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Abstract

New, energy-efficient and environmentally acceptable, catalytic processes have been
identified that can use excess high purity carbon dioxide as a raw material from synthesis gas and
other sources available in a chemical production complex. The chemical production complex in
the lower Mississippi River corridor has been used to show how these new plants can be integrated
into this existing infrastructure using the Chemical Complex and Cogeneration Analysis System.

About 100 published articles of laboratory and pilot plant experiments were reviewed that
describe new methods and catalysts to use carbon dioxide for producing commercially important
products. Reactions have been categorized as hydrogenation reactions producing alcohols;
hydrocarbon synthesis reactions producing paraffins and olefins; amine syntheses producing methyl
and higher order amines; and hydrolysis reactions producing alcohols and organic acids. Also
carbon dioxide can serve as an oxygen source in the ethylbenzene-to-styrene reaction, and it can be
used in dehydrogenation and reforming reactions.

The criteria for process selection included operating conditions, energy requirement for
reactions, )H, and equilibrium conversion based on Gibbs free energy, ) G,; and thermodynamic
feasibility of the reactions, catalyst conversion and selectivity, cost and life (time on stream to
deactivation), and methods to regenerate catalysts. Also included were demand and potential sales
of products and market penetration. In addition, cost of raw materials energy, environmental,
sustainable and other manufacturing costs were evaluated along with hydrogen consumption for
hydrogenation reactions.

About 20 potential processes were identified as candidates for new energy efficient and
environmentally acceptable plants. From these, three of the more promising were selected for
further evaluation using HYSYS. These processes were hydrogenation of propane, styrene from
ethyl benzene and carbon dioxide, and methanol from hydrogenation of carbon dioxide.

A base case of existing plants a chemical production complex in the lower Mississippi river
corridor was developed that included ten multiple plant production units. The System was used with
the base case and potentially new plants for carbon dioxide, and an optimal configuration of plants
was determined based on economic, environmental and sustainable costs. A comparison of the base
case with the optimal one showed that the profit increased about 49%, the environmental cost
increased about 21%, and sustainable costs decreased about 9.36%.

These results illustrated the capability of the Chemical Complex and Cogeneration Analysis
System to select an optimum configuration of plants in a chemical production complex and
incorporate economic, environmental and sustainable costs. These results are typical of what can
be expected from applying the System to existing chemical production complexes worldwide. The
Chemical Complex and Cogeneration Analysis System has been developed by industry-university
collaboration, and the System is available from the LSU Minerals Processing Research Institute’s
web site www.mpri.lsu.edu at no charge.
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Introduction

The domestic chemical industry is an integral part of the nation’s economy and consistently
contributes a positive balance of trade, except for the last three years. The industry consumes about
6.3 quads in energy feedstocks and energy from natural gas and petroleum to produce more than
70,000 diverse products (Pellegrino, 2000). Growth and productivity are coming under increased
pressure due to high energy costs, inefficient power generation and greenhouse gas emission
constraints (Sikdar, 2003).

The use of a regional methodology for energy conservation, pollution prevention and
conversion of greenhouse gases to products will assist in overcoming these limitations. The
Chemical Complex and Cogeneration Analysis System is an advanced technology for energy
conservation and pollution prevention to determine the best configuration of plants in a chemical
complex based the AIChE Total Cost Assessment(TCA) for economic, energy, environmental and
sustainable costs and incorporates EPA Pollution Index methodology (WAR) algorithm. It is used
to examine chemical complex energy use and determines the best energy use based on economics,
energy efficiency, regulatory emissions and environmental impacts from greenhouse gas emissions.
The System includes the program with users’ manuals and tutorials. They can be downloaded at no
cost from the LSU Mineral Processing Research Institute’s web site www.mpri.lsu.edu (Xu, et al.,
2003).

This System is to be used by corporate engineering groups for regional economic, energy,
environmental and sustainable development planning to design energy-efficient and environmentally
acceptable plants and new products from greenhouse gases in chemical production complexes. With
this System, engineers will have a new capability to consider projects in depths significantly beyond
current capabilities. They will be able to convert the company’s goals and capital into viable
projects that are profitable and meet energy and environmental requirements by developing and
applying a regional methodology for cogeneration, and conversion of greenhouse gases to saleable
products. In Table 1 a list of some of the chemical complexes in the world, and the System could
be applied to these complexes.

This technology is being applied to a key part of the chemical production complex in the
lower Mississippi River corridor shown in Figure 1 (Peterson, 1999). This complex contains over
150 chemical plants that consume about 1.0 quad (1x10"° Btu/yr) of energy and generate about 215
million pounds of pollutants annually. Ammonia plants in this complex produce an excess of 0.65
million tons per year of high quality carbon dioxide that is being exhausted to the atmosphere. New
catalytic processes that converts carbon dioxide and methane can use some of this excess, and results
using the System showed that replacing the conventional acetic acid process in the existing complex
with the new process gave a potential savings of $750,000 per year for steam, 275 trillion BTUs per
year in energy, and 3.5 tons per year in NO, and 49,100 tons per year in carbon dioxide
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Table 1 Some Chemical Production Complexes in the World

Continent | Name and Site Notes

North e Gulf coast petrochemical complex in Houston | e Largest petrochemical

America area (U.S.A.) complex in the world,
supplying nearly two-

e Chemical complex in the Lower Mississippi thirds of the nation’s
River Corridor (U.S.A.) petrochemical needs

South e Petrochemical district of Camacari-Bahia e Largest petrochemical

America (Brazil) complex in the southern
hemisphere

e Petrochemical complex in Bahia Blanca
(Argentina)

Europe e Antwerp port area (Belgium) e Largest petrochemical
complex in Europe and
world wide second only
to Houston, Texas

e BASF in Ludwigshafen (Germany) e Europe’s largest
chemical factory
complex

Asia e The Singapore petrochemical complex in e World’s third largest oil

Jurong Island (Singapore) refinery center
e Petrochemical complex of Daqging Oilfield
Company Limited (China)
e SINOPEC Shanghai Petrochemical Co. Ltd.
(China)
e Joint-venture of SINOPEC and BP in * Largest petrochemical
Shanghai under construction (2005) (China) complex in Asia
e Jamnagar refinery and petrochemical complex
(India)
e Sabic company based in Jubail Industrial City
(Saudi Arabia)
e Petrochemical complex in Yanbu (Saudi o World’s largest
Arabia) polyethylene
manufacturing site
e Equate (Kuwait) e World’s largest & most
modern for producing
ethylene glycol and
polyethylene
Oceania | e Petrochemical complex at Altona (Australia)
e Petrochemical complex at Botany (Australia)
Africa e petrochemical industries complex at Ras El e One of the largest oil
Anouf (Libya) complexes in Africa
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Figure 1 Chemical Plants in the Lower Mississippi River Corridor, from Peterson, 1999.



emissions (Xu, et al., 2002).

In Table 2 a summary is given of carbon dioxide emissions worldwide, by nations, by the

U.S. by U.S. industry and the chemicals, coal and refining industries. Also, 30 million metric

tons carbon equivalent per year or 110 million metric tons of CO, per year are used for chemical

synthesis. However, there is excess of high purity CO, that is discharged to the atmosphere,

mainly from ammonia plants.

Table 2 Carbon Dioxide Emissions and Utilizations
(Million Metric Tons Carbon Equivalent Per Year)

CO, emissions and utilization Reference
Total CO, added to atmosphere IPCC (1995)
Burning fossil fuels 5,500
Deforestation 1,600
Total worldwide CO, from consumption and flaring of fossil fuels | EIA (2002)
United States 1,526
China 792
Russia 440
Japan 307
All others 3,258
U.S. CO; emissions Stringer (2001)
Industry 630
Buildings 524
Transportation 473
Total 1,627
U.S. industry (manufacturing ) EIA (2001)
Petroleum, coal products and chemicals 174.8
Chemical and refinery (BP) McMahon (1999)
Combustion and flaring 97%
Noncombustion direct CO, emission 3%
Chemical production complex in the lower Mississippi River Hertwig et al.
corridor excess high purity CO, 0.183 (2002)
CO; used in chemical synthesis 30 Arakawa et al.

(2001)




To highlight the practicality of the study complex and of the Chemical Complex Analysis
System that it serves, carbon dioxide pipelines are discussed next. Multi-mile inter-plant pipelines
are a useful way of getting a bigger complex with more opportunities for optimizing. Thousand-
mile gas-and-oil pipelines have been around for years, delivering crude oil to refineries and fuel to
the nation. Water is piped hundreds of miles to thirsty cities. Ammonia plants, industrial users, and
distribution terminals on the west bank of the Mississippi River are connected by a 1,100-mile
ammonia pipeline. Besides cutting transportation costs and chances for hazardous spills, this line
serves to better balance incremental supply vs incremental demand. This balancing is even more
valuable when one supplying or one using plant is down for maintenance. Louisiana has at least two
multi-mile pipelines for hydrogen, a hazardous material that is difficult to store many pounds of in
a vessel either for on-site storage or for transport.

There are multi-mile pipelines for often-wasted carbon dioxide as well as for the seldom-
wasted hydrogen. Urea, methanol, and a few other processes rely on a reliable source of carbon
dioxide.

® For years, Ashland Chemical’s methanol plant ran on carbon dioxide piped from an
ammonia plant about 13 miles away.

o At least two across-the-fence carbon dioxide pipeline have been built to keep a urea plant
and a methanol plant running while its normal-carbon dioxide-source ammonia plant was
down for maintenance.

L The 183-mile Denbury carbon dioxide pipeline distributes carbon dioxide from a volcanic
formation near Jackson MS to many MS oilfields and to some chemical production. This
line extends into Louisiana and could be a key in sustaining urea, methanol, etc. production
in LA. (Louisiana methanol production has stopped for other reasons, mostly the demise of
MTBE that was produced from methanol.)

L There are many other oilfield-servicing carbon dioxide pipelines in the MS-UT-NM triangle.
Twelve of these lines total total 1,016 miles. The carbon dioxide source for these lines is
‘high-carbon dioxide-content natural gas’.

If ammonia production resumes if natural gas prices ever stabilize at lower levels, the
Denbury pipeline, with the oil wells it serves, would be another way of taking ammonia-byproduct
carbon dioxide out of the atmosphere. This goes beyond the goal of the current-study-complex to
convert carbon dioxide into useful products. This study acknowledges that the life cycle of some
of those products ends up as atmospheric carbon dioxide anyway. This ‘penalty’ and the ‘benefit’
of injecting carbon dioxide in oil wells could each, however, be suitably valued via the Chemical
Complex Analysis System.

When ammonia plants, as the primary source of carbon dioxide, are shut down, as today,
with high natural gas prices, the urea, etc. producers have to scramble for alternate sources of carbon



dioxide. As with most projects, more deals have been considered than have been completed. The
dealing continues, however. Considerations include the cost of land purchases for pipeline right-of-
way and the long-term availability of the carbon dioxide source. Tying into the MS-LA volcanic-
carbon dioxide pipeline is an interesting option that is independent of ammonia production.

Greenhouse Gases as Raw Materials

There have been five international conferences and numerous articles in the past twenty years
on carbon dioxide reactions that consider using it as a raw material (Song, et al., 2002, Creutz and
Fujita, 2000, Inui, et al., 1998, Sullivan, 1993 and Inoue and Yamazaki, 1982). The diagram Figure
2 from Creutz and Fujita, 2000. is a convenient way to show the range of reactions for carbon
dioxide. It can be used as the whole molecule in reactions, and it can be used as a carbon source or
as an oxygen source, e.g., in the dehydrogenation of ethylbenzene to styrene. For example,
commercially important products can be obtained from hydrogenation and hydrolysis of carbon
dioxide, and these include methanol, ethanol, methane, ethylene, formic acid, acetic acid, adipic acid
and graphite. Also, carbon dioxide can be used to produce methyl amines and as a building block
for isocynates supplanting phosgene.

oxz HCOOH ¢ In Figure 3, carbon

CHOH dioxide reactions are
categorized by industrially
important products.

M{;R

* Intermediate of fine chemicals for RRNCORR'
the chemical Industry

R

-C(0)O-: Aclds, esters, lactones . .
.0-C(0)0-:Carbonates § CHy Hydrogenation reactions
-NC(O)OR-: Carbamic esters 0 produce alcohols, hydrocarbon
::.CCC():Ol)s_%gyJ::;:s mm ' gnnH“::? synthesis reactions produce
« Use as a solvent \E . paraffins and olefins, and
* Energy rich products ' " amine synthesis produce

CO, CH3OH " CaaniNHy .
m{; methyl and higher order
amines. Hydrolysis reactions
,,< can produce alcohols and
Re

organic acids. Carbon dioxide
serves as an oxygen source in
the ethylbenzene to styrene
reaction. It can be used in
dehydrogenation and reforming

Figure 2 Utilization of Carbon Dioxide in Synthetic Chemistry,
from Creutz and Fujita, 2000.

reactions.

For the reactions shown in Figure 3, there are nearly 100 published articles of laboratory
experiments for new methods and catalysts to produce these commercially important products
(Hertwig, et al., 2003). An important reaction is the direct catalytic reaction of carbon dioxide and



methane to produce acetic acid, and this reaction has been used in a new process that was evaluated
using the Chemical Complex and Cogeneration Analysis System (Xu, et al., 2002).

Figure 3. Some Catalytic Reactions of CO, from Various Sources, Hertwig, et al., 2003

Hydrogenation Hydrolysis and Photocatalytic Reduction
CO, +3H, ¥ CH,0H + H,0 methanol CO,+2H,0 ¥ CH,0OH + 0O,

2CO, + 6H, ¥ C,H,OH + 3H,0 ethanol CO,+H,0 ¥ HC=0-OH + 120,
CO,+H, ¥ CH,-O-CH, dimethyl ether ~ CO, +2H,0 ¥ CH, + 20,

Hydrocarbon Synthesis

CO,+4H, ¥ CH, +2H,0 methane and higher HC

2C0,+6H, ¥ C,H, +4H,0 ethylene and higher olefins

Carboxylic Acid Synthesis Other Reactions

CO,+H, I HC=0-OH formic acid CO, + ethylbenzene ¥ styrene

CO,+CH, ¥ CH,-C=0-OH acetic acid dehydrogenation of propane
CO,+CH, ¥ C,H,+H,+CO
reforming

Graphite Synthesis CO,+CH, ¥ 2C0O +H,

CO,+H, ¥ C+H,0

CH, ¥ C+H, Amine Synthesis

CO,+4H, ¥ CH, +2H,0 methyl amine and higher amines

CO,+3H,+NH, ¥ CH,-NH, + 2H,0

New, energy-efficient and environmentally acceptable, catalytic processes were identified
from published articles of laboratory experiments described above that can use excess high purity
carbon dioxide as a raw material. A methodology has been developed to select these potentially new
processes for incorporation into the existing chemical complex.

The selected processes are simulated as industrial scale processes to estimate the process
economics and energy requirements. The simulations of these processes are done using HYSY'S.
These potentially new processes are included in the Chemical Complex and Cogeneration Analysis
System, and it is used to evaluate the energy and greenhouse gas reductions in the chemical
production complex in the lower Mississippi River Corridor. New processes are compared to the
existing commercial processes, when appropriate.



