STAGES 30

ALGORITHM OPTION STANDARD
ABSORBER OPTION NO

INITIALIZATION OPTION STANDARD
HYDRAULIC PARAMETER CALCULATIONS NO
INSIDE LOOP CONVERGENCE METHOD BROYDEN
DESIGN SPECIFICATION METHOD NESTED
MAXIMUM NO. OF OUTSIDE LOOP ITERATIONS 200
MAXIMUM NO. OF INSIDE LOOP ITERATIONS 10
MAXIMUM NUMBER OF FLASH ITERATIONS 30
FLASH TOLERANCE 0.000100000
OUTSIDE LOOP CONVERGENCE TOLERANCE 0.000100000

sk COL-SPECS

MOLAR VAPOR DIST / TOTAL DIST 0.0
MASS REFLUX RATIO 3.00000
MASS BOTTOMS RATE LB/HR 120.618

sk PROFILES  #oe

P-SPEC STAGE 1 PRES,BAR 1.24106
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*Hik TRAY VAPORIZATION EFFICIENCY ##%%*

SEGMENT 2 10 EFFICIENCY 0.70000

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

sk sk sk sk sk sk skoske sk sk sk sk skoskoskoskokok ok

*#%  COMPONENT SPLIT FRACTIONS = #%#*

OUTLET STREAMS
31 9
COMPONENT:
H20 30104E-07 1.0000
MEK J8472E-01 92153
1:3-B-01 .81969 18031
3-BUT-01 .22978E-03 .99977

4%k SUMMARY OF KEY RESULTS  ***

TOP STAGE TEMPERATURE C 75.8660
BOTTOM STAGE TEMPERATURE  C 86.8378

TOP STAGE LIQUID FLOW LBMOL/HR 0.33525
BOTTOM STAGE LIQUID FLOW  LBMOL/HR 2.75469
TOP STAGE VAPOR FLOW LBMOL/HR 0.0
BOILUP VAPOR FLOW LBMOL/HR 0.286644-04
MOLAR REFLUX RATIO 3.00000

MOLAR BOILUP RATIO 0.104057-04
CONDENSER DUTY (W/O SUBCOOL) CAL/SEC -443.307

REBOILER DUTY CAL/SEC -160.618

ik MAXIMUM FINAL RELATIVE ERRORS - %

DEW POINT 6.0857 STAGE=10
BUBBLE POINT 0.84851 STAGE=10

COMPONENT MASS BALANCE 0.15332E-01 STAGE= 1 COMP=MEK

ENERGY BALANCE 0.21222  STAGE= 14

sk PROFILES  #oe
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**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES

ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.

ENTHALPY
STAGE TEMPERATURE PRESSURE CAL/MOL HEAT DUTY
C BAR LIQUID  VAPOR CAL/SEC

1 75.866 1.2411  -63362. -55760.  -443.3071
2 60.631 14479  -63976. -56172.

3 55619 14548  -64174. -56304.

12 75.540 1.5168  -65536. -56137.

13 84.378 1.5237  -65347. -56250.

14 84.700 1.5306  -64816. -56273.

15 84.943 1.5375  -65029. -56217.

16 85.075 1.5444  -65025. -56214.

27 86.505 1.6203  -64979. -56190.

28 86.643 1.6272  -64974. -56190.

29 86.818 1.6341 -64974.  -56195.

30 86.838 1.6410  -64973. -56177. -160.6184

STAGE FLOW RATE FEED RATE PRODUCT RATE
LBMOL/HR LBMOL/HR LBMOL/HR
LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
10.4470  0.000 0.1187

203033 04470

302977 04153

1202792  0.3747

130.2953 0.3912

1404841 0.4073 0.5961
15 2764 0.2866E-04 2.2703

16 2766  0.1002E-01

27 2780 0.2402E-01

28 2.782  0.2540E-01

29 2754 0.2751E-01

30 2.755 0.2866E-04 2.7546

wak MASS FLOW PROFILES %%

STAGE FLOW RATE FEED RATE PRODUCT RATE
LB/HR LB/HR LB/HR
LIQUID VAPOR  LIQUID VAPOR MIXED LIQUID VAPOR
1 3223  0.000 8.5597
2 2187 3223
32146 2995

12 1140 2231
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13 11.81 1947

14 22.57 1990 30.6468

15 121.1 0.1446E-02 98.0299

16 121.2  0.5052

27 1219  1.208

28 1220 1.276

29 1206 1374

30 120.6 0.1447E-02 120.6112

#k%k%  MOLE-X-PROFILE — ##%%

STAGE H20 MEK 1:3-B-01  3-BUT-01

1 0.38856E-06 1.0000
2 0.13259E-05 1.0000
3 0.44930E-05 1.0000

12 0.57851 0.42149
13 0.59344  0.40656
14 047118  0.52882
15 052316 047684
16 0.52311 0.47689
27 052252 047748
28 0.52248 047752
29 0.52361 0.47639
30 0.52361 0.47639

0.27702E-06 0.37304E-11
0.61428E-08 0.67140E-11
0.14514E-08 0.10309E-10

0.17839E-08
0.27412E-08
0.40133E-08
0.26987E-08
0.27301E-08
0.30889E-08
0.30104E-08
0.24726E-08
0.24720E-08

ik MOLE-Y-PROFILE

STAGE H20 MEK
1 047132E-06 0.99999
2 0.38856E-06 1.0000
3 0.10721E-05 1.0000

12 023236  0.76764
13 041294  0.58706
14 042993  0.57007
15 040059  0.59941
16 040079  0.59921
27 040330  0.59670
28 040452  0.59548
29 040954  0.59046
30 039975  0.60025