The criteria for process selection included operating conditions, energy requirement for
reactions, )H, and equilibrium conversion based on Gibbs free energy, )G,; and thermodynamic
feasibility of the reactions, catalyst conversion and selectivity, cost and life (time on stream to
deactivation), and methods to regenerate catalysts. Also included were demand and potential sales
of products and market penetration. In addition, cost of raw materials energy, environmental,
sustainable and other manufacturing costs were evaluated along with hydrogen consumption for
hydrogenation reactions.

Pacific Northwest National Laboratory (PNNL) estimated potential energy savings for 26
commercial chemicals through improved catalysts (Pellegrino, 2000). The list of these commercial
chemicals with estimated energy savings are shown in Table 3, and these estimates were used in
screening potential processes.

Table 3. Potential Energy Savings through Improved Catalysts (Pellegrino, 2000)

Chemical Rank | T o t al| Chemical Rank Total Energy
Energy Savings
Savings (trillion
(trillion BTUs)
BTUs)

Ammonia 1 294 Ethylene Dichloride [ 14 11

Propylene 2 98 Acetone 15 8

p-Xylene 3 94 Terephthalic Acid 16 8

Butadiene 4 81 Formaldehyde 17 6

Vinyl Chloride 5 44 Ethylbenzene 18 4

Methanol 6 37 Cumene 19 3

Ethylene Oxide |7 29 Acetic Acid 20 2

Acrylonitrile 8 24 Nitric Acid 21 1

Adipic Acid 9 20 MTBE 22 1

Styrene 10 20 Caprolactam 23 1

Vinyl Acetate 11 16 Ethylene Glycol 24 1

Propylene Oxide | 12 16 Sulfuric Acid 25 1

Phenol 13 12 Isobutylene 26 0.3

Thermodynamic feasibility of reactions was used as a criterion for selection of new
processes. using the heat of reaction () H®), and the standard Gibbs free energies () G°) of reaction.
Negative values of )H° indicate that a reaction is exothermic, i.e., heat is released; and positive
values indicate that a reaction is endothermic, i.e., heat is absorbed. A process operating with an
endothermic reaction requires energy be supplied for the reaction, and there is a corresponding



energy cost. If a process has an exothermic reaction, then energy is released, which can be used
effectively else where. Such a process has the potential to reduce the total energy costs in a chemical
complex.

For the cost of raw materials with CO, hydrogenation reactions, the conversion can be
increased if H,/CO, ratio is high (3-4). These processes require hydrogen, and hydrogen is an
expensive raw material. If H, is formed as a by-product in a new process added to the complex, it
could be a source for expensive hydrogen. For example, a new process for propylene manufacture
from propane produces hydrogen as a by-product. This new process could provide hydrogen that
could be used in other processes.

In summary, about 20 processes were identified and potential candidates for new energy
efficient and environmentally acceptable plants. From these three of the more promising were
selected for further evaluation using HYSYS. These processes were hydrogenation of propane,
styrene from ethyl benzene and carbon dioxide, and methanol from hydrogenation of carbon dioxide.
The HYSY'S simulation and evaluation of these three processes are discussed below.

Potential Processes for Carbon Dioxide

Propane Dehydrogenation: Takahara, et al., 1998, described results of an experimental
study for the production of propylene by dehydrogenation of propane using carbon dioxide. The
reaction was carried over Cr,0,/Si0, catalyst and is given below.

2C,H, + CO, = 2C,H, + CO + H,0 + H, )H° =289 kJ/mol, )G° =201 kJ/mol.

This reaction is endothermic and was carried out at a temperature of 823K and at a pressure
of 1 atm. The yield and conversion to propylene observed were 10 percent and 45 percent
respectively. The major by-products were CO and hydrogen. Presence of carbon dioxide enhanced
the yield of propylene and suppresses catalyst deactivation (Takahara, et al., 1998).

The flow diagram of the HYSYS simulation for this study is shown in Figure 4. The value
added economic model gave a profit of 14 cents per pound of propylene for a 60,500 pound per hour
plant. The energy required for this potentially new process estimated from HYSY'S flow sheet was
655 kJ/kg propylene. This potentially new process was integrated into the chemical production
complex using Chemical Complex and Cogeneration Analysis System.
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Figure 4. HYSYS Simulation of Propylene Production Process.

Styrene Production: Sakurai, etal., 2000, described a method for the production of styrene
through dehydrogenation of ethylbenzene using carbon dioxide. Vanadium oxide loaded with MgO
(V/MgO-100A) was used as a catalyst. The reaction was carried out in a fixed bed flow type quartz
reactor at 550°C and 1 atm pressure. The conversion of ethylbenzene, yield of styrene, and the
selectivity of styrene observed were 59.1%, 53.8%, and 91.1% respectively. During the reaction,
carbon dioxide, corresponding to the amount of styrene produced, was reduced to carbon monoxide
to give water. Styrene was produced according to the following reaction.

C,H,C,H, + CO, =+ C,H,C,H, + CO + H,0 YH°= 159 kJ/mol, )G° = 112 kJ/mol

The flow sheet of the HYSYS simulation based on this experimental study is shown in
Figure 5. The value added economic model gave a profit of 2.6 cents per pound of styrene for a
30,000 pound per hour plant. Using HYSY'S flow sheet, the energy required for this potentially new
process

10
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Figure 5. HYSYS Simulation of Styrene Production Process

was estimated to be 1755 kJ/kg-styrene. This potentially new process was included in the chemical
complex.

Methanol Synthesis: Toyir, et al., 1998, described methanol synthesis from CO,
hydrogenation. Raney Cu-Zr catalyst leached with aqueous solution of zincate (NaOH + ZnO) was
used in this experimental study. The reaction was carried out in a flow reactor at a temperature of
523K and at a pressure of 5 MPa (50 atm). The ratio of hydrogen to carbon dioxide in the feed was
3:1, and the space velocity was 18000 h™'. The main products of the reaction were methanol, water,
and carbon monoxide. The methanol synthesis activity observed was 850 g-CH,OH/I-cat-h. The
authors reported that the Raney Cu-Zr catalyst developed in this research was significantly more
active than a commercial catalyst. The reactions involved in this study are:

11



CO, + 3 H, = CH,0H + H,0 )H°=-49 kJ/mol, )G° = 3 kJ/mol
CO,+ H, + CO +H,0 YH® = 41 kJ/mol, YG° = 29 kJ/mol

The raw material H, is expensive, and this study is combined with another study described
by Nishiguchi, et al., 1998. In this research, graphite carbon was produced by reduction of carbon
dioxide by catalytic fixation. Methane was formed as an intermediate. The study suggests a two-
stage reaction mechanism with two reactors involved. In the first reactor, the recycled methane was
decomposed into graphite carbon and hydrogen. Hydrogen produced was treated with CO, in the
second reactor to produce methane and water. The formed methane was recycled back to the first
reactor. The following reactions occur in this reactor.

2CH, = 2C + 4H, YH° = 150 kJ/mol, )G° = 101 kJ/mol
CO, + 4H, = CH, + 2H,0 YH° = -165 kJ/mol, )G° = -113 kJ/mol

The by-product hydrogen obtained in this study can be used as a raw material for the
production of methanol. Thus, the decomposition of natural gas to graphitic carbon and hydrogen
described by Nishiguchi, et al., 1998 was combined with the production of methanol by CO,
hydrogenation described by Toyir, et al., 1998.

The HYSYS flow sheet for this potentially new process is shown in Figure 6. The value
added economic model gave a profit of 8.6 cents per pound of methanol for a 47,000 pound per hour
plant. The energy required for this process was estimated to be 4335 kJ/kg methanol. This
potentially new process was included in the Chemical Complex and Cogeneration Analysis System.

Dehydrogenation of Propane: A process for the production of propylene from
dehydrogenation of propane was evaluated. Propylene can be produced from propane, but there are
no plants in the lower Mississippi River corridor that use this process. A new propylene plant built
and operated by BASF Sonatrac PropanChem S.A. has started its trial operations at Tarragona, Spain
(C & EN, June 2003, p.15). The $262 million plant has a capacity of 350,000 metric tons per year
of propylene, and is the first plant in Europe to use UOP LLC’s C; Oleflex technology. The plant
produces only propylene and no by-product ethylene is produced. As only propylene is needed at
the Tarragona site, it is more economical to use the propane dehydrogenation process. The use of
steam cracking (conventional process) to produce the same amount of propylene costs three to four
times as much as Oleflex. At a propane price of $180 per metric ton, the cost of production is $265
per metric ton of polymer-grade propylene. Propylene is produced according to the following
reaction.

C,H, =+ CH,+H, )H°=124kJ/mol, )G° = 86 kJ/mol.

12
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Figure 6. HYSYS Simulation of Methanol Production Process.

The propane feedstock containing 98 wt% propane is heated in excess of 600°C and fed to
the reactors, which operate slightly above atmospheric pressure. The dehydrogenation reaction is
carried over a proprietary platinum catalyst from UOP, called DeH-14. The selectivity to propylene
is above 85% and propane conversion per pass is about 40% (C & EN, June 2003, p.15).

During product recovery, the reactor effluent is cooled, compressed and dried. Hydrogen is
recovered at 90-93 mol% purity. Separator liquid is sent to a selective hydrogenation unit where a
small quantity of hydrogen reacts with diolefins and acetylenes over a Pd catalyst. The reactor
effluent goes to a deethanizer and propane-propylene splitter to produce a chemical or polymer-
grade propylene. Unconverted propane, which is in excess of 60% of the feed, is recycled. The
catalyst is regenerated (C & EN, June 2003, p.15).

Figure 7. HYSYS Simulation of Propylene Production from Dehydrogenation
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Though this process does not use carbon dioxide, it produces hydrogen as a by-product.
Thus, this process is simulated using HYSYS. The flow diagram is shown in Figure 7. The energy
required for this process was estimated to be 2295 kJ/kg propene. This process is not integrated into
the super structure at the present time, but will be incorporated in future to provide a new source of
hydrogen for carbon dioxide hydrogenation.

Chemical Complex and Cogeneration Analysis System

The Chemical Complex and Cogeneration Analysis System is being developed by industry-
university collaboration for use by corporate engineering groups for regional economic, energy,
environmental and sustainable development planning to design energy efficient and environmentally
acceptable plants and new products from greenhouse gases. With this System energy, economic and
environmental solutions can be developed by process engineers in depth significantly beyond their
current capability. System is built on results from previous research on energy efficience and
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pollution prevention using on-line optimization, pinch analysis, chemical reactor analysis, pollution

assessment and process simulation.

The structure of the System is shown in Figure 8, and the System output includes evaluating
the optimum configuration of plants in a chemical production complex based the AIChE Total Cost
Assessment(TCA) for economic, energy, environmental and sustainable costs and an integrated

cogeneration sequential layer analysis.
greenhouse gases as raw materials in the existing complex of plants.

hl Graphical User Interface I(—l

ComplexFlowsheet (Input)
« Process flowsheet for plants in
complex and connections

« Process Simulation - material
and energy balances, rate
equations, equilibrium relations,
physical and thermodynamic
properties,

environmental and sustainable
costs
« Steam and other utility

« Profit function prices, economic,

requirements

« Utility costing
Database

Ay

Optimum Complex Configuration
and Energy Use (Output)

« Optimal profit and configuration
presented in tables and on the complex
flowsheet

« |dentification of optimal cogeneration
structure, new processes for greenhouse
gases and nanotechnology

« Sensitivity analysis for costs, raw
materials, demand for products, operating
conditions.

« Utilities integrated with plants

* Turbine and HRSG performance

« Utilities Costing and Profitability

for different operation conditions

” |Cogeneration

A

+ Each plant's current energy use
-Cost effective improvements
(Heat exchanger network analysis)

-Cogeneration option

. |Sequential Layer Analysis for

The input includes incorporating new plants that use

The AIChE TCA
uses five types of costs
shown here. There is a
detailed spreadsheet with
the report that itemizes
the components of these
costs. The five types of
costs from the AIChE
TCA have been
combined into economic,
Types I and II,
environmental, Types III
and IV, and sustainable,
Type V.  Sustainable

Mixed Integer Non- « Corporate energy use in multiple plants COsts are Costs to SOClety
Linear Program Solver| |+ Cogeneration systems for chemical complex from damage to the

Simulation equations for « State wide analysis .
environment by

Total Cost Assessment
Product prices, manufacturing,
environmental and sustainability
costs

individual plants and
connections

- Impact of merchant power
- Emission reduction

Figure 8 Structure of the Chemical Complex and Cogeneration

Analysis System

emissions within
environmental
regulations. For a
contact plant for sulfuric
acid, emissions are

permitted at 4.0 pounds per ton of sulfuric acid produced. Typical sulfuric acid plants have
capacities of 3,000 — 4,000 tons per day, and there are about 50 in the Gulf Coast region. Economic
costs are estimated by standard methods. Environmental costs are estimated from information given
in the AIChE TCA report as a percentage of raw material costs. Sustainable costs are estimated
from information given in the AIChE TCA report and other sources such as emission trading costs.

Application of the Chemical Complex and Cogeneration Analysis System

Results using the Chemical Complex Analysis System have demonstrate how new processes
using greenhouse gases as raw materials can be integrated into existing chemical complexes. These
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processes reduce greenhouse gas emissions and convert them into useful products. For example,
the Chemical Complex Analysis System has been applied to an agricultural chemical production
complex in the lower Mississippi river corridor. (Hertwig, et al., 2002). Here, ammonia plants
produce 0.74 million tons per year of carbon dioxide, and methanol and urea plants consume 0.10
million metric tons per year of carbon dioxide. This leaves a surplus of 0.64 million tons per year
of high quality carbon dioxide that can be used in other processes rather than being exhausted to the
atmosphere. Preliminary results using the System showed that 0.19 million tons per year of this
carbon dioxide could be economically converted to acetic acid, methanol, styrene and propylene,
all of which are new, experimental processes and currently not commercialized, as described below.

The base case of existing plants in the chemical production complex is in Figure 9, and there
are ten production units plus associated utilities for power, steam and cooling water and facilities
for waste treatment. A production unit contains more than one plant; and, for example, the sulfuric
acid production unit contains five plants owned by two companies.

For this base case there were 320 equality constraint equations describing the material and
energy balances and chemical conversions in the chemical production complex. Also, there were 18
inequality constraint equations describing the demand for product, availability of raw materials and
range on the capacities of the individual plants in the complex. The complete model of the complex
is available in the Chemical Complex Analysis System program and users manual available from
the LSU Mineral Processing Research Institute's web site, http://www.mpri.lsu.edu (Xuetal., 2003).

The raw materials used in the chemical production complex include air, water, natural gas,
sulfur, phosphate rock and potassium chloride as shown on Figure 9. The products are a typical
granular triple super phosphate (GTSP) [0% N-46% P205-0% K20], mono- and di-ammonium
phosphate (MAP [11-52-0] and DAP [18-46-0]), urea [46-0-0], ammonium nitrate [34-0-0], and urea
ammonium nitrate solution (UAN) [~30-0-0], phosphoric acid, ammonia and methanol. The flow
rates shown on the diagram are in million tons (ton means metric ton) per year. Intermediates are
sulfuric acid, phosphoric acid, ammonia, nitric acid, urea and carbon dioxide. The intermediates are
used to produce GTSP, MAP and DAP, urea, ammonium nitrate, and UAN. These compounds are
either used to make blends or sold directly, but only direct sale are considered in the complex shown
in Figure 9. Ammonia, MAP, DAP, UAN and GTSP are used in direct application to crops and
other uses. Phosphoric acid can be used in other industrial applications. Methanol is used to produce
formaldehyde, methyl esters, amines and solvents, among others, and is included for its use of
ammonia plant byproduct - carbon dioxide.
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Figure 9 Chemical Production Complex Based on Plants in the Lower Mississippi River Corridor,
Base Case. Flow Rates Million TPY

The chemical production complex shown in Figure 9 was expanded into superstructure 1
(Table 4 and Figure 10). Several approaches were incorporated in this expanded complex with
alternative ways to produce intermediates that reduce wastes and energy and consume greenhouse
gases. There were two alternative plants added to produce phosphoric acid. One was the electric
furnace process, which has high energy costs but produces calcium oxide. The other reacts calcium
phosphate ore with HCl to produce phosphoric acid. An ammonium sulfate plant was included to
provide an additional blending component. Two gypsum used as a feedstock plants were included
to reuse the gypsum waste, one would reduce gypsum to sulfur dioxide which was recycled to
sulfuric acid plant; the other would reduced gypsum to sulfur and sulfur dioxide, which were also
recycled to sulfuric acid plant. Two acetic acid plants were included compared with base case, one
would use the standard commercial method consuming carbon dioxide and methane; the other would
use a new and experimental technology for the catalytic reaction of carbon dioxide and methane,
also consuming two greenhouse gases. One new catalytic methanol production from methane and
carbon dioxide with by-product of hydrogen. One styrene plant uses ethylbenzene and carbon
dioxide as feedstocks with by-product of carbon monoxide as fuel. Also, propylene production from
dehydrogenation of propane using carbon dioxide is included in the complex. Carbon dioxide,
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beyond amounts required in the commercial methanol plant, was used to produce acetic acid, styrene
and propylene, the new products for the complex in addition to the new methanol plant.

In summary, the superstructure included three options for producing phosphoric acid, one
option for sulfuric acid, and new plants to produce ammonium sulfate, acetic acid, methanol, styrene
and propylene, and to recover sulfur and sulfur dioxide. The block flow diagram and associated
equations for the superstructure are given by Xu et al. (2001) in the program and users manual. The
superstructure had 662 continuous variables, 4 integer variables, 565 equality constraint equations
for material and energy balances and 27 inequality constraints for availability of raw materials,
demand for product and capacities of the plants in the complex.

Superstructure 2 is a subset of superstructure 1, which did not include the ammonium sulfate
plant (Table 5 and Figure 11). This superstructure had 647 continuous variables, 4 integer variables,
554 equality constraint equations for material and energy balances and 26 inequality constraints for
availability of raw materials, demand for product and capacities of the plants in the complex.

For base case and superstructure 1 and 2, a value added economic model was expanded to
account for environmental and sustainable costs. Value added economic model is the difference
between sales and the cost of raw materials and assumes other manufacturing costs are constant. The
sales prices for products and costs of raw materials are given in Table 6. Environmental costs were
estimated as 67% of the raw material costs, which is based on the data provided by Amoco, DuPont
and Novartis in the AIChE/CRWRT report (Constable et al., 2000). This report lists environmental
costs as approximately 20% of the total manufacturing costs and raw material costs as approximately
30% of total manufacturing costs. Sustainable costs were estimated from results given for power
generation in the AIChE/CWRT report where carbon dioxide emissions had a sustainable cost of
U.S.$3.25 per ton of carbon dioxide. A cost of U.S.$3.25 per ton was charged as a cost to plants that
emit carbon dioxide, and plants that consume carbon dioxide were given a credit of twice this cost
or U.S.$6.50 per ton. This credit was included for steam produced from waste heat by the sulfuric
acid plant displacing steam produced from a package boiler firing hydrocarbons and emitting carbon
dioxide.
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Table 4 Processes in Chemical Production Complex Superstructure 1

Processes in Superstructure 1

Processes in Base Case Electric furnace process for phosphoric acid
HCI process for phosphoric acid
Ammonium sulfate

SO, recovery from gypsum process

S & SO, recovery from gypsum process

Ammonia
Nitric acid
Ammonium nitrate

gfil Acetic acid - standard method
Methanol Acetic acid - new method
ethano . Methanol - new method
Granular triple super phosphate g
tyrene
MAP & DAP
Propylene

Power generation
Contact process for Sulfuric acid
Wet process for phosphoric acid
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Figure 10 Chemical Production Complex Based on Plants in the Lower Mississippi River Corridor,

Superstructure 1.
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Table 5 Processes in Agricultural Chemical Complex Superstructure 2

Processes in Superstructure 2

Processes in Base Case

Electric furnace process for phosphoric acid

Ammonia

Nitric acid
Ammonium nitrate
Urea

UAN

HCI process for phosphoric acid

SO, recovery from gypsum process

S & SO, recovery from gypsum process
Acetic acid - standard method

Acetic acid - new method

Methanol - new method

Methanol

Granular triple super phosphate
MAP & DAP

Power generation

Contact process for Sulfuric acid
Wet process for phosphoric acid

Styrene

Propylene

Table 6 Raw Material and Product Prices

Source Green Market Sheet (July 10, 2000), Internet and AIChE/CWTR TCA Report

Raw Materials Cost ($/T)
Natural Gas 245
Phosphate Rock

wet process 27

electrofurnace 24

HCI process 25

GTSP process 30
HCI 50
Sulfur

Frasch 42

Claus 38
Ethylbenzene 551
Propane 180
Reducing gas 1394
Wood gas 634
C electrofurnace 760

Raw Materials Cost ($/T)  Products  Price($/T)
Market cost Ammonia 190
for short term Methanol 96
purchase Acetic Acid 623
Debit for NOx 1025 GTSP 142
Production MAP 180
Credit for CO2 6.50 DAP 165
Consumption NH4NO3 153
Debit for CO2 3.25 UAN 112
Production Urea 154
Credit for HP Steam 10 Graphite 760
Credit for IP Steam 6.4  Hydrogen 3528
Credit for gypsum 5 CcO 45
Consumption Styrene 661
Debit for gypsum 2.5  Propylene 374
Production Syngas 316
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Figure 11 Chemical Production Complex based on Plants in the Lower Mississippi River

Corridor, Superstructure 2

22

= — 30

=

= — 3o

e - =o -2 T OooC-o@ 0

o WS @ -




clay- decart water rain 100 of evaparated
settling fines decant acres of
ponds (clay, P205) water Gypsum SUM
reclaim tailings Stack |
ald mines (sand) bene- slurried gypsum
phosphate -fici- =75 BPL
rock rock slurry -ation <B8 BPL| 2.8892
[Ca3(FO8)2.] slurry water plant 3995 | |
mine H25iFE 0.0130 rock wapor|
rock 23285 H20 0.0153
Frasch sulfur 09318 2.85587 H2504 2.8857 SiF4 09252 01655 Granular 04112
mines! air 5.9621 45883 went phosphoric H20 Triple GTSP [0-46-0] F P
wells BFW_4.4785 sulfuric 1.4837 LP steam 1.4402 acid 1.45831 P205 0.2761 Super 0.0053 H
H20 _0.5598 acid 0.3225 blowdown plant cooled Phasphate |others E o
Claus  [0.9316 plant 22285 H20 LF 1.4402 0.00%5 n
recovery 0.4467 0.0053 | others_ 0.2686 H20 21168 H3PO4 selling  0.0145 R |
from HC's HP steam others 0.9985 H20
m— T
H2804
09763 AS 1.2958
03341 H20 0.0148 UUEflﬁl 0.1610
IP 25103 LF NHZ P205 11825 Mono- MAP [11-52-0]
power 0.8841  H20 MH3 0.2473 & Di- 0.1675 |
fuel _0.0176 gene- 0.0452  cCo2 0.0140|  Ammonium  |others
BFW_0.4221 -ration 1,175 elctricity 0.3709 0.0804 H20 for DAP %N Phosphates | DAP [18-46-0] L
T went contraliurea granulation 10311
air 04615 air 0.0000 NH3 |
nitric AN [NHANOZ]
air 07200 NH3  0.B581 0.0242 acid plant  |HNO3 01853 0.1050 | z il
natural gas 0.2744 €02 07529 NHZ 01853 1 NHANOZ  0.0279
ammaonia MH3 | Mitrate plant |H20 UAN UAN E [
steam plant H20  0.0938 00241 0.0061 urea plant 0.0805 n
0.5225 purge  0.0121 0.0283 urea 0.0140 0.0326 R |
cO2  0.0366 urea0.0359 urea [COMHZIZ] y
LP steam urea H20 0.0150 0.0032 s
other use 0.0187 plant cw  0.0187
25350 MNHZ 0.0000
CO2 0.0000
0.4981 co2 0.0315 vent 0.0004 o
emigsion H20__ 0.0258 methanol  [CH30H c
0.0341 plant 0.0807 a
r
co2 0.0080 b
acetic 0.0082 CH3COOH [
CH4 0.0022 acid n
(nesw)
d
C 0.0253 i
CH4 0.0338 news H2  0.0051 o
co2 0.0281 methanal 0.0183 MeOH x
plant H20 0.0103 i
d
0.0836 e
ethylbenzene fuel
0.0264 styrene r
co2 plant H20 0.0108 e
u
02592 s
propane 0.0882 syngas e
propylene 0.2473 propylene [ ]
01293 plant 0.0529 H20
co2 0 vent gas

Figure 12 Chemical Production Complex Based on Plants in the Lower Mississippi River Corridor,
Optimal Structure 1 from Superstructure 1. Flow Rates Million TPY
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The System was used to obtain the optimum configuration of plants from the superstructure.
The complete solution is given by Xu et al. (2003), and a comparison of the base case and the optimal
solution from the superstructure 1 is summarized in Table 7, Figure 12 and Figure 13. The optimal
solution from superstructure 2 is in Table 8, Figure 13 and Figure 14.

For optimal solution 1, the profit increased about 109% from the base case to the optimal
solution 1. Also, as shown in the Table 7, environmental cost decreased about 9.9%, and sustainable
costs increased about 0.36% because of the increased CO2 emission from power plant outweighing
the credit from CO2 reuse as feedstock. Production rates for the products in the optimal solution were
constrained by their capacity limit, which were set at the base case values. In addition, the acetic acid
plant where acetic acid is produced from carbon dioxide and methane direct reaction was operating
at the upper limit instead of the standard commercial plant, and it was optimal to operate the
ammonium sulfate plant. Meanwhile, the energy requirement of ammonium nitrate plant was
different from base and optimal solution 1 based on the same production rate because the different
production rate of two types of ammonium nitrate which are ammonium nitrate solution and granular
ammonium nitrate. The ammonia plant in the optimal solution 1 ran at the full capacity to provide
ammonia mostly to ammonium sulfate plant which is very profitable. Since ammonium sulfate
consumed a significant amount of ammonia which caused the production rates of other products in
the complex decreased.

For optimal solution 2, the profit increased about 49% from the base case to the optimal
solution 2. Also, as shown in the Table 8, environmental cost increased about 217%, and sustainable
costs decreased about 9.4% because the CO2 reuse in the new plants outweighed the increased CO2
emission from power plant. All the production plants in the base case kept running at the same
production rates in the optimal solution as in the base case. The only difference is the additional new
plants were incorporated to maximize the complex profit, i.e., new acetic acid, new methanol, styrene
and propylene plant which used CO2 as feedstock to decrease the sustainable costs of the complex.

These results illustrated the capability of the system to select an optimum configuration of
plants in a chemical production complex and incorporate economic, environmental and sustainable
costs.
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Profit (LS. 5 year)
Ervironmental cost (U3 §/yvear)
Sustainable cost (L3 $/vear)

Contact process sulfuric acid
Wet process phospharic acid

Ammaonia sale

Ammnium Mitrate sale

Urea sale

Wet process phospharic acid sale
Tatal energy requirement

(upper-lower bounds)

Flant name Capacity (tfyear)
Ammania 329,030-658 061
Mitric acid 0-173 547
Ammonium nitrate 113,393-226 795
Lrea 49 8395-93 730
Methanal 90,718-181 437
LIAMN 30,240-60 430
WAP 0-321 920

Da&R 0-2,082,100
GTSP 0-5322 300

1,851 ,186-3,702 372
697 489-1 394 573

Electric furnace phosphoric acid  |0-1,394 975
HCIl to phospharic acid 0-1,394 975
Ammonium sulfate 0-2 539,000
Acetic acid (standard) 0-58,165

Acetic acid (new) 0-8,185

S02 recovery from gypsum 0-1.804 417

S & S0 recovery from gypsum 0-903 053
blethanal (new) 914418 288
HZ from methanal (new) 0-5 050
Styrene F2 396-124 791
Fropylene 123 BA7-247 294

Base case

Cptimal structure

157 110 506 327 778 bR
174 102,300 166,853,000
-18 025 B00 | energy -17 960,800

Capacity requirement |Capacity

(tfyean Tdyear) (tfyear)
Bd47 834 3774 B58 0651
178 525 649 a9 262
226 796 116 113,398
89 790 127 49 805
80,719 1,083 90,719
&0 460 1] GO 480
321912 160,959
2,062,100 2127 1,031,071
g22 2g4 1,036 411,150
3,702 297 -14 953 2812817
1,394 950 7404 BO7 489
na na 0
na na 0
ha ha 1,295 770
na na 0
ha ha g,165
na na 0
na na 0
ha na 18,288
ha ha 5,050
ha ha G2 396
na na 247 294
0 0
218 441 105,043
39 076 3223
13,950 G975
el

energy
requirerment
Tl year)
3,820
-324
2
B4
1,083
1]

1,068
518
-11,368
3,702
1]

1]

733

1]

92

1]

0

g2

BE
718

262

Table 8 Comparison of Base Case and Optimal Structure 1
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Base case
Frafit (.5, 5fyear) 157,110 506
Environmental cost (U5 $fyear) 174 102 300
Sustainable cost (U5 $/year) -18,025 500
Flant name Capacity tfyear Capacity

(upper-lower bounds) (tfyear)

Arnmonia 329 030-658 061 647 534
Mitric acid 0178 547 178 525
Ararmonium nitrate 113,398-226 796 226 795
Urea 4989599 790 99,780
hlethanol 90,718-181 437 40,719
LIAM 30,240-60 450 60,450
AP 0-321 920 321 912
DAP 0-2 052 100 2062 100
TSP 0-822 300 822 284
Contact process sulfuric acid 1,851 ,186-3 702 372 3,702 297
Wet process phosphoric acid REY 489-1 394 978 1,394 250
Electric furnace phasphoric acid REY 489-1 394 978 na
HCI to phosphoric acid B9y 489-1 394 978 na
Acetic acid (standard) 0-3 165 ha
Acetic acid (new) 0-3 165 ha
S02 recovery from gypsum 0-1804 M7 na
o & 302 recovery from gypsum 0-903 053 na
hethanol (new) 9.144-18 285 na
HZ fram methanal (new) 0-5 050 na
Styrene B2 ,3%-124 791 ha
Fropylene (5914) 123 BA7-247 294 ha
Ammaonia sale 0
Armrmniurm Mitrate sale 218 441
Lrea sale I/ O7E
Wet process phosphoric acid sale 13 850
Total energy reguirement

BREryy
requirement | Capacity

(Tl year)

na
na
na
na
na
na
na
na
na
na

3774
549
116
127
1,083
0

2127
1,036

-14 963

7 A04

55

Optimal structure
233 571 BOS
211,303 300
-18.713 300

ithyear)

B47 534
178 525
226 795
93 730
90,719

B0 430
321 2
2062 100
822 284
3,702 297
1,394 550

18,288
5,050
62 396
247 294
1]

218 441
39 076
13,950

Bnergy
reguirernent
(Tdfyean

3774

£49
116
127
1,083
a

2127
1,036
-14 963
7404
a

o

a

92

a

a

82

BE
718

1,013

Table 9 Comparison of Base Case and Optimal Structure 2
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Conclusions

The System has been applied to a chemical production complex with ten multiple plant
production units in the lower Mississippi river corridor. The optimal configuration of plants was
determined based on economic, environmental and sustainable costs. A comparison of the current
configuration of units with the optimal one was made. For superstructure 2, the profit increased about
49% from the base case to the optimal solution 2. Also, environmental cost increased about 21%, and
sustainable costs decreased about 9.4%. These results illustrated the capability of the system to select
an optimum configuration of plants in an agricultural chemical complex and incorporate economic,
environmental and sustainable costs. These results are for several new chemical plants incorporated
in the existing production complex and are typical of results that can be expected from applying the
Chemical Complex and Cogeneration Analysis System to existing chemical production complexes
worldwide.
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Introduction

* Domestic chemical industry

— Current situation
* 6.3 quads energy
« 70,000 diverse products

— Challenges
* |Inefficient power generation
« Greenhouse gas emission constraints

Pellegrino, DOE chemical IOF report , 2002




Introduction

Pollution prevention
— was an environmental issue

— now a critical business opportunity

Long term cost of ownership must be evaluated
with short term cash flows.