*ask K-VALUES
STAGE H20 MEK

1 24518  0.72974

2 11323  0.37039

3 090611  0.30646
12 045978 1.1332
13 0.63372 1.5462

1:3-B-01

0.56803E-05 0.18433E-11
0.27702E-06 0.37304E-11
0.79477E-07 0.59063E-11

0.84028E-07
0.80556E-07
0.78310E-07
0.64218E-07
0.64842E-07
0.71829E-07
0.69706E-07
0.56685E-07
0.57985E-07

1:3-B-01

Hekoskosk

0.20026E-09
0.26259E-09
0.43312E-09
0.65718E-09
0.65702E-09
0.65528E-09
0.65503E-09
0.65842E-09
0.65842E-09

okoskosk

3-BUT-01

0.13872E-09
0.14401E-09
0.19127E-09
0.31675E-09
0.31678E-09
0.31696E-09
0.31663E-09
0.31747E-09
0.32057E-09

3-BUT-01

12.056  0.54383

74308  0.25508

6.5903  0.20501
25510  0.39362
31976  0.56509
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14 0.82222 1.1639 21.533 045700
15 0.74016 1.3015 24980  0.49340
16 0.74073 1.3007 24927 049351
27 0.74700 1.2922 24368 049471
28 0.74784 1.2919 24325  0.49502
29 0.74795 1.2965 24389  0.49695
30 0.74537 1.2919 24295 049522
sk MASS-X-PROFILE %
STAGE H20 MEK 1:3-B-01  3-BUT-01
1 097078E-07 1.0000  0.20781E-06 0.37304E-11
2 0.33126E-06 1.0000  0.46080E-08 0.67140E-11
3 0.11226E-05 1.0000  0.10888E-08 0.10309E-10
12 0.25535  0.74465  0.23642E-08 0.35379E-09
13 026723  0.73277  0.37062E-08 0.47328E-09
14 0.18208  0.81792  0.46565E-08 0.66990E-09
15 021514  0.78486  0.33322E-08 0.10817E-08
16 021510  0.78490  0.33707E-08 0.10814E-08
27 021470  0.78530  0.38110E-08 0.10777E-08
28 0.21468  0.78532  0.37139E-08 0.10773E-08
29 021544  0.78456  0.30547E-08 0.10843E-08
30 0.21544  0.78456  0.30540E-08 0.10843E-08
sk MASS-Y-PROFILE %k
STAGE H20 MEK 1:3-B-01  3-BUT-01
1 0.11776E-06 1.0000  0.42611E-05 0.18433E-11
2 097078E-07 1.0000  0.20781E-06 0.37304E-11
3 0.26786E-06 1.0000  0.59620E-07 0.59063E-11
12 0.70310E-01 0.92969  0.76341E-07 0.16800E-09
13 0.14947  0.85053  0.87550E-07 0.20864E-09
14 0.15855  0.84145  0.86711E-07 0.28232E-09
15 0.14308  0.85692  0.68869E-07 0.45283E-09
16 0.14318  0.85682  0.69553E-07 0.45297E-09
27 0.14447  0.85553  0.77256E-07 0.45444E-09
28 0.14510  0.85490  0.75072E-07 0.45457E-09
29 0.14769  0.85231 0.61379E-07 0.45825E-09
30 0.14265 0.85735  0.62129E-07 0.45787E-09
ik VAPORIZATION EFF - ###%
STAGE H20 MEK 1:3-B-01  3-BUT-01
1 1.0000 1.0000 1.0000 1.0000
2 0.70000  0.70000  0.70000  0.70000
3 0.70000  0.70000  0.70000  0.70000
12 1.0000 1.0000 1.0000 1.0000
13 1.0000 1.0000 1.0000 1.0000
14 1.0000 1.0000 1.0000 1.0000
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15 1.0000 1.0000 1.0000 1.0000
16  1.0000 1.0000 1.0000 1.0000
27 1.0000 1.0000 1.0000 1.0000
28 1.0000 1.0000 1.0000 1.0000
29  1.0000 1.0000 1.0000 1.0000
30 1.0000 1.0000 1.0000 1.0000

BLOCK: B8 MODEL: HEATX

INLET STREAM: 3

OUTLET STREAM: 4

PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS
COLD SIDE:

INLET STREAM: 13

OUTLET STREAM: 6

PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

% MASS AND ENERGY BALANCE #**%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 164.927 164.927 0.00000
MASS(LB/HR ) 826447 8264 .47 0.00000

ENTHALPY(CAL/SEC)  -0.110065E+07 -0.110065E+07  0.00000

% CO2 EQUIVALENT SUMMARY #*%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION 0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

wak INPUT DATA #%*

FLASH SPECS FOR HOT SIDE:

TWO PHASE FLASH

MAXIMUM NO. ITERATIONS 30
CONVERGENCE TOLERANCE 0.000100000

FLASH SPECS FOR COLD SIDE:

TWO PHASE FLASH

MAXIMUM NO. ITERATIONS 30
CONVERGENCE TOLERANCE 0.000100000
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FLOW DIRECTION AND SPECIFICATION:
COUNTERCURRENT HEAT EXCHANGER
SPECIFIED COLD OUTLET TEMP

SPECIFIED VALUE C 300.0000

LMTD CORRECTION FACTOR 1.00000
PRESSURE SPECIFICATION:

HOT SIDE PRESSURE DROP BAR 0.0000

COLD SIDE PRESSURE DROP BAR 0.0000

HEAT TRANSFER COEFFICIENT SPECIFICATION:

HOT LIQUID COLD LIQUID  CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD LIQUID  CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD LIQUID  CAL/SEC-SQCM-K 0.0203
HOT LIQUID COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT LIQUID COLD VAPOR  CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD VAPOR  CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD VAPOR  CAL/SEC-SQCM-K 0.0203

% OVERALL RESULTS ***

STREAMS:
I
3 - >| HOT [----- >4
T= 5.0000D+02 | I T= 3.4433D+02
P= 9.3326D-02 | [ P= 9.3326D-02
V= 1.0000D+00 | I V= 1.0000D+00
I I
6 <----- I COLD [<----- 13
T= 3.0000D+02 | I T= 1.1938D+02
P= 9.3326D-02 | [ P= 9.3326D-02
V= 1.0000D+00 | I V= 9.7220D-01
DUTY AND AREA:
CALCULATED HEAT DUTY CAL/SEC 47333.7292
CALCULATED (REQUIRED) AREA SQM 1.0767
ACTUAL EXCHANGER AREA SQM 1.0767
PER CENT OVER-DESIGN 0.0000

HEAT TRANSFER COEFFICIENT:
AVERAGE COEFFICIENT (DIRTY) CAL/SEC-SQCM-K 0.0203
UA (DIRTY) CAL/SEC-K 218.5849
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LOG-MEAN TEMPERATURE DIFFERENCE:

LMTD CORRECTION FACTOR 1.0000

LMTD (CORRECTED) C 216.5462

NUMBER OF SHELLS IN SERIES 1
PRESSURE DROP:

HOTSIDE, TOTAL BAR 0.0000

COLDSIDE, TOTAL BAR 0.0000

% ZONE RESULTS *#

TEMPERATURE LEAVING EACH ZONE:

HOT
I I I
HOT IN | VAP I VAP | HOT OUT
—————— > | I |------>
500.0 | 352.11 | 344.3
I I I
COLDOUT | VAP BOIL | COLDIN
<-mmme- I I |<-mmmm-
300.0 | 1194l | 1194
I I I
COLD

ZONE HEAT TRANSFER AND AREA:

ZONE HEATDUTY AREA LMTD AVERAGEU UA
CAL/SEC SQM C CAL/SEC-SQCM-K CAL/SEC-K
1 45075.860 1.0281 215.9654 0.0203 208.7179
2 2257.869 0.0486 228.8315 0.0203 9.8670

BLOCK: B5 MODEL: COMPR

INLET STREAM: 4
OUTLET STREAM: 12
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