Companies undergoing difficult institutional

transformations

Emphasis on pollution prevention has broadened
to include:

— Total (full) cost accounting

— Life cycle assessment

— Sustainable development

— Eco-efficiency (economic and ecological)




Introduction

* Opportunities

— Processes for conversion of greenhouse gases
to valuable products

— Cogeneration

 Methodology

— Chemical Complex and Cogeneration Analysis
System

— Application to chemical complex in the lower
Mississippi River corridor




Related Work and Programs

* Aspen Technology

* Department of Energy (DOE)
www.oit.doe.gov/bestpractice

« Environmental Protection Agency (EPA)
www.epa.gov/opptintr/greenengineering



www.epa.gov/opptintr/greenengineering
www.oit.doe.gov/bestpractice

Chemical Complex and Cogeneration Analysis
System

Objective: To give corporate engineering groups new
capabillity to design:

— New processes for products from greenhouse
gases

— Energy efficient and environmentally acceptable
plants




Chemical Complex and Cogeneration Analysis
System

Chemical Complex Analysis System

Determines the best configuration of plants in a
chemical complex based on the AIChE Total Cost
Assessment (TCA) and incorporates EPA Pollution
Index methodology (WAR) algorithm

Cogeneration Analysis System

Determines the best energy use based on
economics, energy efficiency, regulatory emissions
and environmental impacts from greenhouse gas
emissions.




Structure of the System

v

Graphical User Interface [«

ComplexFlowsheet {Input)
+ Process flowsheet for plants in
complex and connections

+ Process Simulation - material
and energy balances, rate
equations, equilibrium relations,
physical and thermodynamic
properties,

environmental and sustainable
costs
+ Steam and other utility

« Profit function prices, economic,

requirements

- Utility costing
Database

Optimum Complex Configuration

and Energy Use (Output)

+ Optimal profit and configuration
presented in tables and on the complex
flowsheet

+ Identification of optimal cogeneration
structure, new processes for greenhouse
gases and nanotechnology

+ Sensitivity analysis for costs, raw
materials, demand for products, operating
conditions.

+ Utilities integrated with plants

* Turbine and HRSG performance

» Utilities Costing and Profitability

for different operation conditions

® Cogeneration

AV

N

« Each plant's current energy use
-Cost effective improvements
(Heat exchanger network analysis)

-Cogeneration option

Sequential Layer Analysis for

- Corporate energy use in multiple plants
- Cogeneration systems for chemical complex
« State wide analysis

- Impact of merchant power plants

- Emission reductions

Total Cost Assessment Mixed Integer Non-
Product prices, manufacturing, Linear Program Solver

environmental and sustainahility simulation equations for
costs individual plants and

connections




AIChE Total Cost Assessment

Includes five types of costs: | direct, |l overhead, Il
liability, IV internal intangible, V external (borne by
society - sustainable)

Sustainable costs are costs to society from damage to
the environment caused by emissions within
regulations, e.g., sulfur dioxide 4.0 Ib per ton of sulfuric

acid produced

Environmental costs: compliance, fines, 20% of
manufacturing costs

Combined five TCA costs into economic, environmental
and sustainable costs

— Economic: raw materials, utilities, etc
— Environmental: 67% of raw materials
— Sustainable: estimated from sources




lllustration of Input to the System for Unit Data
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Typical Cogeneration Results on the CHP Diagram

Pinch * 602 RAe——

-
Aonroach | J17 K
| 3%2R
53T K
J
“ -
Stacle HE. &G
e AAA
éggﬁgﬁf PSia  Water 'T‘ v Steam
420 This
465 psia
0o R
——.
Lt
1742 This
14.696 psia

53TR

Aiy
FxH

Fuel
&321}:3

Conb . C ham

126 psia
MROR

16 psia
1778 R

o, -

234 MW




Plants in the lower Mississippi River Corridor
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clay-
settling
ponds

decant water

fines

reclaim
old mines

[clay, P205)
tailings

phosphate
rock

[Ca3{FO4)2..]
mine

[=and)

rock slurry

Chemical Complex

=75 BPL

Stack

100's of
acres of
Gypsurm

evapaorated

sum

slurried gypsum

<65 BPL|

slurry water

Frasch

7.8388 ||

4.6568

5.7783

sulfur 1.2262

mines/
wells

Claus  [1.2262

recovery
from HC's

air  7.8474

BFWY 5.8947
HZ20 0.7366

0.5880

sulfuric
acid
plant

3.7887 H2504

3.7687

6.0392  wvent
1.9529 LP steam

2.5804

0.4245 blowdown
2.9293

HP steam

00123

L

fuel  0.0513
BFwWY _ 1.2307

power
gene-
-ration

38994 LP

0.5486 H20

01406  CO2

1,821 elctricity
TJ

HZ0

0.5371

phospharic
acid
plant

HZSiFE 0.0260
HZ0
SiF4
HZ0

1.8504

2.9061

rock

vapor

0.0305

0.3310

0.5522

cooled
LP
H20
others

2.5804
4.2336
1.9570

Granular
Triple
Super

Phosphate

0.58223

0.0107 HF

others

H3IPO4 selling

0.0291

HZO
01285 |

0.0197

0.3219

P205
NH3

2.3249
0.4945

0.9231 air

07417

vent ‘

natural gas

air  0.7200

0.2744

steam
0.5225

ammaonia
plant

NH3  0.6581

0.0484

Co2 07529

NH3

H20  0.05938
purge  0.0121

other use
29345

0.6123

nitric
acid plant

0.1003 H20

0.0102

NH3

for DAP %M

contraliurea

Maono-

& Di-
Arnmaoniurm
Phosphates
granulation

MAP [11-52-0]
0.3350

others

DAP [18-45-0]
2.0621

0.3306

NH3

0.0867

0.0732

LP steam

0.0374

0.0483

AN [NHANOF]

0.2184

Arnmaoniurm

NHANO3  0.0279

Mitrate plant

HZ0

0.0317 urea

AN
0.0605

0.0326

urea [COMNH2YZ]

acetic

emission

methanol

vent  0.0005
CH30H

plant

0.1814

acid

acetic acid
H20

benzene 05833
0.2278

ethylene
benzene  0.0507

ethyl-
benzene

0.8618
ethylbenzene

0.0000

ethylbenzene

styrene

0.7533 styrene

0.0355 fuel gas

0.0067 toluene

0.0156 C

0.0507 benzene

Plants in the lower Mississippi River Corridor, Base Case. Flow Rates in Million Tons Per Year

0.0391

0.0082

0.0012




Some Chemical Complexes in the World

North America

— Gulf coast petrochemical complex in Houston area
(U.S.A))

— Chemical complex in the Lower Mississippi River
Corridor (U.S.A.)

South America

— Petrochemical district of Camacari-Bahia (Brazil)

— Petrochemical complex in Bahia Blanca (Argentina)
Europe

— Antwerp port area (Belgium)

— BASF in Ludwigshafen (Germany)

Oceania

— Petrochemical complex at Altona (Australia)

— Petrochemical complex at Botany (Australia)




Some Chemical Complexes in the World
(Continued)

* Asia
— The Singapore petrochemical complex in Jurong Island
(Singapore)
— Petrochemical complex of Daging Oilfield Company Limited
(China)

— SINOPEC Shanghai Petrochemical Co. Ltd. (China)

— Joint-venture of SINOPEC and BP in Shanghai under
construction (2005) (China)

— Jamnagar refinery and petrochemical complex (India)
— Sabic company based in Jubail Industrial City (Saudi Arabia)
— Petrochemical complex in Yanbu (Saudi Arabia)
— Equate (Kuwait)
« Africa
— petrochemical industries complex at Ras El Anouf (Libya)




Greenhouse Gas Emissions

Energy-related carbon
dioxide

Other carbon dioxide
HFCs, PFCs, SF6

Nitrous oxide

Methane

Greenhouse Gas Emissions by Gas in U.S.,2000,

revised from EIA, 2001




CO, Sources and Cycle

From IPCC (1995)

 Natural Source
— Ocean:
— Plants and soil:

* Anthropogenic source
— Burning fossil fuels:
— Deforestation:

 Total:

Unit — GT of C per year

90  (57.29%)
60 (38.19%)

55 (3.50%)
1.6 (1.02%)

157.1(100%)
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CO, Emissions from Industries

Petroleum and
coal products
Chemicals
Primary metals
Nonmetallic
minerals
All other
manufacturing

Industry groups

Total Energy-Related Carbon Dioxide Emissions for
Selected Manufacturing Industries, 1998,
from EIA, 2001




Carbon Dioxide Emissions

(Million Metric Tons Carbon Equivalent Per Year)

Total CO, added to atmosphere
— Burning fossil fuels
— Deforestation
Total worldwide CO, from consumption and flaring of fossil fuels
— United States
China
Russia 1,600
Japan
All others 1,526
U.S. CO, emissions
— Industry
— Buildings 440
— Transportation :39558
— Total
U.S. industry (manufacturing ): Befroleum, coal products and chemicals

5,500

175

Chemical complex in the Io%gr Mississippi River corridor excess high purity CO, 0.61

473




Surplus Carbon Dioxide

Ammonia plants produce 0.75 million tons per
year In lower Mississippi River corridor.

Methanol and urea plants consume 0.15
million tons per year.

Surplus high-purity carbon dioxide 0.60
million tons per year vented to atmosphere.

Plants are connected by CO, pipelines.




Commercial Uses of CO,

110 million tons of CO, for chemical synthesis

— Urea (chiefly, 90 million ton of CO,)
— Methanol (1.7 million tons of CO,)
— Polycarbonates

— Cyclic carbonates

— Salicylic acid

— Metal carbonates




Greenhouse Gases as Raw Material
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Catalytic Reactions of CO,
Hydrogenation Hydrolysis and Photocatalytic Reduction
CO, + 3H, » CH,0H + H,O methanol CO, + 2H,0—» CH,OH + O,
2CO, + 6H, » C,H,OH + 3H,0  ethanol CO, + H,0 - HC=0-OH + 1/20,
CO, +H, » CH,-O-CH, dimethyl ether CO, + 2H,0 —» CH, + 20,

Hydrocarbon Synthesis
CO, +4H, > CH, + 2H,0 methane and higher HC
2C0O, +6H, » C,H, +4H,0 ethylene and higher olefins

Carboxylic Acid Synthesis Other Reactions
CO, + H, » HC=0-OH formic acid CO, + ethylbenzene —styrene

CO, + CH, » CH,-C=0-OH acetic acid CcO,+C,H; » C;H,+H, + CO
dehydrogenation of propane

CO, + CH, » 2CO + H, reforming
Graphite Synthesis

CO,+H,—> C+H,0 CH,—> C+H,
CO, + 4H, - CH, + 2H,0

Amine Synthesis
CO, + 3H, + NH; - CH,-NH, + 2H,0 methyl amine and

higher amines




Methodology of Developing Process
Information for the System

ldentifying potentially new processes
Simulating with HYSYS

Estimating utilities required

Evaluating value added economic analysis

Selecting best processes based on value
added economic profit

Integrating into the superstructure




ldentifying Potentially New Processes

 Literature review of new experimental studies

« Comparing with the existing commercial
processes

« Selecting the potentially new processes




Selection Criterion
Operating conditions
Performance of catalyst

Product sales and raw material costs

Thermodynamic feasibility




Example: Acetic Acid Process

Commercial process

Carbonylation of methyl alcohol

CO + CH;0H — CH;COOH

AH° = -135 kd/mol, AG® = -87 kdJ/mol
Operating conditions: 450K, 30 bar
Hydrogen iodide catalyst

Complete conversion of methanol



Example: Acetic Acid Process (Continued)

New experimental study

CH, + CO, - CH;COOH

AH° = 36 kd/mol, AG° = 71 kdJ/mol
Operating conditions: 350K and 25 bar
Vanadium catalyst

97% conversion of methane




HYSYS Process Flow Diagram for Acetic Acid Process
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Selected Studies

* Eighty-six experimental studies reviewed

« Seventy experimental studies compared

* Twenty potentially new process selected




Selected Studies (Continued)

* Twenty processes selected include
— Five new processes for methanol

— Two new processes for ethanol, styrene,
and propylene

— Four new processes for hydrogen and
carbon monoxide

— One new process each for DME, formic
acid, acetic acid, methylamines, and
graphite




HYSYS Simulations

« Based on existing production capacities

* Obtain energy requirements

 Obtain stream flow rates




Value Added Economic Model

Profit = X Product Sales — ¥ Raw Material Costs
- X Energy Costs

Product selling prices and raw material costs

were obtained from literature

HP steam and cooling water required were
estimated using information from HYSYS

Stream flow rates obtained from HYSYS flow
sheet




Selection Based on Value Added
Economic Profit

* Only the best process for each product was
selected

* Only processes with profit were considered




Integration into Superstructure

« Twenty processes simulated

* Eleven processes selected based on value
added economic model

* Integrated into the superstructure using the
System




Processes Integrated into Superstructure

Product

Synthesis Route

Value Added
Profit (cents/kg)

Methanol

CO, hydrogenation

5.8

Ethanol

CO, hydrogenation

33.6

Dimethyl Ether

CO, hydrogenation

69.6

Formic Acid

CO, hydrogenation

65.0

Acetic Acid

From CH, and CO,

98.0

Styrene

Ethylbenzene
dehydrogenation

11.0




Processes Integrated into Superstructure
(Continued)

Product

Synthesis Route

Value Added
Profit (cents/kQ)

Methylamines

From CO,, H,, and NH,

124.0

Graphite

CO, reduction

65.5

Hydrogen

Methane reforming

17.4

Propylene

Propane dehydrogenation

4.4

Propylene

Propane dehydrogenation
with CO,

2.4




Application of the System to Chemical
Complex in the Lower Mississippi River
Corridor

« Base case

« Superstructure

e Optimal structure




Base Case of Actual Plants

clay- decant water rain 100's of evaporated
settling fines decant acres of
ponds (clay, P205) water Gypsum sum
reclaim tailings Stack
old mines (sand) slurried gypsum
phosphate 1 =74 BPL
rack rock slurry =65 BPL| 5.7783
[Ca3PO42..] slurry water 7.8388 [ |
rhing H2SiFB 0.0260 wapor
4.6568 H20 0.0305
Frasch sulfur 1.2262 3.7587  H2804 3.7567 SiF4 1.8504 0.3310 Granular 0.8223
mines/ air  7.8474 6.0352  wvent phosphoric Hz20 Triple GTSF [0-46-0]
wells BFY 58947 | sulfuric 1.9529 LP steam 2.5804 acid 2.9061 0.5522 Super 0.0107 H
H20 0.7366 acid 0.4245  blowdown plant cooled Phosphate  [others
Claus  [1.2262 plant 2.9293 H20 LP 2.8804 0.0197
recovery 0.5880 0.5371 H20 4.2336 H3PO4 selling  0.0291
from HC's HP steam others 1.9970 H20

- 01285 | 0.3213
38994 LP P205 23243 haono- WAP [11-52-0]
0.8486 H20 NH3 0.4545 & Di- 0.3350
fuel 0.0513 01405  CO2 Amrnoniurm  |others
BFW _1.2307 1,821  elctricity 07417 ‘ 0.1009 H20 for DAP %M Phosphates  |DAP [18-46-0]
TJ vent controliurea granulation 2.0621
0.9231 air 0.0102 NH3
nitric AN [MHANO3]
NH3 06581 0.0484 acid plant 0.3306 0.2184
natural gas Co2 07528 MH3 Armrmaniurm MHANOT 00279
amrmaonia WH3| Mitrate plant [H20 UAN
plant H20  0.0938 0.0453 0.0317 urea 0.0605
purge 00121 0.0567 0.0281 0.0326
0.0732 0.0717 urea [COMNH2)2]
LP steam 0.0299 0.0391
other use 0.0374 0.0374
29345 0.0001

0.0001

acetic 0.0082
acid acetic acid

05123 vent  0.0008 H20 0.0012
emission methanol  |CH3OH
plant 0.1814

benzene  0.5833 0.0000
ethylene  0.2275 ethyl- 0.8618 0.7533 styrene
benzene  0.0807| benzene |ethylbenzene ethylbenzene 0.0355 fuel gas
styrane 0.0067 toluene
0.0156 C
0.0507 benzens

Plants in the lower Mississippi River Corridor, Base Case. Flow Rates in Million Tons Per Year
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Processes in the Superstructure

Plants in the Base Case

Ammonia

Nitric acid
Ammonium nitrate
Urea

UAN

Methanol

Granular triple super
phosphate

MAP & DAP

Contact process for Sulfuric
acid

Wet process for phosphoric
acid

Acetic acid

Ethylbenzene

Styrene

Plants Added to form the Superstructure
Electric furnace process for phosphoric acid

HCI process for phosphoric acid
SO, recovery from gypsum

S & SO, recovery from gypsum
Acetic acid from CO, & CH,
Graphite & H,

Syngas from CO, & CH,
Propane dehydrogenation
Propylene from propane & CO,
Styrene from ethylbenzene & CO,
Methanol from CO,, & H,
Formic acid

Methylamines

Ethanol

Dimethylether




Superstructure Characteristics

Options

Three options for producing phosphoric acid

Two options for producing acetic acid

Two options for recovering sulfur and sulfur dioxide
Two options for producing styrene

Two options for producing propylene

Two options for producing methanol

Mixed Integer Nonlinear Program
/85 continuous variables
20 integer variables
718 equality constraint equations for material and energy balances
58 inequality constraints for availability of raw materials
demand for product, capacities of the plants in the complex




Raw Material and Product Prices

Raw Materials Cost ($/mt)

REVWAVEICHELS Cost ($/mt)

Natural Gas
Phosphate Rock
wet process
electrofurnace
HCI process
GTSP process

HCI
Sulfur
Frasch
Claus
C electrofurnace
Ethylene
Benzene
Propane

172

27
24
25
30
50

Products Price ($/mt)

Market cost for short term
purchase

Reducing gas

Wood gas

Sustainable Costs and Credits
Credit for CO> 1594 6,50
Consumption

Debit for CO2 3.25
Production

Credit for HP g?eflam 10
Credit for IP Steam 6.4
Credit for gypsum 5
Consumption

Debit for gypsum 2.5
Production

Debit for NOx

Production

Debit for SO2

Production

Ammonia 150
Methanol 300
Acetic Acid 1034
GTSP 142
MAP 180
DAP 165
NH4NO3 153
UAN 112
Urea 154
H3POg4

Ethanol 670
Ethylbenzene 551
Propen'%20 240
CO 31
Graphite 882
Ho 796
Styrene 705
Toluene 238
Fuel Gas 596
Formic Acid 690
MMA 1606
DMA 1606
B |= 946




—— Optimal Structure

settling fines decant acres of
ponds (clay, P205) weater Gypsurm sum
reclaim tailings Stack
old mines (=and) slurried gypsum
phosphate 1 =75 BPL
rock rock slurry <60 BPL 5.7783
[Ca3(PO4)2..] slurry water 78388 | |
rmine H2SiFB 0.0260 wapor
4.6568 H20 0.0305
Frasch sulfur 1.2262 3.7587 H2504 3.7687 SiF4 1.8804 0.3310 Granular 0.8223
mines! air  7.8474 6.0392  went phosphoric H20 Triple
wells BFYY 50947 sulfuric 1.9528 LP steam 2.0004 acid 2.9061 0.5522 Super 0.0107 HF
H20 0.7366 acid 0.4245 blowdown plant cooled Phosphate  |others
Claus plant 2.9293 H20 LP 2.8804 0.0197
recovery 0.56880 0.5371 H20 4.2336 HIPO4 selling  0.0291
from HC's HP steam others 1.9970

- . 03213
47012 LF P205  2.3243 - MAP [11-52-0]
power | 09860 H20 MH3 0.4345 03350

fuel _ 0.0892 gene- 02445  CO2 Ammoniurn [others
BFYY 2.1399]  -ration 2,149 elctricity 0.7417 ‘ 0.1009 H20 for DAP %M Phosphates  |DAP [18-46-0]
TJ vent controliurea granulation 20621
0.9231 air 0.0000 NH3
nitric AM [MH4NO3]
air  0.7200 NH3  0.6581 0.0454 acid plant 0.3306 0.2184
natural gas 0.2744 co2 07529 MH3 Armmaniurm MH4NO3  0.0279
ammania MH3| Mitrate plant [H20 UAN
steam plant H20  0.0938 0.0483 00317 urea 0.0605
0.5225 purge  0.0121 urea 0.0281 0.0326
urea  0.0451 urea [CO(NH2)Z]
H20 0.0220 0.0125
other use ocw  0.0274
3.7462 MH3 0.0000
CcO2 0.0001

0.23358 vent  0.0005
emigsion rnethanol  |CH3I0OH
plant 01814

new
acetic 0.0082 CH3COOH
acid

H20  0.0556
graphite  |C 0.0460
& H2  0.0030
H2

SYngas

0.0745 0.0779 farmic acid
0.0034|  formic
benzene  0.5833 0.0000 acid
ethylene  0.2278 athyl- 0.8618 0.7533 styrene

benzens  0.0507| benzene ethylbenzene 0.0355 fuel gas 0.1041 0.0058 CO
styrene 0.0067 toluene 0.0133] methyl 0.0264 MhiA

0.01586 C amines 0.0287 DA
0.0507 benzene NH3 0.0253 0.0808 H20




Processes in the Optimal Structure

Plants in the Base Case

Ammonia

Nitric acid
Ammonium nitrate
Urea

UAN

Methanol

Granular triple super
phosphate

MAP & DAP

Contact process for Sulfuric
acid

Wet process for phosphoric
acid

Ethylbenzene

Styrene

Not in the Base Case

Acetic acid

New Plants in the Optimal Structure
* Acetic acid from CO, & CH,

« Graphite & H,

« Syngas from CO, & CH,

* Formic acid

* Methylamines

Plants Not in the Optimal Structure
» Electric furnace process for phosphoric acid
» HCI process for phosphoric acid
« SO, recovery from gypsum
« S & SO, recovery from gypsum
Propane dehydrogenation
Propylene from propane & CO,
Styrene from ethylbenzene & CO,
Methanol from CO,, & H,
Ethanol
Dimethylether




Comparison of Base Case and Optimal Structure
(Million $ / year)

Base Case Optimal Structure

Profit 378 529

Environmental Cost 334

Sustainable Cost -18




Zero Emission of CO, from Ammonia Plant
Comparison of Base Case and Optimal Structure
(Million $ / year)

Base Case Optimal Structure

Profit 378 469

Environmental Cost 334 315

Sustainable Cost -18




Zero Emission of CO, from NH; Plant Running at Full Capacity
Comparison of Base Case and Optimal Structure

(Million $ / year)

Base Case Optimal Structure

Profit 378 460

Environmental Cost 334

Sustainable Cost -18




Conclusions

A new methodology was developed for identifying
potentially new processes

Twenty potentially new processes were simulated using
HYSYS and eleven were selected for integrating into the
superstructure

The System has been applied to a chemical complex in
the lower Mississippi River corridor

Value added model incorporated economic,
environmental and sustainable costs.




Conclusions (Continued)

* An optimum configuration of plants was determined
with increased profit and decreased sustainable cost.

Based on these results, the System could be applied
to other chemical complexes in the world.

* The System includes the program with users
manuals and tutorials. These can be downloaded at
no cost from the LSU Mineral Processing Research
Institute’s web site www.mpri.lsu.edu



http:www.mpri.lsu.edu

LSU Mineral Processing Research Institute

Miunesals. Processiune:

Home N
Research i
Emphasis

Collaboration setpoints

Computer for
Pn]gramg controllers

Research Results

Internet Courses
Text Book
Industry Lonisiana
Associates .. M) State

i S i werelts
Staff U"P.“ mal h_‘-ll]?'i;?lﬂl University
% perating targets
Contact conditions

Processing, economic and environmental research for the main
Mission mineral of the State: oil and natural gas, and for sulfur, salt and

lignite.
. Formed in 1979 as one of 31 U.S. Department of Interior State
History Mineral Institutes.

Research Focus on minerals processing research for chemical plants and
3 3 petrolenm refineries. Cooperative agreements are in place with TWVIC
Directions Agrico, Monsanto, and Motiva (formerly Star/Texaco).

= b
All of the information given in this presentation is available at
www.mpri.lsu.edu



http:www.mpri.lsu.edu

Prafit (.5 $/year)
Enviranmental cost (L5, §fyean
Sustainability cost (U3 $fyear)
Flant name

Armmonia

Mitric acid

Armonium nitrate

Urea

Methanol

LIAN

AP

DAP

GTSP

Contact process sulfuric acid
WWet process phasphoric acid
Ethylbenzene

Styrene

Acetic acid

Electric furnace phosphoric acid
HCl to phospharic acid

Mew Acetic acid

S02 recovery from gypsum
S & S02 recovery from gypsum
Graphite & H2 from CO2 & CH4
Syngas

Fropene & H2

Fropene using CO2

Mew Styrene

Mew methanol

Formic acid

Methylaimines

Ethanol

Dimethylether

Armmonia sale

Arnmnium Mitrate sale

Lrea sale

Wet process phosphoric acid sale

Ethylbenzene sale
Tatal energy requirement

Base case
78 325 B17
334 403,783
-18,039,196
Capacity (tfyear) Capacity
(upper-lower bounds) {tiyear)
329 030-656 061 655 061
89 274178 547 178 525
113,398-226 796 226796
49 895-99 790 93,790
80,718-181 437 181 437
30,240-60 480 60,450
160 960-321 920 321 912
1,031 ,050-2 052 100 202100
411,1580-522 300 g22 284
1.851,186-3,702 372 3,702 297
B9V 489-1 3594 575 1,384 950
430 513-661 526 ge1,.827
@5 554-771 108 753279
4 0582-8 165 0,165
BI7 489-1 394 578
B97 489-1 394 5738
4 082-8 165
802 208-1 304 417
451 526-903 053
22 980-45 961
B 966-13 933
20,896-41 791
20,714-41 429
181,118-362 237
238 724-477 448
35 97477 248
13,198-26 397
51,664-103 728
2272745 454

energy
requirement
(Tdfyean)
3,320
548
17
128
2,165
1]

2137
1,036
-14 963
7404
-7 a5
3,318
260

Optimal structure
528,539 047
349,412 803
-21,405 BBS

Capacity

(thyean

B4 061
178 525
226 796
73,188
181 437
&0 480
321 42
2062 100
822 284
3,702 297
1,354 950
861 827
753278

Comparison of Base Case and Optimal Structure

eRergy
requirement
(Tl yean
3,820
643
117
94
2,165
0

2137
1,036
-14 963
7,404
745
3,318

0




Optimal Structure of CO, Zero Emission from Ammonia Plant

clay- decart water 100's of evaporated
settling fines acres of
ponds (clay, P205) Gypsum Sum
reclaim tailings Stac
old mines (sand) slurried gypsum
phosphate i =75 BPL
rock rock slurry <68 BPL 4.2168
[CaiFO4)2..] slurry water 57204 | |
mine H2SiFE vapor
3.3284 Hz20 0.0223
Frasch sulfur 0.8948 27428 H2504 27429 SiF4 0.2415 Granular 0.6001
mines/ air 5727 44072 vent phosphoric H2O Triple GTSP [0-46-0]
wells BFW 4.3017 sulfuric 1.4251 LP steamn 2.1020 acid 0.4025 Super 0.0075 HF
H20  0.5375 acid 0.3098 blowdown plant cooled FPhosphate  [others
Claus |0.8945 plant 21377 H20 LP 0.0143

recovery 0.4291 S | others 0.3320 Hz20 H3PO4 selling  0.0212
from HC's HP steam others H20

0.0938 | 0.2349
4249 LP P205  1ES66 Mana- MAP [11-52-0]
power 0.8064 H20 NH3 0.3609 & Di- 0.2445
fuel  0.1034 gerne- 0.2835 CO2 00205 Ammonium  [others
BFW_ 248158  -ration 1873 elctricity 0.3709 ‘ 0.0504 H20 for DAP %M Phosphates  [DAP [18-46-0]
T) vent control;urea granulation 1.5043
0.4516 air 0.0000 NH3
nitric AN [NHANOF]
alr  0.5375 NH3 04812 0.0242 acid plant 0.1653 0.1051 |
natural gas 0.2049 Cco2  0.5620 NH3 Ammaonium MH4ANO3  0.0279
ammania WNH3 | Mitrate plant |H20 UAN
stearm plant H20  0.0700 0.0241 0.0061 urea 0.0605
0.3900 purge  0.0030 0.0567 0.0326
0.0732 urea [CO(NHZ)2]
LP steam 0.0467
other uge 0.0374
35276

0.0000 0.0623 vent 0.0003
emission 0.0511 methanol - |CH30H
0.0652 plant 01814

coz 0.0060 new
acetic 0.00682 CHICOOH
CH4 0.0022 acid

H20 0.0556
graphite | 0.0460
& H2  0.0030 H2 sale
H2

01518 COo 01932
0.0554 syngas H2 00139

0.0745 0.0773 formic acid
0.0034|  formic
0.0434 0.0138 co acid
propane propylene 0.0414 propene
plant 0.0089 H20 0.1041 0.0088 CO
coz 00217 0.0010 H2 00133  methyl 0.0264 MhdA
arnines 0.0287 Dhid
NH3 0.0253 0.0808 H20

benzene  0.6633 0.0000
ethylene  0.2278 athyl- 0.8618 0.7533 styrene
benzene  0.0507| benzene ethylbenzene 0.8618 0.0355 fuel gas
styrene 0.0067 toluene
0.01586 C
0.0507 benzene