% MASS AND ENERGY BALANCE #**%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 118.876 118.876 0.00000
MASS(LB/HR ) 4132.23 4132.23 0.00000
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ENTHALPY(CAL/SEC) -497652. -373656. -0.249162
% CO2 EQUIVALENT SUMMARY #%%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR
ok INPUT DATA %%
ISENTROPIC CENTRIFUGAL COMPRESSOR
OUTLET PRESSURE BAR 5.00000
ISENTROPIC EFFICIENCY 0.72000
MECHANICAL EFFICIENCY 1.00000
ok RESULTS ##%
INDICATED HORSEPOWER REQUIREMENT KW 519.146
BRAKE HORSEPOWER REQUIREMENT KW 519.146
NET WORK REQUIRED KW 519.146
POWER LOSSES KwW 0.0
ISENTROPIC HORSEPOWER REQUIREMENT KW 373.785
CALCULATED OUTLET TEMP C 727.249
ISENTROPIC TEMPERATURE C 627.231
EFFICIENCY (POLYTR/ISENTR) USED 0.72000
OUTLET VAPOR FRACTION 1.00000
HEAD DEVELOPED, M-KGF/KG 73,207.2
MECHANICAL EFFICIENCY USED 1.00000
INLET HEAT CAPACITY RATIO 1.11524
INLET VOLUMETRIC FLOW RATE , L/MIN 494 372.
OUTLET VOLUMETRIC FLOW RATE, L/MIN 14,9499
INLET COMPRESSIBILITY FACTOR 1.00000
OUTLET COMPRESSIBILITY FACTOR 1.00000
AV.ISENT. VOL. EXPONENT 1.10466
AV.ISENT. TEMP EXPONENT 1.10466
AV.ACTUAL VOL. EXPONENT 1.13792
AV.ACTUAL TEMP EXPONENT 1.13792

BLOCK: B25 MODEL: HEATX
HOT SIDE:
INLET STREAM: 43
OUTLET STREAM: 44

PROPERTY OPTION SET: NRTL

RENON (NRTL) / IDEAL GAS
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COLD SIDE:
INLET STREAM: 45
OUTLET STREAM: 41

PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

k% MASS AND ENERGY BALANCE #**%*

IN OouT RELATIVE DIFF.
TOTAL BALANCE
MOLE(LBMOL/HR) 1354.39 1354.39 0.00000
MASS(LB/HR ) 26390.4 26390.4 0.00000

ENTHALPY(CAL/SEC)  -0.879639E+07 -0.879639E+07 -0.211751E-15

% CO2 EQUIVALENT SUMMARY #%%*
FEED STREAMS CO2E 0.00000  LB/HR
PRODUCT STREAMS CO2E 0.00000  LB/HR
NET STREAMS CO2E PRODUCTION 0.00000 LB/HR
UTILITIES CO2E PRODUCTION  0.00000 LB/HR
TOTAL CO2E PRODUCTION 0.00000  LB/HR

% INPUT DATA #%*

FLASH SPECS FOR HOT SIDE:

TWO PHASE FLASH

MAXIMUM NO. ITERATIONS 30
CONVERGENCE TOLERANCE 0.000100000

FLASH SPECS FOR COLD SIDE:

TWO PHASE FLASH

MAXIMUM NO. ITERATIONS 30
CONVERGENCE TOLERANCE 0.000100000

FLOW DIRECTION AND SPECIFICATION:
COUNTERCURRENT HEAT EXCHANGER
SPECIFIED COLD OUTLET TEMP
SPECIFIED VALUE C 500.0000
LMTD CORRECTION FACTOR 1.00000

PRESSURE SPECIFICATION:
HOT SIDE PRESSURE DROP BAR 0.0000
COLD SIDE PRESSURE DROP BAR 0.0000

HEAT TRANSFER COEFFICIENT SPECIFICATION:
HOT LIQUID COLD LIQUID  CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD LIQUID  CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD LIQUID  CAL/SEC-SQCM-K 0.0203
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HOT LIQUID COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD 2-PHASE CAL/SEC-SQCM-K 0.0203
HOT LIQUID COLD VAPOR  CAL/SEC-SQCM-K 0.0203
HOT 2-PHASE COLD VAPOR  CAL/SEC-SQCM-K 0.0203
HOT VAPOR COLD VAPOR  CAL/SEC-SQCM-K 0.0203

##% QVERALL RESULTS ***

STREAMS:
| |

VT J— >| HOT o> 44

T= 5.9333D+02 | | T= 5.1000D+02

P= 1.0000D+00 | | P= 1.0000D+00

V= 1.0000D+00 | | V= 1.0000D+00

| |

41 <l COLD |<emaev 45

T= 5.0000D+02 | | T= 5.0000D+01

P= 9.3326D-02 | | P= 9.3326D-02

V= 1.0000D+00 | | V= 1.0000D+00

DUTY AND AREA:
CALCULATED HEAT DUTY CAL/SEC 120933.1843
CALCULATED (REQUIRED) AREA  SQM 2.5913
ACTUAL EXCHANGER AREA SQM 2.5913
PER CENT OVER-DESIGN 0.0000

HEAT TRANSFER COEFFICIENT:
AVERAGE COEFFICIENT (DIRTY) CAL/SEC-SQCM-K 0.0203
UA (DIRTY) CAL/SEC-K 526.0756

LOG-MEAN TEMPERATURE DIFFERENCE:
LMTD CORRECTION FACTOR 1.0000
LMTD (CORRECTED) C 229.8780
NUMBER OF SHELLS IN SERIES 1

PRESSURE DROP:
HOTSIDE, TOTAL BAR 0.0000
COLDSIDE, TOTAL BAR 0.0000

% ZONE RESULTS *#

TEMPERATURE LEAVING EACH ZONE:
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HOT
I [
HOT IN | VAP | HOT OUT
—————— > | [--——-—>
593.3 | | 5100
I [
COLDOUT | VAP | COLDIN
DS E— I [<--—---
500.0 | | 500
I [
COLD

ZONE HEAT TRANSFER AND AREA:
ZONE HEATDUTY AREA LMTD AVERAGEU UA

CAL/SEC SQM C CAL/SEC-SQCM-K CAL/SEC-K
1 120933.184 25913 229.8780 0.0203 526.0756

Appendix C: Orochem Contact

We were recommended to consider a relatively new technology that the company
Orochem has invented to separate alcohols and hydrocarbons from water. Our team
talked to an Orochem representative, Dr. Anil Oroskar, and acquired some theoretical
details about this new technology. For our process which produces 14,730 metric tons of
BDO per year and 29,460 metric tons of ethanol per year, the approximate capitol cost of
such a piece of equipment would be 10-14 million, so the value of $12 million was used
for a semi-conservative estimate. In addition, there would be yearly operation costs of
approximate $25 dollars per metric ton of BDO produced, which would result in
operating expenses of $359,450 per year. The adsorbent used in the process, which is a
proprietary Orochem technology, has a guaranteed life of 5 years, but then it needs to be
recharged by an Orochem employee at an approximate cost of $700,000 per recharge.

Appendix D: Problem Statement

11.  Bio-Butadiene from Waste Carbon Monoxide
(recommended by Stephen M. Tieri, DuPont)

1,3-Butadiene is a material with a wide variety of applications in the arena of
synthetic materials and polymers; for the production of synthetic rubbers, as a copolymer
additive, and as an ingredient in rocket fuel. For your company, it is a critical feedstock
to support and maintain the continuity of Nylon 6,6 production, via nickel-catalyzed
hydrocyanation to produce adiponitrile (ADN). Previously, 2,3-butanediol (BDO) was a
feedstock for butadiene production for synthetic rubber; however, this production
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technology was abandoned in favor of the more cost-effective naphtha-based technology
route.

Current forecasts estimate 17-20% average annual growth for bioplastics through
2016, driven by a mix of internal and external market forces. Your company’s interest in
biopolymers is motivated by a number of factors; including consumer demand, a business
desire for feedstock diversification, the increasing price of fossil materials, as a hedge for
petroleum market volatility, and to positively impact global climate change.