Comparison of Base Case and Optimal Structure of

Zero CO, Emission from Ammonia Plant

Base case Optirmal structure
Prafit (U5 $fyear) 378 325617 463 358 203
Erwironmental cost (U 5. $/year) 334 403,733 316 020 497
Sustainability cost (U5 Bvear) -18039,196 energy =17 037 558 energy
Flant name Capacity (thyear) Capacity requirernent Capacity requirernent

(upper-lower bounds) | (tfyear) (TlAyear (tfyear) Tlfyear)

Ammonia 329 030-653 061 B8 061 3520 4491 214 2,052
Mitric acid 099 274-178 547 178,525 -B45 09 274 -324
Ammonium nitrate 113,398-2265 705 2R TR 17 113,412 27
Urea 49 395-99 790 99 790 128 99 790 128
hiethanol 90 718-181 437 181 437 2,165 181,437 2,165
AN 30 240-50 430 B0 430 0 B0 430 0
bt &P 160 ,9R0-321 520 J21 912 234 N7

DaFP 1031 ,060-2,062,100 2 082,100 2137 1604 832 1,560
GT=P 411,150-822 300 22 284 1,036 600 0E7 f=a]
Contact process sulfuric acid 1851 186-3 702 372 3,702 297 -14 863 2701 777 -10.919
YWet process phosphoric acid Fo7 439-1 394 975 1,394 950 7404 1017 574 5403
Ethylbenzene 430913861 326 a61 827 -755 o961 327 -755
Styrene 385 554-771,108 753,279 3318 753,279 3318
Acetic acid 4 082-8 165 8,165 255 0 0
Electric furnace phosphoric acid FoY 4891 394 8978 na na ] ]
HCl to phosphoric acid B97 489-1 394 978 na na ] ]
Mew Acetic acid 4 082-8 165 na E) g, 185 =i
S0Z recovery from gypsum 902 208-1 804 117 na na 0 0
S & S02 recovery from gypsum 451 526-903 053 na na 0 0
Graphite & H2 frorm CO2 & CH4 22 980-45 951 na na 45 5961 1,046
Syhgas F 956-13 933 na Ha 13933 594
Propene & H2 20,8%5-41 791 na ik} ] ]
Fropene using CO2 20714-41 429 na na 41 429 408
Mew Styrene 181 118-362 237 na fa ] ]
Mew methanol 238 724-477 449 na i ] ]
Formic acid 38 97477 843 na na 77 843 14
Wethylaimines 13,198-26 397 na na 26 397 1,109
Ethanal 51,864-103 728 na E) ] ]
Dimethylether 22 72745 454 na iE) ] ]
Ammonia sale 10227 ]

Armmniurn Mitrate sale 218 441 105 057

Urea sale 38 076 45 BER

YWet process phosphoric acid sale 13 960 10,180

Ethylbenzene sale 0 0

Total energy requirernent 4 023 7 539



Optimal structure of Zero Emission of CO,, from
H, Plant Running at Full Capacity

clay- decart watsr 100's of evaporated
settling fines acres of
ponds (clay, P205) Gypsum UM
reclaim tailings Stacl
ald mines (sanc) sluried gypsum
phosphate i >75 BPL
rock rock slurry <A BPL 57783
[Ca3PO4)2.] slurry water 78386 | |
mine H2SiFE rack vapor
rock 46568 H20 0.0305
Frasch sulfur 1.2262 37567 H2804 3.7587 SiF4 0.3310 Granular 0.8223
miness air 78474 50322 vent phospharic H20 Triple GTSP [0-46-0]
wells BFW _5.8947 sulfuric 1.9828 LP steam 2.8804 acid 0.5522 Super 0.0107 HF
H20 _0.7366 acid 0.4245 blowdown plant cooled Phosphate hers
Claus  [1.2262 plant 29293 H20 LP 0.03197
recovery 0.5830 athers 0.5371 H20 H3PO4 selling  0.0291
from HC's HP steam others H2O

0.1265 03219
48125 LP P205 23243 Mono  |MAP [11-52-0)
09708 H20 NHI 04945 &DF 03350

el D544 02588 CO2 00281| Ammonium |others

BFYW 22662 2,195 elctricity X 0.0960 H20 for DAP %h Phosphates | DAP [18-46-0]
TS control granulation 20821

0.8788 air 0.0000 MH3
nitric AN [NHANO3Z]
0.04E0 acid plant  |HNO3 0.3148 02078 |
natural gas NH3 03148 Ammanium NHANOS  0.0279
ammonia MH3[ Nitrate plant [H20 UAN

plant 0.0460 0.0293 urea 0.0605

0.0326
urea [CO(NH2)2]

0.0369

other use
3.8464

(0.0000 vent 0.0008
emission methanol  |CH30H
plant 0.1814

0.0080

0.0082 CH3COOH
0.0022

H20 00556
graphite C 0.0460
& H2  0.0030 H2 sale 0.0000

H2

C02 01518 CO 01932
CH4 0.0554 syngas H2  0.0138

coz 0.0745 0.0779 formic acid
H2 0.0034)  formic
0.0020 H2 acid
0.0438 propene

propane & coz 0.0661 0.0043 CO

H2 0.0418 propene H2 0.0085| methyl- 0.0168 WA
armines 0.0152 DA
MH3 00161 0.0513 H2O

0.0434 0.0138 CO
propane propylene 00414 propene
plant 0.0082 H20
Co2 00217 0.0010 H2

co2 01831 nes 0.0974 CO 0.0182 CO

styrene 0.3622 styrene 0.0227 DME
0.3893 plant 0.0827 H20 0.0039 MeOH

ethylbenzene 0.0406 H20

henzene 06341
ethylene 02278




Comparison of Base Case and Optimal structure of Zero

Emission of CO, from NH, Plant Running at Full Capacity

Base case
378 325 517
334 403,783

Profit (.5, %/year)
Environmental cost (U5 $/vear)

Plant name

Sustainability cost (U5 5fyear)

Capacity (t/year

Capacity

Optimal structure
453 508 035
368 257 342

-18 039,196 energy

-23 533,460

requirement Capacity

ENEryy
requirement

(upper-loveer bounds) (tAyear) Tl year) ITdfyear)

Amrmonia 329 030-6538 051 G55 061 3,820 G538 061 3820
Mitric acid oy 27 4-178 547 178 525 -543 169 967 -B17
Amrmonium nitrate 113 398-226 796 226 795 17 2165 924 103
Lirea 49 595-93 730 99,790 128 97 B26 125
Methanol a0,718-181 437 181 437 2,165 181 437 2165
LLAM 30 240-60 480 B0 480 0 B0 480 0
kAP 160 960-321 220 34 92 321 912

DAR 1,031, 050-2 062,100 2 062,100 2,137 2,082 100 2137
=TSP 411 180-322 300 022 284 1,036 022 284 1,036
Contact process sulfuric acid 1,851 ,186-3,7/02 372 3,702,297 -14 963 3,702,297 14 953
Yet process phospharic acid RaY 489-1 394 978 1,384 250 7 404 1,394 250 7 404
Ethylbenzens 430 913-861 826 ae1 827 -785 a1 .827 -7ER
Styrene 385 554-771,108 763279 3318 0 0
Acetic acid 4 082-8 165 8,165 268 0 0
Electric furnace phosphoric acid BOY 489-1 394978  na ra 0 0
HCI to phospharic acid B9 489-1 394 978 na na ] ]
Mew Acetic acid 4 032-3,165 fa ra 3,165 3
SO recavery from gypsum 02 208-1.804 417 na na 0 0
S & 502 recavery from gypsum 451 526-903 053 na na 0 0
Graphite & H2 frorm CO2 & CH4 22 930-45 961 na na 45 961 1,046
Syngas B 956-13 933 fa ra 13,933 a94
Fropene & H2 20,895-41 7N na ha 41,791 (el
Propene using CO2 20,714-41 429 fa ra 41,429 408
Mew Styrene 181 118-352 237 na ha 362 237 2824
Mewy methianal 238 724-477 449 his ha ] ]
Formic acid 38 974-77 948 na ha 77848 14
Methylaimines 13,1938-26 397 his ha 16,763 704
Ethanal 51.864-103 728 na ha 0 0
Dimethylether 22 F27-45 454 his ha 22727 152
Armmaonia sale 10,227 0

Armrmniurn Mitrate sale 218 441 207 BBY

IUrea sale 39 076 35 912

YWet process phospharic acid sale 13,950 13,950

Ethylbenzene sale 0 492 565

Total energy requirement 4 023 7 169



Commercial Pipelines for CO,

Ashland Chemical's methanol plant ran on CO, piped from an
ammonia plant about 13 miles away.

At least two across-the-fence CO, pipelines have been built to
keep a urea plant and methanol plant running while its normal-
CO,-source ammonia plant was down for maintenance.

The 183-mile Denbury CO, pipeline distributes CO, from a
volcanic formation near Jackson MS to many MS oilfields and to
some chemical production. This line extends into Louisiana and
could be a key in sustaining urea, methanol, etc. production in LA.

There are many other oilfield-servicing CO,, pipelines in the MS-
UT-NM triangle. Twelve of these lines total total 1,1016 miles. The
CO, source for these lines is ‘high-CO_-content natural gas’.




Estimation of Utilities

* Using information from HYSYS flow sheet
— Obtain energy supplied
— Obtain energy liberated

« Assumptions
— HP steam used to supply energy
— Cooling water used to absorb energy




Economic Results for HYSYS Simulated
Acetic Acid Process

Product/Raw Flow Rate from Cost/Selling
Material HYSYS Simulation | Price ($/kg)
(kg/hr)

Carbon Dioxide 684.8 0.003

Methane 249.1 0.172

Acetic Acid 932.6 1.034

HP Steam 766.0 0.00865

Cooling Water 13,730 6.7x10°6

Value Added Profit | $ 913/hr 98 cents/kg




Original Contribution

No integrated set of tools, methodology or programs to
perform a consistent and accurate evaluation of new
plants and existing processes.

No method to evaluate the sustainability development
of the chemical complex.

The objective of the System is to have a methodology
to integrate new plants into the existing infrastructure of

plants in a chemical production complex. The results
will lead to new processes that manufacture products
from greenhouse gases and use cogeneration for
efficient steam and power generation.

The Chemical Complex and Cogeneration Analysis
System will give corporate engineering groups new
capability to design energy efficient and
environmentally acceptable plants and have new
products from greenhouse gases.
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Introduction

* Domestic chemical industry

— Current situation
* 6.3 quads energy
« 70,000 diverse products

— Challenges
* Inefficient power generation
« Greenhouse gas emission constraints

Pellegrino, DOE chemical IOF report , 2002






Introduction

Pollution prevention
— was an environmental issue

— now a critical business opportunity

Long term cost of ownership must be evaluated
with short term cash flows.

Companies undergoing difficult institutional

transformations

Emphasis on pollution prevention has broadened
to include:

— Total (full) cost accounting

— Life cycle assessment

— Sustainable development

— Eco-efficiency (economic and ecological)






Introduction

* Opportunities

— Processes for conversion of greenhouse gases
to valuable products

— Cogeneration

 Methodology

— Chemical Complex and Cogeneration Analysis
System

— Application to chemical complex in the lower
Mississippi River corridor






Related Work and Programs

* Aspen Technology

* Department of Energy (DOE)
www.oit.doe.gov/bestpractice

« Environmental Protection Agency (EPA)
www.epa.gov/opptintr/greenengineering






Chemical Complex and Cogeneration Analysis
System

Objective: To give corporate engineering groups new
capabillity to design:

— New processes for products from greenhouse
gases

— Energy efficient and environmentally acceptable
plants






Chemical Complex and Cogeneration Analysis
System

Chemical Complex Analysis System

Determines the best configuration of plants in a
chemical complex based on the AIChE Total Cost
Assessment (TCA) and incorporates EPA Pollution
Index methodology (WAR) algorithm

Cogeneration Analysis System

Determines the best energy use based on
economics, energy efficiency, regulatory emissions
and environmental impacts from greenhouse gas
emissions.






Structure of the System

v

Graphical User Interface [«

ComplexFlowsheet {Input)
+ Process flowsheet for plants in
complex and connections

+ Process Simulation - material
and energy balances, rate
equations, equilibrium relations,
physical and thermodynamic
properties,

environmental and sustainable
costs
+ Steam and other utility

« Profit function prices, economic,

requirements

- Utility costing
Database

Optimum Complex Configuration

and Energy Use (Output)

+ Optimal profit and configuration
presented in tables and on the complex
flowsheet

+ Identification of optimal cogeneration
structure, new processes for greenhouse
gases and nanotechnology

+ Sensitivity analysis for costs, raw
materials, demand for products, operating
conditions.

+ Utilities integrated with plants

* Turbine and HRSG performance

» Utilities Costing and Profitability

for different operation conditions

® Cogeneration

AV

N

« Each plant's current energy use
-Cost effective improvements
(Heat exchanger network analysis)

-Cogeneration option

Sequential Layer Analysis for

- Corporate energy use in multiple plants
- Cogeneration systems for chemical complex
« State wide analysis

- Impact of merchant power plants

- Emission reductions

Total Cost Assessment Mixed Integer Non-
Product prices, manufacturing, Linear Program Solver

environmental and sustainahility simulation equations for
costs individual plants and

connections






AIChE Total Cost Assessment

Includes five types of costs: | direct, |l overhead, Il
liability, IV internal intangible, V external (borne by
society - sustainable)

Sustainable costs are costs to society from damage to
the environment caused by emissions within
regulations, e.g., sulfur dioxide 4.0 Ib per ton of sulfuric

acid produced

Environmental costs: compliance, fines, 20% of
manufacturing costs

Combined five TCA costs into economic, environmental
and sustainable costs

— Economic: raw materials, utilities, etc
— Environmental: 67% of raw materials
— Sustainable: estimated from sources






lllustration of Input to the System for Unit Data
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Typical Cogeneration Results on the CHP Diagram
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Plants in the lower Mississippi River Corridor
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clay-
settling
ponds

decant water

fines

reclaim
old mines

[clay, P205)
tailings

phosphate
rock

[Ca3{FO4)2..]
mine

[=and)

rock slurry

Chemical Complex

=75 BPL

Stack

100's of
acres of
Gypsurm

evapaorated

sum

slurried gypsum

<65 BPL|

slurry water

Frasch

7.8388 ||

4.6568

5.7783

sulfur 1.2262

mines/
wells

Claus  [1.2262

recovery
from HC's

air  7.8474

BFWY 5.8947
HZ20 0.7366

0.5880

sulfuric
acid
plant

3.7887 H2504

3.7687

6.0392  wvent
1.9529 LP steam

2.5804

0.4245 blowdown
2.9293

HP steam

00123

L

fuel  0.0513
BFwWY _ 1.2307

power
gene-
-ration

38994 LP

0.5486 H20

01406  CO2

1,821 elctricity
TJ

HZ0

0.5371

phospharic
acid
plant

HZSiFE 0.0260
HZ0
SiF4
HZ0

1.8504

2.9061

rock

vapor

0.0305

0.3310

0.5522

cooled
LP
H20
others

2.5804
4.2336
1.9570

Granular
Triple
Super

Phosphate

0.58223

0.0107 HF

others

H3IPO4 selling

0.0291

HZO
01285 |

0.0197

0.3219

P205
NH3

2.3249
0.4945

0.9231 air

07417

vent ‘

natural gas

air  0.7200

0.2744

steam
0.5225

ammaonia
plant

NH3  0.6581

0.0484

Co2 07529

NH3

H20  0.05938
purge  0.0121

other use
29345

0.6123

nitric
acid plant

0.1003 H20

0.0102

NH3

for DAP %M

contraliurea

Maono-

& Di-
Arnmaoniurm
Phosphates
granulation

MAP [11-52-0]
0.3350

others

DAP [18-45-0]
2.0621

0.3306

NH3

0.0867

0.0732

LP steam

0.0374

0.0483

AN [NHANOF]

0.2184

Arnmaoniurm

NHANO3  0.0279

Mitrate plant

HZ0

0.0317 urea

AN
0.0605

0.0326

urea [COMNH2YZ]

acetic

emission

methanol

vent  0.0005
CH30H

plant

0.1814

acid

acetic acid
H20

benzene 05833
0.2278

ethylene
benzene  0.0507

ethyl-
benzene

0.8618
ethylbenzene

0.0000

ethylbenzene

styrene

0.7533 styrene

0.0355 fuel gas

0.0067 toluene

0.0156 C

0.0507 benzene

Plants in the lower Mississippi River Corridor, Base Case. Flow Rates in Million Tons Per Year

0.0391

0.0082

0.0012






Some Chemical Complexes in the World

North America

— Gulf coast petrochemical complex in Houston area
(U.S.A))

— Chemical complex in the Lower Mississippi River
Corridor (U.S.A.)

South America

— Petrochemical district of Camacari-Bahia (Brazil)

— Petrochemical complex in Bahia Blanca (Argentina)
Europe

— Antwerp port area (Belgium)

— BASF in Ludwigshafen (Germany)

Oceania

— Petrochemical complex at Altona (Australia)

— Petrochemical complex at Botany (Australia)






Some Chemical Complexes in the World
(Continued)

* Asia
— The Singapore petrochemical complex in Jurong Island
(Singapore)
— Petrochemical complex of Daqging Oilfield Company Limited
(China)
— SINOPEC Shanghai Petrochemical Co. Ltd. (China)

— Joint-venture of SINOPEC and BP in Shanghai under
construction (2005) (China)

— Jamnagar refinery and petrochemical complex (India)
— Sabic company based in Jubail Industrial City (Saudi Arabia)
— Petrochemical complex in Yanbu (Saudi Arabia)
— Equate (Kuwait)
« Africa
— petrochemical industries complex at Ras El Anouf (Libya)






Greenhouse Gas Emissions

@ Energy-related carbon
dioxide

m Other carbon dioxide

O HFCs, PFCs, SF6

O Nitrous oxide

B Methane

Greenhouse Gas Emissions by Gas in U.S.,2000,
revised from EIA, 2001






CO, Sources and Cycle

From IPCC (1995)

 Natural Source
— Ocean:
— Plants and soil:

* Anthropogenic source
— Burning fossil fuels:
— Deforestation:

e Total:

Unit — GT of C per year

90  (57.29%)
60 (38.19%)

55 (3.50%)
1.6 (1.02%)

157.1(100%)
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CO, Emissions from Industries

Petroleum and
coal products
Chemicals
Primary metals
Nonmetallic
minerals
All other
manufacturing

Industry groups

Total Energy-Related Carbon Dioxide Emissions for
Selected Manufacturing Industries, 1998,
from EIA, 2001






Carbon Dioxide Emissions

(Million Metric Tons Carbon Equivalent Per Year)

Total CO, added to atmosphere
— Burning fossil fuels 5,500
— Deforestation 1,600
Total worldwide CO,, from consumption and flaring of fossil fuels
— United States 1,526
China 792
Russia 440
Japan 307
All others 3,258
U.S. CO, emissions
— Industry 630
— Buildings 524
— Transportation 473
— Total 1,627
U.S. industry (manufacturing ): Petroleum, coal products and chemicals

175

Chemical complex in the lower Mississippi River corridor excess high purity CO, 0.61






Surplus Carbon Dioxide

Ammonia plants produce 0.75 million tons per
year In lower Mississippi River corridor.

Methanol and urea plants consume 0.15
million tons per year.

Surplus high-purity carbon dioxide 0.60
million tons per year vented to atmosphere.

Plants are connected by CO, pipelines.






Commercial Uses of CO,

110 million tons of CO, for chemical synthesis

— Urea (chiefly, 90 million ton of CO,)
— Methanol (1.7 million tons of CO,)
— Polycarbonates

— Cyclic carbonates

— Salicylic acid

— Metal carbonates






Greenhouse Gases as Raw Material

+ |ntermadiale of fine chamicals for RRMCORR NF ;H

the chemical Industry . - CHy0H
-C{O)O-: Aclds, astars, lactones kl:f RCeCH L
-0-C{0)0-:Carbonates i
NC{O}OR-: Carbamio esters o GQJ ' k
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N-CION: Ureas e Ay o A B
« Lise as a solvent M
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Catalytic Reactions of CO,
Hydrogenation Hydrolysis and Photocatalytic Reduction
CO, + 3H, » CH,0H + H,O methanol CO, + 2H,0—» CH,OH + O,
2CO, + 6H, » C,H,OH + 3H,0  ethanol CO, + H,0 - HC=0-OH + 1/20,
CO, +H, » CH,-O-CH, dimethyl ether CO, + 2H,0 —» CH, + 20,

Hydrocarbon Synthesis
CO, +4H, > CH, + 2H.,0 methane and higher HC
2C0O, +6H, » C,H, +4H,0 ethylene and higher olefins

Carboxylic Acid Synthesis Other Reactions
CO, + H, » HC=0-OH formic acid CO, + ethylbenzene —styrene

CO, + CH, » CH,-C=0-OH acetic acid CO,+C,H; » C;H, +H, + CO
dehydrogenation of propane

CO, + CH, » 2CO + H, reforming
Graphite Synthesis

CO,+H,—> C+H,0 CH,—> C+H,
CO, + 4H, - CH, + 2H,0

Amine Synthesis
CO, + 3H, + NH; - CH,-NH, + 2H,0 methyl amine and

higher amines






Methodology of Developing Process
Information for the System

ldentifying potentially new processes
Simulating with HYSYS

Estimating utilities required

Evaluating value added economic analysis

Selecting best processes based on value
added economic profit

Integrating into the superstructure






ldentifying Potentially New Processes

 Literature review of new experimental studies

« Comparing with the existing commercial
processes

« Selecting the potentially new processes






Selection Criterion
Operating conditions
Performance of catalyst

Product sales and raw material costs

Thermodynamic feasibility






Example: Acetic Acid Process

Commercial process

Carbonylation of methyl alcohol

CO + CH;0H — CH;COOH

AH° = -135 kd/mol, AG® = -87 kJ/mol
Operating conditions: 450K, 30 bar
Hydrogen iodide catalyst

Complete conversion of methanol





Example: Acetic Acid Process (Continued)

New experimental study

CH, + CO, - CH;COOH

AH° = 36 kd/mol, AG° = 71 kd/mol
Operating conditions: 350K and 25 bar
Vanadium catalyst

97% conversion of methane






HYSYS Process Flow Diagram for Acetic Acid Process
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Selected Studies

* Eighty-six experimental studies reviewed

« Seventy experimental studies compared

* Twenty potentially new process selected






Selected Studies (Continued)

« Twenty processes selected include
— Five new processes for methanol

— Two new processes for ethanol, styrene,
and propylene

— Four new processes for hydrogen and
carbon monoxide

— One new process each for DME, formic
acid, acetic acid, methylamines, and
graphite






HYSYS Simulations

« Based on existing production capacities

* Obtain energy requirements

 Obtain stream flow rates






Value Added Economic Model

Profit = X Product Sales — ¥ Raw Material Costs
- X Energy Costs

Product selling prices and raw material costs

were obtained from literature

HP steam and cooling water required were
estimated using information from HYSYS

Stream flow rates obtained from HYSYS flow
sheet






Selection Based on Value Added
Economic Profit

* Only the best process for each product was
selected

* Only processes with profit were considered






Integration into Superstructure

* Twenty processes simulated

* Eleven processes selected based on value
added economic model

 Integrated into the superstructure using the
System






Processes Integrated into Superstructure

Product

Synthesis Route

Value Added
Profit (cents/kg)

Methanol

CO, hydrogenation

5.8

Ethanol

CO, hydrogenation

33.6

Dimethyl Ether

CO, hydrogenation

69.6

Formic Acid

CO, hydrogenation

65.0

Acetic Acid

From CH, and CO,

98.0

Styrene

Ethylbenzene
dehydrogenation

11.0






Processes Integrated into Superstructure
(Continued)

Product

Synthesis Route

Value Added
Profit (cents/kQ)

Methylamines

From CO,, H,, and NH,

124.0

Graphite

CO, reduction

65.5

Hydrogen

Methane reforming

17.4

Propylene

Propane dehydrogenation

4.4

Propylene

Propane dehydrogenation
with CO,

2.4






Application of the System to Chemical
Complex in the Lower Mississippi River
Corridor

« Base case

« Superstructure

e Optimal structure






Base Case of Actual Plants

clay- decant water rain 100's of evaporated
settling fines decant acres of
ponds (clay, P205) water Gypsum sum
reclaim tailings Stack
old mines (sand) slurried gypsum
phosphate 1 =74 BPL
rack rock slurry =65 BPL| 5.7783
[Ca3PO42..] slurry water 7.8388 [ |
rhing H2SiFB 0.0260 wapor
4.6568 H20 0.0305
Frasch sulfur 1.2262 3.7587  H2804 3.7567 SiF4 1.8504 0.3310 Granular 0.8223
mines/ air  7.8474 6.0352  wvent phosphoric Hz20 Triple GTSF [0-46-0]
wells BFY 58947 | sulfuric 1.9529 LP steam 2.5804 acid 2.9061 0.5522 Super 0.0107 H
H20 0.7366 acid 0.4245  blowdown plant cooled Phosphate  [others
Claus  [1.2262 plant 2.9293 H20 LP 2.8804 0.0197
recovery 0.5880 0.5371 H20 4.2336 H3PO4 selling  0.0291
from HC's HP steam others 1.9970 H20

- 01285 | 0.3213
38994 LP P205 23243 haono- WAP [11-52-0]
0.8486 H20 NH3 0.4545 & Di- 0.3350
fuel 0.0513 01405  CO2 Amrnoniurm  |others
BFW _1.2307 1,821  elctricity 07417 ‘ 0.1009 H20 for DAP %M Phosphates  |DAP [18-46-0]
TJ vent controliurea granulation 2.0621
0.9231 air 0.0102 NH3
nitric AN [MHANO3]
NH3 06581 0.0484 acid plant 0.3306 0.2184
natural gas Co2 07528 MH3 Armrmaniurm MHANOT 00279
amrmaonia WH3| Mitrate plant [H20 UAN
plant H20  0.0938 0.0453 0.0317 urea 0.0605
purge 00121 0.0567 0.0281 0.0326
0.0732 0.0717 urea [COMNH2)2]
LP steam 0.0299 0.0391
other use 0.0374 0.0374
29345 0.0001

0.0001

acetic 0.0082
acid acetic acid

05123 vent  0.0008 H20 0.0012
emission methanol  |CH3OH
plant 0.1814

benzene  0.5833 0.0000
ethylene  0.2275 ethyl- 0.8618 0.7533 styrene
benzene  0.0807| benzene |ethylbenzene ethylbenzene 0.0355 fuel gas
styrane 0.0067 toluene
0.0156 C
0.0507 benzens

Plants in the lower Mississippi River Corridor, Base Case. Flow Rates in Million Tons Per Year
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Processes in the Superstructure

Plants in the Base Case

Ammonia

Nitric acid
Ammonium nitrate
Urea

WA

Methanol

Granular triple super
phosphate

MAP & DAP

Contact process for Sulfuric
acid

Wet process for phosphoric
acid

Acetic acid

Ethylbenzene

Styrene

Plants Added to form the Superstructure
Electric furnace process for phosphoric acid

HCI process for phosphoric acid
SO, recovery from gypsum

S & SO, recovery from gypsum
Acetic acid from CO, & CH,
Graphite & H,

Syngas from CO, & CH,
Propane dehydrogenation
Propylene from propane & CO,
Styrene from ethylbenzene & CO,
Methanol from CO,, & H,
Formic acid

Methylamines

Ethanol

Dimethylether






Superstructure Characteristics

Options

Three options for producing phosphoric acid

Two options for producing acetic acid

Two options for recovering sulfur and sulfur dioxide
Two options for producing styrene

Two options for producing propylene

Two options for producing methanol

Mixed Integer Nonlinear Program
/85 continuous variables
20 integer variables
718 equality constraint equations for material and energy balances
58 inequality constraints for availability of raw materials
demand for product, capacities of the plants in the complex






Raw Material and Product Prices

Raw Materials Cost ($/mt) Raw Materials Cost ($/mt) Products Price ($/mt)
Natural Gas 172 Market cost for short term Ammonia 150
Phosphate Rock purchase Methanol 300
wet process 27 Reducing gas 1394 Acetic Acid 1034
electrofurnace 24 Wood gas 634 GTSP 142
HCI process 25 Sustainable Costs and Credits MAP 180
GTSP process 30 Credit for CO> 6.50 DAP 165
HCI 50 Consumption NH4NO3 153
Sulfur Debit for CO2 3.25 UAN 112
Frasch 42 Production Urea 154
Claus 38 Credit for HP Steam 10 H3PO4 320
C electrofurnace 760 Creditfor IP Steam 6.4 Ethanol 670
Ethylene 446 Credit for gypsum 5 Ethylbenzene 551
Benzene 257 Consumption Propene 240
Propane 163 Debit for gypsum 25 CO 31
Production Graphite 882
Debit for NOx H2 796
Production Styrene 705
Debit for SO2 Toluene 238
Production Fuel Gas 596
Formic Acid 690
MMA 1606
DMA 1606
DME 946






—— Optimal Structure

settling fines decant acres of
ponds (clay, P205) weater Gypsurm sum
reclaim tailings Stack
old mines (=and) slurried gypsum
phosphate 1 =75 BPL
rock rock slurry <60 BPL 5.7783
[Ca3(PO4)2..] slurry water 78388 | |
rmine H2SiFB 0.0260 wapor
4.6568 H20 0.0305
Frasch sulfur 1.2262 3.7587 H2504 3.7687 SiF4 1.8804 0.3310 Granular 0.8223
mines! air  7.8474 6.0392  went phosphoric H20 Triple
wells BFYY 50947 sulfuric 1.9528 LP steam 2.0004 acid 2.9061 0.5522 Super 0.0107 HF
H20 0.7366 acid 0.4245 blowdown plant cooled Phosphate  |others
Claus plant 2.9293 H20 LP 2.8804 0.0197
recovery 0.56880 0.5371 H20 4.2336 HIPO4 selling  0.0291
from HC's HP steam others 1.9970