Through research efforts and in cooperation with its partners, your company has
developed and acquired innovative technology to produce bio-based 1,3-butadiene by a
two-step process from carbon monoxide. The first step converts waste carbon monoxide
via fermentation to 2,3-butanediol (BDO). Specifically, the research group developed a
microorganism which is the catalyst and basis for this bio-based production route. The
second step thermo-catalytically converts the 2,3-butanediol to 1,3-butadiene. As the
butadiene from this technology has the identical structure and functionality of traditional
petrochemical butadiene, it serves as a direct replacement to produce renewably sourced
polymers without modifications to existing downstream equipment or processes. Early
technology successes resulted in supplemental research funding awarded through
government grants, which have provided partial funding for development and pilot
production programs.

There are a variety of potential sources to provide the necessary CO feed,
including CO- rich gas streams from thermochemical gasification of forestry and
agricultural residues and other types of waste. However, also, the source of CO can be an
industrial process, such as ferrous metal products manufacturing. Existing steel mills
produce CO-rich gas streams, which are well suited to complement your fermentation
technology. An important technology and business advantage is the input gas flexibility
of your technology to utilize any single or combination of four waste gasses from an
integrated steel mill, a basic oxygen furnace (BOF), a blast furnace, and coke-oven
manufacturing processes.

Operation of the company’s 2,3-BDO pilot plant has been extremely successful,
achieving all of its technology targets and goals. More specifically, the pilot plant
demonstrated its target production of 100 M gpy (M = 1,000), the capability to use “raw”
steel waste gas, and to tolerate the full range of gas contaminants. Additionally, the
technology demonstrated both the ability to tolerate variations in gas composition and
achieved production rate targets necessary for commercial viability.

Recovery and isolation of the intermediate 2,3-BDO from fermentation broth
using convention distillation separation techniques present significant challenges with
respect to process energy consumption, and subsequently economic competitiveness.

Current development studies in the area of separations indicate a high potential
for chromatographic separation, and/or membrane technologies, to provide the required
2,3-BDO isolation with a significant reduction in energy requirements compared to
distillation alternatives.

Many historical catalysts for dehydration of 2,3-BDO to 1,3-butadiene also produce, and
potentially favor, methylethylketone (MEK). While both butadiene and MEK produced
from your Bio-BDO are valuable monomers, your main interest is in butadiene to support
ADN production. Your partner’s catalyst technology group has identified and developed
new commercially-viable heterogeneous catalysts for the thermo-catalytic conversion of

137



Appendices Bender, Hellstern, Roman

butadiene, and is continuing work to optimize conversion, selectivity, and yield.
Demonstrated conversion data for preliminary catalyst formulations production is
included in the table below.

Now that the research, development, and pilot-plant teams have succeeded in
achieving their milestone targets, corporate leadership is eager to proceed to design the
first commercial-scale production facility. Your company and its technology-
development partners intend to use this technology to attract additional investors and
industrial partners for both feedstock supply and sustainably branded intermediates and
polymers. Your company expects to build and operate this commercial facility, in
addition to some future sister facilities, and does not currently plan to license this specific
technology as an additional revenue source.

Your project team has been assembled to commercialize this new sustainable
technology and design the first commercial-scale plant. Its business objective is to design
a commercial-scale facility to produce polymer grade 1,3-butadiene from “raw” steel
plant waste gas from an integrated steel manufacturing facility. Your Bio-Butadiene
production facility will be co-located with an existing steel/ferrous metal production
plant. Your team will need to identify the optimal Bio-Butadiene plant capacity/scale for
economic viability, for maximum profitability, and for matching the waste gas supply
capacity from an integrated steel mill, and to quantify the economic sensitivity of the
process design and scale. While the current business intention is to target medium to
large-size steel mills for future facilities, the scope of your team’s work includes
verifying the extent to which this steel mill capacity range is a reasonable target. The
1,3-butadiene product purity and quality will need to meet or exceed current commercial
requirements for polymer grade material, to be acceptable for internal use and for
additional sales to perspective external customers. As your technology has the potential
for global application, the business team is interested in understanding the potential
economic differences between locating on existing steel production sites in China, Japan,
and the United States; and to identify the optimal location for the first plant.

Product BDO Conversion Selectivity Yield

1,3-Butadiene 94% 35— 49% 66% 3—33% 61% 3—21%

The plant design should be as environmentally-friendly as possible, as required by
state and federal emissions legislation. Process materials should be recovered and
recycled to the maximum economic extent. Also, energy consumption should be
minimized, to the extent economically justified. The plant design must also be
controllable and safe to operate. As the process technology integration and design team,
you will be there for the start-up and will have to live with whatever design decisions you
have made.

Undoubtedly, you will need additional data and information beyond that given
here and listed in the references below. Cite any literature data used. If required, make
reasonable assumptions, state them, and quantify the extent to which your design or
economics are sensitive to the assumptions you have made.
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Appendices

Appendix E: Heat Exchanger Design

This shell-and-tube heat exchanger is for Section 000. The feed is calculated at one tenth
of that actually required, so this is used as a basis but does not appear in our final design.
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Appendix F: Unit Specification Sheets

SEED FERMENTER

IDENTIFICATION: F201

FUNCTION: Start to grow cells

OPERATION: Batch

MATERIALS HANDLED:
(Ib) Feed Output
Butadiene 0 0
Butanediol 0 0
Cells 2.2*%10A-7 0.018
Steel Mill Gas 220 220
Water 834 834
Media 8.3 8.3
Total 311.7 311.7
MATERIALS HANDLED:
(Ib/hr) Feed Output
Steel Mill Gas 9.2 9.2
Total 92 9.2
DESIGN DATA.:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6 F
Height: 2.8 ft
Diameter: 0.95 ft
Volume: 15 gallons

PURCHASE COST: 5,897
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FERMENTER

IDENTIFICATION: F202

FUNCTION: Continue growing cells

OPERATION: Batch

MATERIALS HANDLED:
(Ib) Feed Output
Butadiene 0 0
Butanediol 0 0
Cells 0.018 0.18
Steel Mill Gas 1896 1896
Water 796 796
Media 80 80
Total 2772 2772
MATERIALS HANDLED:
(Ib/hr) Feed Output
Steel Mill Gas 79 79
Total 79 79
DESIGN DATA:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6 F
Height: 5.8 ft
Diameter: 1.93 ft
Volume: 130 gallons

PURCHASE COST: 11,837
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FERMENTER

IDENTIFICATION: F203

FUNCTION: Continue growing cells

OPERATION: Batch

MATERIALS HANDLED:
(Ib) Feed Output
Butadiene 0 0
Butanediol 0 0
Cells 0.18 2
Steel Mill Gas 19345 19345
Water 9009 9009
Media 901 899
Total 29255 29255
MATERIALS HANDLED:
(Ib/hr) Feed Output
Steel Mill Gas 806 806
Total 806 806
DESIGN DATA.:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6 F
Height: 12.5 ft
Diameter: 4.15 ft
Volume: 1320 gallons

PURCHASE COST: 29,677
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FERMENTER

IDENTIFICATION: F204

FUNCTION: Continue growing cells

OPERATION: Batch

MATERIALS HANDLED:
(Ib) Feed Output
Butadiene 0 0
Butanediol 0 0
Cells 2 18
Steel Mill Gas 193440 193440
Water 23800 23800
Media 2380 2364
Total 45527 45527
MATERIALS HANDLED:
(Ib/hr) Feed Output
Steel Mill Gas 8060 8060
Total 8060 8060
DESIGN DATA:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6 F
Height: 26.7 ft
Diameter: 89 ft
Volume: 13200 gallons

PURCHASE COST: 86,528
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FERMENTER

IDENTIFICATION: F205

FUNCTION: Continue growing cells

OPERATION: Batch

MATERIALS HANDLED:
(Ib) Feed Output
Butadiene 0 0
Butanediol 0 0
Cells 18 67
Steel Mill Gas 659491 659472
Water 300300 300300
Media 30030 30000
Total 989839 29255
MATERIALS HANDLED:
(Ib/hr) Feed Output
Steel Mill Gas 27479 27478
Total 27479 27478
DESIGN DATA.:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6F
Height: 40 ft
Diameter: 133 ft
Volume: 45000 gallons

PURCHASE COST: 157,852

148




Appendices

Bender, Hellstern, Roman

CONTINUOUS STIRRED TANK REACTOR

IDENTIFICATION: CR301

FUNCTION: Enable continuous production of 2,3 Butanediol

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed Output
Cells 80 200
Butanediol 0 400
Steel Mill Gas 30532 29532
Ethanol 0 800
Water 37500 37500
Media 4170 4050
Total 72282 72282
DESIGN DATA:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98.6F
Height: 582 ft
Diameter: 11.6 ft
Volume: 50,000 gallons

PURCHASE COST: 177,920
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BLOWER

IDENTIFICATION: B101

FUNCTION: Provide dry media to the mixer

OPERATION: Conditional, Continuous

DESIGN DATA:
Type: Centrifugal
Driver Type: Motor
Material: Cast Iron
Pressure In: 14 psi
Pressure Out: 16 psi
Temperature: 60 °F
Flow Rate: 5,837 1b/hr
Efficiency: 0.72
Blade Type: Sheet Metal
UTILITIES: Electricity (50 kW)
PURCHASE COST: $9,320
FILTER SCREEN
IDENTIFICATION: FT103
FUNCTION: Filter media to ensure it is pure
OPERATION: Conditional, Continuous
DESIGN DATA:
Type: Ultrafiltration
Flow Rate: 50,000 gallons/hr
Pressure In: 50 psi
Pressure Out: 22 psi
Contact Area: 6000 ft?
Flux: 200 GFD

PURCHASE COST: $60,000
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FILTER SCREEN

IDENTIFICATION: FT101

FUNCTION: Filter media to ensure it is pure

OPERATION: Conditional, Continuous

DESIGN DATA:
Type: Ultrafiltration
Flow Rate: 50,570 gallons/hr
Pressure In: 50 psi
Pressure Out: 22 psi
Contact Area: 5060 ft?
Flux: 200 GFD
PURCHASE COST: $50,600
FILTER SCREEN
IDENTIFICATION: FT102
FUNCTION: Filter media to ensure it is pure
OPERATION: Conditional, Continuous
DESIGN DATA:
Type: Ultrafiltration
Flow Rate: 5,000 gallons/hr
Pressure In: 50 psi
Pressure Out: 22 psi
Contact Area: 600 ft?
Flux: 200 GFD
PURCHASE COST: $6,000
Electricity Powered Heater
IDENTIFICATION: H102
FUNCTION: To heat wet media before batch usage
OPERATION: Continuous
DESIGN DATA:
(Ib/hr) 417,600
DESIGN DATA:
Material: Carbon Steel
Power Usage: 3666 kW
Efficiency: 0.8
Pressure: 22
T 68 °F
Tou 98 °F

out*®

UTILITIES: Electricity (3666 kW)

PURCHASE COST: $25,232
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Electricity Powered Heater

IDENTIFICATION: H101

FUNCTION: To heat wet media before batch usage

OPERATION: Batch

DESIGN DATA:
(Ib/hr) 304,166
DESIGN DATA:
Material: Carbon Steel
Power Usage: 111 kW
Efficiency: 0.8
Pressure: 22
T 68 °F
Tou 98 °F
UTILITIES: Electricity (111 kW)
PURCHASE COST: 3,308
Mixing Tank
IDENTIFICATION: M101
FUNCTION: To mix dry media and water to produce wet media
OPERATION: Continuous
MATERIALS HANDLED:
(Ib/hr) Feed Output
Butadiene
Butanediol
Media 41700 | 41700
Methyl Ethyl Ketone
Water 375000 | 375000
Total 416700 | 416700
DESIGN DATA:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 98 °F
Height: 27.8 feet
Diameter: 9.3 feet
Volume: 15,000 gallons

PURCHASE COST: $95,706
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STORAGE TANK

IDENTIFICATION: ST101a & ST101b

FUNCTION: To store and transport dry media

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed Output
Butadiene
Butanediol
Media 41700 41700
Methyl Ethyl Keystone
Water
Total 41700 41700
DESIGN DATA:
Material: Carbon Steel
Pressure: 22 psig
Temperature: 70 °F
Height: 41.3 ft
Diameter: 13.8 ft
Volume: 50,000 gallons

PURCHASE COST: $165, 626
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PUMP

IDENTIFICATION: P-101

FUNCTION: Pump wet media to CSTRs

OPERATION: Continuous

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 921.5 gpm
Pressure In: 21 psi
Pressure Out: 50 psi
Efficiency: 0.74
UTILITIES: Electricity (11.05 kW)
PURCHASE COST: $479%4
PUMP
IDENTIFICATION: P-102
FUNCTION: Pump wet media to batch fermentation reactors
OPERATION: Batch
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 737.7 gpm
Pressure In: 21 psi
Pressure Out: 50 psi
Efficiency: 0.75
UTILITIES: Electricity (13.5 kW)
PURCHASE COST: $4475
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PUMP

IDENTIFICATION: P-201

FUNCTION: Pump wet media to batch fermentation reactors

OPERATION: Batch

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 0.02 gpm
Pressure In: 22 psi
Pressure Out: 23 psi
Efficiency: 0.3
UTILITIES: Electricity (2.3x10” kW)
PURCHASE COST: $3000
PUMP
IDENTIFICATION: P-202
FUNCTION: Pump wet media to batch fermentation reactors
OPERATION: Batch
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 0.02 gpm
Pressure In: 22 psi
Pressure Out: 23 psi
Efficiency: 0.3
UTILITIES: Electricity (2.9x10* kW)
PURCHASE COST: $4390
PUMP
IDENTIFICATION: P-203
FUNCTION: Pump wet media to batch fermentation reactors
OPERATION: Batch
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 1.8 gpm
Pressure In: 22 psi
Pressure Out: 23 psi
Efficiency: 0.3

UTILITIES: Electricity (2.4x10” kW)

PURCHASE COST: $9478
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PUMP

IDENTIFICATION: P-204

FUNCTION: Pump wet media to batch fermentation reactors

OPERATION: Batch

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 4.8 gpm
Pressure In: 22 psi
Pressure Out: 23 psi
Efficiency: 0.3
UTILITIES: Electricity (6.5x107 kW)
PURCHASE COST: $6152
PUMP
IDENTIFICATION: P205
FUNCTION: Pump wet media to batch fermentation reactors
OPERATION: Batch
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 30 gpm
Pressure In: 22 psi
Pressure Out: 23 psi
Efficiency: 0.35

UTILITIES: Electricity (0.03 kW)

PURCHASE COST: $3540

\\
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PUMP

IDENTIFICATION: P-301

FUNCTION: Pump wet media to batch fermentation reactors

OPERATION: Continuous

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 92 gpm
Pressure In: 22 psi
Pressure Out: 50 psi
Efficiency: 0.5
UTILITIES: Electricity (2 kW)
PURCHASE COST: $3000
PUMP
IDENTIFICATION: P-401
FUNCTION: Pump wet media to batch fermentation reactors
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 692 gpm
Pressure In: 22 psi
Pressure Out: 50 psi
Efficiency: 0.73

UTILITIES: Electricity (10 kW)

PURCHASE COST: $4391
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HEAT EXCHANGER

IDENTIFICATION: HX001

FUNCTION: Cool steel mill gas to 98°F at 22 psi

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Hot Side Cold Side
Steel Mill Gas 0 310,000
Water 849,600 0
Total 849,600 310,000
DESIGN DATA:
Type: Shell-and-tube
Material: Carbon Steel
Heat Transfer Area: 972
Length: 16
U: 35 BTU/ft?-hr-°F
Heat Duty: 6,710,000 BTU/hr
Pressure Drop 7 psi
Hot Side Cold Side
T 770 45
Tout 98 88
PURCHASE COST: $68,300
COMPRESSOR
IDENTIFICATION: C001
FUNCTION: Compress hot flue gas from steel mill to 30 psi
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Driver Type: Motor
Material: Cast Iron
Pressure In: 14 psi
Pressure Out: 30 psi
Temperature In: 482 °F
Temperature Out: 770 °F
Flow Rate: 310,000 Ib/hr
Efficiency: 0.72
Driver Power: 1301 HP

UTILITIES: Electricity (8751 kW)

PURCHASE COST: $7,585,000
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REACTOR

IDENTIFICATION: R501

FUNCTION: Thermo Catalytic Conversion

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr)
Butadiene
Butanediol
Methyl Vinyl
Carbinol
Methyl Ethyl
Ketone
Water
Total
DESIGN
DATA:

Type:

Material:
Catalyst Type:
Catalyst Mass:

Temperature:
Pressure In:
Pressure Out:

Feed

4133

Shell-and-packed
tube

Carbon Steel
Thorium Oxide
2219 1b

932 °F

1 psi

1 psi

Effluent
1538
129

284

866

1316
4133

Tube Diameter: 1 inch
Tube Length: 20 ft
Number of Tubes: 1557
Shell Diameter: 55 inch
Number of Shells: 1
Residence Time: 14s

CATALYST COST: $1,927,700

PURCHASE COST: $212,210
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CENTRIFUGAL PUMP

IDENTIFICATION: P501

FUNCTION: Continuous

OPERATION: Pump higher pressure water to the heat exchanger

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 3000 1b/hr
Pressure In: 15 psi
Pressure Out: 20 psi
Efficiency: 0.3
Head: 19.6 ft
UTILITIES: Electricity (0.055 kW)
PURCHASE COST: $14,750
REFLUX PUMP
IDENTIFICATION: D603
FUNCTION: Reflux to the third distillation column
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 6729 1b/hr
Efficiency: 0.7
Head: 100 ft
UTILITIES: Electricity (0.48 kW)
PURCHASE COST: $11,320
REFLUX PUMP
IDENTIFICATION: D601
FUNCTION: To pump reflux back to the first distillation column
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 8202 1b/hr
Efficiency: 0.7

UTILITIES: Electricity (0.64 kW)

PURCHASE COST: $11,065
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REFLUX PUMP

IDENTIFICATION: D602

FUNCTION: To pump reflux to the second distillation column

OPERATION: Continuous

DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 5440 1b/hr
Efficiency: 0.7
UTILITIES: Electricity (0.68 kW)
PURCHASE COST: $12,225
PUMP
IDENTIFICATION: P706
FUNCTION: To pump feed at 109 psi to D701
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 1355 1b/hr
Pressure In: 18 psi
Pressure Out: 109 psi
Efficiency: 0.3
UTILITIES: Electricity (0.45 kW)
PURCHASE COST: $12,640
REFLUX PUMP
IDENTIFICATION: D401
FUNCTION: Pump reflux to the BDO separation distillation column
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 26,612 Ib/hr
Efficiency: 0.7

UTILITIES: Electricity (1.41 kW)

PURCHASE COST: $11,000
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REFLUX PUMP

IDENTIFICATION: D701

FUNCTION: Pump reflux to the fourth distillation tower

OPERATION: Continuous

DESIGN DATA.:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 6910 Ib/hr
Efficiency: 0.7
UTILITIES: Electricity (0.6 kW)
PURCHASE COST: $11,160
REFLUX PUMP
IDENTIFICATION: D702
FUNCTION: Pump reflux to the fifth distillation column
OPERATION: Continuous
DESIGN DATA.:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 6041 1b/hr
Efficiency: 0.7
UTILITIES: Electricity (0.66 kW)
PURCHASE COST: $11,190
PUMP
IDENTIFICATION: P701
FUNCTION: Pump feed to D701 at 109 psi
OPERATION: Continuous
DESIGN DATA.:
Type: Centrifugal
Material: Carbon Steel
Flow Rate: 930 Ib/hr
Pressure In: 17
Pressure Out: 109
Efficiency: 0.3

UTILITIES: Electricity (0.33 kW)

PURCHASE COST: $13,450
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HEAT EXCHANGER

IDENTIFICATION: HX504

FUNCTION: Recover heat from compression to use for a rebuilder

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Hot Side Cold Side
Butadiene 1538 0
Butanediol 128 0
Methyl Vinyl Carbinol 284 0
Methyl Ethyl Ketone 865 0
Water 1316 3000
Total 4132 3000
DESIGN DATA.:
Type: Shell-and-tube
Material: Carbon Steel
Heat Transfer Area: 446 ft2
U: 150 (BTU/hr-ft2-R)
Length: 20 ft
Heat Duty: 4,061,080 BTU/hr
Pressure Drop 0
Hot Side Cold Side
T,: 1341 90
P 194 760
PURCHASE COST: $101,600
VACUUM SYSTEM

IDENTIFICATION: VS501

FUNCTION: Reduce the pressure of streams leading into the reactor vessel

OPERATION: Continuous

DESIGN DATA:

Type:

Material:
Flow Rate:
Pressure Out:
Size Factor:
Air Leakage:

Two-stage steam-jet
ejector

Carbon Steel

4132 1b/hr

70 mmHg

59.0 Ib/hr*torr

14.2 1b/hr

UTILITIES: HP Steam ($516,000) CW ($84,000)

PURCHASE COST: $17,991
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HEAT EXCHANGER

IDENTIFICATION: D603

FUNCTION: Condense distillate of third distillation column

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

Hot Side

0
4
0
1
6
1

Total Condenser
Carbon Steel
134 ft2
20 ft
226,218 BTU/hr
0

Hot Side
240
191

Cold Side

Cold Side
90
120

PURCHASE COST: $5700
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HEAT EXCHANGER

IDENTIFICATION: D601

FUNCTION: Condense the distillate form the first distillation tower

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Hot Side Cold Side
Butadiene 1539 0
Butanediol 0 0
Methyl Vinyl Carbinol 0 0
Methyl Ethyl Ketone 4 0
Water 7 8880
Total 1550 8880
DESIGN DATA:
Type: Total Condenser
Material: Carbon Steel
Heat Transfer Area: 244 ft2
Length: 20 ft
Heat Duty: 74586 BTU/hr
Pressure Drop 0
Hot Side Cold Side
T,: 137 90
T 107 120

PURCHASE COST: $91,450
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HEAT EXCHANGER

IDENTIFICATION: D602

FUNCTION: Totally condense the distillate of the second distillation column

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

Hot Side
0
0
0
809
121
930

Total Condenser
Carbon Steel
89 ft2
20 ft
78,510 BTU/hr
0

Hot Side
198
170

Cold Side

Cold Side
90
120

PURCHASE COST: $5,340
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HEAT EXCHANGER

IDENTIFICATION: D401

FUNCTION: Totally condense the distillation column separating ethanol and
butanediol

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Hot Side Cold Side
Butadiene 0 0
Butanediol 4 0
Methyl Vinyl Carbinol 0 0
Methyl Ethyl Ketone 0 0
Ethanol 7992 0
Water 0 17,602
Total 7996 17,902
DESIGN DATA.:
Type: Total Condenser
Material: Carbon Steel
Heat Transfer Area: 401 ft2
Length: 20 ft
Heat Duty: 527,850
Pressure Drop 0
Hot Side Cold Side
T,: 226 90
T, 206 120

PURCHASE COST: $99,230
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HEAT EXCHANGER

IDENTIFICATION: HX501

FUNCTION: Heat feed to reactor during start-up conditions

OPERATION: Conditional, Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

Hot Side
0
4128
0
0
4
4132

Electric
Carbon Steel
129
20
47,334 BTU/hr
0

Hot Side
257
572

Cold Side

(NNl

N/A

Cold Side
N/A
N/A

PURCHASE COST: $5,70
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HEAT EXCHANGER

IDENTIFICATION: D701

FUNCTION: Totally condense the distillate to the fourth distillation tower

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

T,

mn*

T .

out*®

Hot Side
0
0
0
1234
241
1475

Total Condenser
Carbon Steel
65 ft2
20 ft
227,278 BTU/hr
0

Hot Side
310
278

Cold Side
0

0

0

0

7579
7579

Cold Side
90
120

PURCHASE COST: $5,090
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HEAT EXCHANGER

IDENTIFICATION: D702

FUNCTION: Totally condense the distillate from the fifth distillation tower

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

in*

out*®

Hot Side
0
0
0
1234
121
1255

Total Condenser
Carbon Steel
109 ft2
20 ft
210,330 BTU/hr
0

Hot Side
205
173

Cold Side
0

0

0

0

7250
7250

Cold Side
90
120

PURCHASE COST: $5,560
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HEAT EXCHANGER

IDENTIFICATION: HX502

FUNCTION: Preheat the feed to the reactor with the effluent heat from the reactor

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Total

Type:

Material:

Heat Transfer Area:
Length:

U:

Heat Duty:
Pressure Drop

Hot Side
0
4128
0
0
4
4132

Shell-and-tube
Carbon Steel
12 ft2
20 ft
150 BTU/hr-ft2-R
47,334 BTU/hr
0

Hot Side
932
652

Cold Side
1538

128

284

866

1316
4132

Cold Side
245
572

PURCHASE COST: $3,854
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REFLUX ACCUMULATOR

IDENTIFICATION: D603

FUNCTION: Accumulate reflux from the third distillation tower

OPERATION: Continuous

DESIGN DATA:

Type: Horizontal Drum
Material: Carbon Steel
Diameter: 3 ft
Length: O ft
Capacity: 476 gallons
Temperature: 191 °F
Pressure: 35 psi

PURCHASE COST: $57,215

REFLUX ACCUMULATOR

IDENTIFICATION: D601

FUNCTION: Accumulate reflux from the first distillation tower

OPERATION: Continuous

DESIGN DATA:

Type: Horizontal Drum
Material: Carbon Steel
Diameter: 3 ft
Length: O ft
Capacity: 476 gallons
Temperature: 107 °F
Pressure: 76 psi

PURCHASE COST: $57,215

REFLUX ACCUMULATOR

IDENTIFICATION: D602

FUNCTION: Accumulate reflux from the second distillation tower

OPERATION: Continuous

DESIGN DATA:
Type: Horizontal Drum
Material: Carbon Steel
Diameter: 3 ft
Length: 9 ft
Capacity: 476 gallons
Temperature: 169 °F
Pressure: 35 psi

PURCHASE COST: $57,215
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REFLUX ACCUMULATOR

IDENTIFICATION: D401

FUNCTION: Accumulate reflux from the ethanol-butanediol separation tower

OPERATION: Continuous

DESIGN DATA:

Type: Horizontal Drum
Material: Carbon Steel
Diameter: 3 ft
Length: O ft
Capacity: 317 gallons
Temperature: 206 °F
Pressure: 35 psi

PURCHASE COST: $52,347

REFLUX ACCUMULATOR

IDENTIFICATION: D701

FUNCTION: Accumulate reflux from the fourth horizontal drum

OPERATION: Continuous

DESIGN DATA:

Type: Horizontal Drum
Material: Carbon Steel
Diameter: 3 ft
Length: O ft
Capacity: 476 gallons
Temperature: 279 °F
Pressure: 112 psi

PURCHASE COST: $57,215

REFLUX ACCUMULATOR

IDENTIFICATION: D702

FUNCTION: Accumulate reflux from the fifth distillation tower

OPERATION: Continuous

DESIGN DATA:

Type:
Material:
Diameter:
Length:
Capacity:
Temperature:
Pressure:

Horizontal Drum
Carbon Steel

3 ft

9 ft

475 gallons

173 °F

35 psi

PURCHASE COST: $57,215
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REBOILER

IDENTIFICATION: D603

FUNCTION: Phase change, reboiler for the third column

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

High Pressure Steam
Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

T,
T .

out*

Hot Side

SO OO

0
1863
1863

U-tube
Carbon Steel
1645 ft2
20
3,745,450 BTU/hr
0
Hot Side
298
298

Cold Side
4
127

Cold Side
252
324

PURCHASE COST: $159,330
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REBOILER

IDENTIFICATION: D601

FUNCTION: Reboiler to the first distillation column

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Medium Pressure Steam
Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

T. .

mn*

T .

out*

Hot Side

(=Mool

0
422
422

U-tube
Carbon Steel
88 ft2
20 ft
794,185 BTU/hr
0
Hot Side
366
366

Cold Side
0

128

284

861

1309

0

2582

Cold Side
280
282

PURCHASE COST: $5,340
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REBOILER

IDENTIFICATION: D401

FUNCTION: Reboiler to the ethanol-butanediol separation tower

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Ethanol

Water

Low Pressure Steam
Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

Hot Side

SO OO O

0
4507
4507

U-tube
Carbon Steel
1034 ft2
20 ft
9,061,920 BTU/hr
0

Hot Side
298
298

Cold Side
0

3996

0

S O O

4004

Cold Side
328
389

PURCHASE COST: $131,080
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REBOILER

IDENTIFICATION: D701

FUNCTION: Reboiler to the fourth distillation tower

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Medium Pressure Steam
Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

T,:

m*

T .

out*

Hot Side

1045
1045

U-tube
Carbon Steel
933 ft2
20 ft
1,961,140 BTU/hr
0
Hot Side
366
366

Cold Side

Cold Side
346
347

PURCHASE COST: $126,320
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REBOILER

IDENTIFICATION: D702

FUNCTION: Reboiler for the fifth distillation column

OPERATION: Continuous

MATERIALS HANDLED:

DESIGN DATA:

(Ib/hr)

Butadiene

Butanediol

Methyl Vinyl Carbinol
Methyl Ethyl Ketone
Water

Low Pressure Steam
Total

Type:

Material:

Heat Transfer Area:
Length:

Heat Duty:
Pressure Drop

out*

Hot Side

(=N e NN}

0
673
673

U-tube
Carbon Steel
78 ft2
20 ft
1,352,300 BTU/hr
0
Hot Side
298
298

Cold Side

Cold Side
236
237

PURCHASE COST: $5,223
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DISTILLTION COLUMN

IDENTIFICATION: D603

FUNCTION: Isolate 2,3-butanediol for recycle back to the reactor

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr)
Butadiene
Butanediol
Methyl Vinyl
Carbinol
Methyl Ethyl
Ketone
Water
Total

DESIGN DATA:

Number of
Stages:
Overhead
Pressure:

Height:
Diameter:
Material:

Tray
Efficiency:
Tray Spacing:

Feed
0
128

284

52

1189
1653

19
16 psi

48 ft

4 ft
Carbon
Steel

0.7
2 ft

Distillate
0
0

284

52

1184
1520

Number of Trays:

Feed Stage:

Molar Reflux
Ratio:
Tray Type:

Op. Temp:

Stage Pressure:

Pressure Drop:

Bottoms

133

17

Sieve

324 °F

13 psi
0.1 psi

PURCHASE COST: $627,785
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DISTILLTION COLUMN

IDENTIFICATION: D601

FUNCTION: Isolate the 1,3-butadiene product at near purity

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed Distillate Bottoms
Butadiene 1538 1538 128
Butanediol 127 0 0
Methyl Vinyl Carbinol 284 0 184
Methyl Ethyl Ketone 865 4 861
Water 1316 7 1309
Total 4130 1549 2482
DESIGN DATA:
Number of Stages: 21 Number of Trays: 19
Overhead Pressure: 65 psi Feed Stage: 9
Height: 56 ft  Molar Reflux Ratio: 3
Diameter: 1.5 ft Tray Type: Sieve
Material: Carbon Steel Op. Temp: 282 °F
Tray Efficiency: 0.7 Stage Pressure: 62 psi
Tray Spacing: 2 ft Pressure Drop: 0.1 psi

PURCHASE COST: $605,760
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DISTILLTION COLUMN

IDENTIFICATION: D602

FUNCTION: Isolate the MEK for pressure-swing distillation

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed
Butadiene 0
Butanediol 128
Methyl Vinyl Carbinol 284
Methyl Ethyl Ketone 861
Water 1309
Total 2582
DESIGN DATA:
Number of Stages: 38
Overhead Pressure: 17 psi
Height: 114 ft
Diameter: 2 ft
Material: Carbon Steel
Tray Efficiency: 0.7
Tray Spacing: 2 ft

Distillate
0
0
0
809
12
821

Number of Trays:
Feed Stage:

Molar Reflux Ratio:
Tray Type:

Op. Temp:

Stage Pressure:
Pressure Drop:

Bottoms

128
284
52
1189
1653

36
32

Sieve
232 °F
14 psi
0.1 psi

PURCHASE COST: $712, 080
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DISTILLATION COLUMN

IDENTIFICATION: D401

FUNCTION: Separate 2,3-butanediol and ethanol at near purities

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed Distillate Bottoms
Butadiene 0 0 0
Butanediol 4000 4 3996
Methyl Vinyl Carbinol 0 0 0
Methyl Ethyl Ketone 0 0 0
Ethanol 8000 7992 8
Water 0 0 0
Total 12000 7996 4004
DESIGN DATA:
Number of Stages: 7 Number of Trays: 5
Overhead Pressure: 29 psi Feed Stage: 3
Height: 26 ft Molar Reflux Ratio: 1
Diameter: 4.5 ft Tray Type: Sieve
Material: Carbon Steel Op. Temp: 232 °F
Tray Efficiency: 0.7 Stage Pressure: 29 psi
Tray Spacing: 2 ft Pressure Drop: 0.1 psi
PURCHASE COST: $593,760
COMPRESSOR
IDENTIFICATION: C501
FUNCTION: Compress cooled reactor effluent for distillation columns
OPERATION: Continuous
DESIGN DATA:
Type: Centrifugal
Driver Type: Motor
Material: Carbon Steel
Pressure In: 1.3 psi
Pressure Out: 73 psi
Temperature In: 652 °F
Temperature Out: 1341 °F
Flow Rate: 4321 Ib/hr
Efficiency: 0.72
Driver Power: 696 HP

UTILITIES: Electricity (519 kW)

PURCHASE COST: $902,280
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DISTILLATION COLUMN

IDENTIFICATION: D701

FUNCTION: First distillation tower for MEK pressure-swing distillation

OPERATION: Continuous

MATERIALS HANDLED:

(Ib/hr)
Butadiene
Butanediol
Methyl Vinyl
Carbinol
Methyl Ethyl
Ketone
Water
Total

DESIGN DATA.:
Number of Stages:
Overhead Pressure:
Height:
Diameter:
Material:
Tray Efficiency:
Tray Spacing:

Feed

o o

809

121
930

22

102 psi

68 ft

2 ft

Carbon Steel
0.7

2 ft

Recycle
0

0
0

1234

121
1355

Distillate
0
0

0

1234

241
1475

Number of Trays:
Feed Stage:

Molar Reflux Ratio:
Tray Type:

Op. Temp:

Stage Pressure:
Pressure Drop

Bottoms

0
0

0

809

809

20

Sieve
347 °F
99 psi
0.1 psi

PURCHASE COST: $630,380
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DISTILLATION COLUMN

IDENTIFICATION: D702

FUNCTION: Second column in MEK pressure-swing distillation

OPERATION: Continuous

MATERIALS HANDLED:
(Ib/hr) Feed Distillate Bottoms
Butadiene 0 0 0
Butanediol 0 0 0
Methyl Vinyl Carbinol 0 0 0
Methyl Ethyl Ketone 1234 1234 0
Water 241 121 121
Total 1475 1355 121
DESIGN DATA:
Number of Stages: 32 Number of Trays: 30
Overhead Pressure: 18 psi Feed Stage: 15
Height: 96 ft Molar Reflux Ratio: 3
Diameter: 2.5 ft Tray Type: Sieve
Material: Carbon Steel Op. Temp: 239 °F
Tray Efficiency: 0.7 Stage Pressure: 15 psi
Tray Spacing: 2 ft Pressure Drop: 0.1 psi

PURCHASE COST: $693,220
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