- . 03213
47012 LF P205  2.3243 - MAP [11-52-0]
power | 09860 H20 MH3 0.4345 03350

fuel _ 0.0892 gene- 02445  CO2 Ammoniurn [others
BFYY 2.1399]  -ration 2,149 elctricity 0.7417 ‘ 0.1009 H20 for DAP %M Phosphates  |DAP [18-46-0]
TJ vent controliurea granulation 20621
0.9231 air 0.0000 NH3
nitric AM [MH4NO3]
air  0.7200 NH3  0.6581 0.0454 acid plant 0.3306 0.2184
natural gas 0.2744 co2 07529 MH3 Armmaniurm MH4NO3  0.0279
ammania MH3| Mitrate plant [H20 UAN
steam plant H20  0.0938 0.0483 00317 urea 0.0605
0.5225 purge  0.0121 urea 0.0281 0.0326
urea  0.0451 urea [CO(NH2)Z]
H20 0.0220 0.0125
other use ocw  0.0274
3.7462 MH3 0.0000
CcO2 0.0001

0.23358 vent  0.0005
emigsion rnethanol  |CH3I0OH
plant 01814

new
acetic 0.0082 CH3COOH
acid

H20  0.0556
graphite  |C 0.0460
& H2  0.0030
H2

SYngas

0.0745 0.0779 farmic acid
0.0034|  formic
benzene  0.5833 0.0000 acid
ethylene  0.2278 athyl- 0.8618 0.7533 styrene

benzens  0.0507| benzene ethylbenzene 0.0355 fuel gas 0.1041 0.0058 CO
styrene 0.0067 toluene 0.0133] methyl 0.0264 MhiA

0.01586 C amines 0.0287 DA
0.0507 benzene NH3 0.0253 0.0808 H20






Processes in the Optimal Structure

Plants in the Base Case

Ammonia

Nitric acid
Ammonium nitrate
Urea

UAN

Methanol

Granular triple super
phosphate

MAP & DAP

Contact process for Sulfuric
acid

Wet process for phosphoric
acid

Ethylbenzene

Styrene

Not in the Base Case

Acetic acid

New Plants in the Optimal Structure
* Acetic acid from CO, & CH,

« Graphite & H,

« Syngas from CO, & CH,

* Formic acid

 Methylamines

Plants Not in the Optimal Structure
» Electric furnace process for phosphoric acid
» HCI process for phosphoric acid
« SO, recovery from gypsum
« S & SO, recovery from gypsum
Propane dehydrogenation
Propylene from propane & CO,
Styrene from ethylbenzene & CO,
Methanol from CO,, & H,
Ethanol
Dimethylether






Comparison of Base Case and Optimal Structure
(Million $ / year)

Base Case Optimal Structure

Profit 378 529

Environmental Cost 334

Sustainable Cost -18






Zero Emission of CO, from Ammonia Plant
Comparison of Base Case and Optimal Structure
(Million $ / year)

Base Case Optimal Structure

Profit 378 469

Environmental Cost 334 315

Sustainable Cost -18






Zero Emission of CO, from NH; Plant Running at Full Capacity
Comparison of Base Case and Optimal Structure

(Million $ / year)

Base Case Optimal Structure

Profit 378 460

Environmental Cost 334

Sustainable Cost -18






Conclusions

A new methodology was developed for identifying
potentially new processes

Twenty potentially new processes were simulated using
HYSYS and eleven were selected for integrating into the
superstructure

The System has been applied to a chemical complex in
the lower Mississippi River corridor

Value added model incorporated economic,
environmental and sustainable costs.






Conclusions (Continued)

* An optimum configuration of plants was determined
with increased profit and decreased sustainable cost.

Based on these results, the System could be applied
to other chemical complexes in the world.

* The System includes the program with users
manuals and tutorials. These can be downloaded at
no cost from the LSU Mineral Processing Research
Institute’s web site www.mpri.lsu.edu






LSU Mineral Processing Research Institute

Miunesals. Processiune:

Home N
Research i
Emphasis

Collaboration setpoints

Computer for
Pn]gramg controllers

Research Results

Internet Courses
Text Book
Industry Lonisiana
Associates .. M) State

i S i werelts
Staff U"P.“ mal h_‘-ll]?'i;?lﬂl University
% perating targets
Contact conditions

Processing, economic and environmental research for the main
Mission mineral of the State: oil and natural gas, and for sulfur, salt and

lignite.
. Formed in 1979 as one of 31 U.S. Department of Interior State
History Mineral Institutes.

Research Focus on minerals processing research for chemical plants and
3 3 petrolenm refineries. Cooperative agreements are in place with TWVIC
Directions Agrico, Monsanto, and Motiva (formerly Star/Texaco).

= b
All of the information given in this presentation is available at
www.mpri.lsu.edu






Prafit (.5 $/year)
Enviranmental cost (L5, §fyean
Sustainability cost (U3 $fyear)
Flant name

Armmonia

Mitric acid

Armonium nitrate

Urea

Methanol

LIAN

AP

DAP

GTSP

Contact process sulfuric acid
WWet process phasphoric acid
Ethylbenzene

Styrene

Acetic acid

Electric furnace phosphoric acid
HCl to phospharic acid

Mew Acetic acid

S02 recovery from gypsum
S & S02 recovery from gypsum
Graphite & H2 from CO2 & CH4
Syngas

Fropene & H2

Fropene using CO2

Mew Styrene

Mew methanol

Formic acid

Methylaimines

Ethanol

Dimethylether

Armmonia sale

Arnmnium Mitrate sale

Lrea sale

Wet process phosphoric acid sale

Ethylbenzene sale
Tatal energy requirement

Base case
78 325 B17
334 403,783
-18,039,196
Capacity (tfyear) Capacity
(upper-lower bounds) {tiyear)
329 030-656 061 655 061
89 274178 547 178 525
113,398-226 796 226796
49 895-99 790 93,790
80,718-181 437 181 437
30,240-60 480 60,450
160 960-321 920 321 912
1,031 ,050-2 052 100 202100
411,1580-522 300 g22 284
1.851,186-3,702 372 3,702 297
B9V 489-1 3594 575 1,384 950
430 513-661 526 ge1,.827
@5 554-771 108 753279
4 0582-8 165 0,165
BI7 489-1 394 578
B97 489-1 394 5738
4 082-8 165
802 208-1 304 417
451 526-903 053
22 980-45 961
B 966-13 933
20,896-41 791
20,714-41 429
181,118-362 237
238 724-477 448
35 97477 248
13,198-26 397
51,664-103 728
2272745 454

energy
requirement
(Tdfyean)
3,320
548
17
128
2,165
1]

2137
1,036
-14 963
7404
-7 a5
3,318
260

Optimal structure
528,539 047
349,412 803
-21,405 BBS

Capacity

(thyean

B4 061
178 525
226 796
73,188
181 437
&0 480
321 42
2062 100
822 284
3,702 297
1,354 950
861 827
753278

Comparison of Base Case and Optimal Structure

eRergy
requirement
(Tl yean
3,820
643
117
94
2,165
0

2137
1,036
-14 963
7,404
745
3,318

0






Optimal Structure of CO, Zero Emission from Ammonia Plant

clay- decart water 100's of evaporated
settling fines acres of
ponds (clay, P205) Gypsum Sum
reclaim tailings Stac
old mines (sand) slurried gypsum
phosphate i =75 BPL
rock rock slurry <68 BPL 4.2168
[CaiFO4)2..] slurry water 57204 | |
mine H2SiFE vapor
3.3284 Hz20 0.0223
Frasch sulfur 0.8948 27428 H2504 27429 SiF4 0.2415 Granular 0.6001
mines/ air 5727 44072 vent phosphoric H2O Triple GTSP [0-46-0]
wells BFW 4.3017 sulfuric 1.4251 LP steamn 2.1020 acid 0.4025 Super 0.0075 HF
H20  0.5375 acid 0.3098 blowdown plant cooled FPhosphate  [others
Claus |0.8945 plant 21377 H20 LP 0.0143

recovery 0.4291 S | others 0.3320 Hz20 H3PO4 selling  0.0212
from HC's HP steam others H20

0.0938 | 0.2349
4249 LP P205  1ES66 Mana- MAP [11-52-0]
power 0.8064 H20 NH3 0.3609 & Di- 0.2445
fuel  0.1034 gerne- 0.2835 CO2 00205 Ammonium  [others
BFW_ 248158  -ration 1873 elctricity 0.3709 ‘ 0.0504 H20 for DAP %M Phosphates  [DAP [18-46-0]
T) vent control;urea granulation 1.5043
0.4516 air 0.0000 NH3
nitric AN [NHANOF]
alr  0.5375 NH3 04812 0.0242 acid plant 0.1653 0.1051 |
natural gas 0.2049 Cco2  0.5620 NH3 Ammaonium MH4ANO3  0.0279
ammania WNH3 | Mitrate plant |H20 UAN
stearm plant H20  0.0700 0.0241 0.0061 urea 0.0605
0.3900 purge  0.0030 0.0567 0.0326
0.0732 urea [CO(NHZ)2]
LP steam 0.0467
other uge 0.0374
35276

0.0000 0.0623 vent 0.0003
emission 0.0511 methanol - |CH30H
0.0652 plant 01814

coz 0.0060 new
acetic 0.00682 CHICOOH
CH4 0.0022 acid

H20 0.0556
graphite | 0.0460
& H2  0.0030 H2 sale
H2

01518 COo 01932
0.0554 syngas H2 00139

0.0745 0.0773 formic acid
0.0034|  formic
0.0434 0.0138 co acid
propane propylene 0.0414 propene
plant 0.0089 H20 0.1041 0.0088 CO
coz 00217 0.0010 H2 00133  methyl 0.0264 MhdA
arnines 0.0287 Dhid
NH3 0.0253 0.0808 H20

benzene  0.6633 0.0000
ethylene  0.2278 athyl- 0.8618 0.7533 styrene
benzene  0.0507| benzene ethylbenzene 0.8618 0.0355 fuel gas
styrene 0.0067 toluene
0.01586 C
0.0507 benzene






Comparison of Base Case and Optimal Structure of

Zero CO, Emission from Ammonia Plant

Base case Optirmal structure
Prafit (U5 $fyear) 378 325617 463 358 203
Erwironmental cost (U 5. $/year) 334 403,733 316 020 497
Sustainability cost (U5 Bvear) -18039,196 energy =17 037 558 energy
Flant name Capacity (thyear) Capacity requirernent Capacity requirernent

(upper-lower bounds) | (tfyear) (TlAyear (tfyear) Tlfyear)

Ammonia 329 030-653 061 B8 061 3520 4491 214 2,052
Mitric acid 099 274-178 547 178,525 -B45 09 274 -324
Ammonium nitrate 113,398-2265 705 2R TR 17 113,412 27
Urea 49 395-99 790 99 790 128 99 790 128
hiethanol 90 718-181 437 181 437 2,165 181,437 2,165
AN 30 240-50 430 B0 430 0 B0 430 0
bt &P 160 ,9R0-321 520 J21 912 234 N7

DaFP 1031 ,060-2,062,100 2 082,100 2137 1604 832 1,560
GT=P 411,150-822 300 22 284 1,036 600 0E7 f=a]
Contact process sulfuric acid 1851 186-3 702 372 3,702 297 -14 863 2701 777 -10.919
YWet process phosphoric acid Fo7 439-1 394 975 1,394 950 7404 1017 574 5403
Ethylbenzene 430913861 326 a61 827 -755 o961 327 -755
Styrene 385 554-771,108 753,279 3318 753,279 3318
Acetic acid 4 082-8 165 8,165 255 0 0
Electric furnace phosphoric acid FoY 4891 394 8978 na na ] ]
HCl to phosphoric acid B97 489-1 394 978 na na ] ]
Mew Acetic acid 4 082-8 165 na E) g, 185 =i
S0Z recovery from gypsum 902 208-1 804 117 na na 0 0
S & S02 recovery from gypsum 451 526-903 053 na na 0 0
Graphite & H2 frorm CO2 & CH4 22 980-45 951 na na 45 5961 1,046
Syhgas F 956-13 933 na Ha 13933 594
Propene & H2 20,8%5-41 791 na ik} ] ]
Fropene using CO2 20714-41 429 na na 41 429 408
Mew Styrene 181 118-362 237 na fa ] ]
Mew methanol 238 724-477 449 na i ] ]
Formic acid 38 97477 843 na na 77 843 14
Wethylaimines 13,198-26 397 na na 26 397 1,109
Ethanal 51,864-103 728 na E) ] ]
Dimethylether 22 72745 454 na iE) ] ]
Ammonia sale 10227 ]

Armmniurn Mitrate sale 218 441 105 057

Urea sale 38 076 45 BER

YWet process phosphoric acid sale 13 960 10,180

Ethylbenzene sale 0 0

Total energy requirernent 4 023 7 539





Optimal structure of Zero Emission of CO,, from
H, Plant Running at Full Capacity

clay- decart watsr 100's of evaporated
settling fines acres of
ponds (clay, P205) Gypsum UM
reclaim tailings Stacl
ald mines (sanc) sluried gypsum
phosphate i >75 BPL
rock rock slurry <A BPL 57783
[Ca3PO4)2.] slurry water 78386 | |
mine H2SiFE rack vapor
rock 46568 H20 0.0305
Frasch sulfur 1.2262 37567 H2804 3.7587 SiF4 0.3310 Granular 0.8223
miness air 78474 50322 vent phospharic H20 Triple GTSP [0-46-0]
wells BFW _5.8947 sulfuric 1.9828 LP steam 2.8804 acid 0.5522 Super 0.0107 HF
H20 _0.7366 acid 0.4245 blowdown plant cooled Phosphate hers
Claus  [1.2262 plant 29293 H20 LP 0.03197
recovery 0.5830 athers 0.5371 H20 H3PO4 selling  0.0291
from HC's HP steam others H2O

0.1265 03219
48125 LP P205 23243 Mono  |MAP [11-52-0)
09708 H20 NHI 04945 &DF 03350

el D544 02588 CO2 00281| Ammonium |others

BFYW 22662 2,195 elctricity X 0.0960 H20 for DAP %h Phosphates | DAP [18-46-0]
TS control granulation 20821

0.8788 air 0.0000 MH3
nitric AN [NHANO3Z]
0.04E0 acid plant  |HNO3 0.3148 02078 |
natural gas NH3 03148 Ammanium NHANOS  0.0279
ammonia MH3[ Nitrate plant [H20 UAN

plant 0.0460 0.0293 urea 0.0605

0.0326
urea [CO(NH2)2]

0.0369

other use
3.8464

(0.0000 vent 0.0008
emission methanol  |CH30H
plant 0.1814

0.0080

0.0082 CH3COOH
0.0022

H20 00556
graphite C 0.0460
& H2  0.0030 H2 sale 0.0000

H2

C02 01518 CO 01932
CH4 0.0554 syngas H2  0.0138

coz 0.0745 0.0779 formic acid
H2 0.0034)  formic
0.0020 H2 acid
0.0438 propene

propane & coz 0.0661 0.0043 CO

H2 0.0418 propene H2 0.0085| methyl- 0.0168 WA
armines 0.0152 DA
MH3 00161 0.0513 H2O

0.0434 0.0138 CO
propane propylene 00414 propene
plant 0.0082 H20
Co2 00217 0.0010 H2

co2 01831 nes 0.0974 CO 0.0182 CO

styrene 0.3622 styrene 0.0227 DME
0.3893 plant 0.0827 H20 0.0039 MeOH

ethylbenzene 0.0406 H20

henzene 06341
ethylene 02278






Comparison of Base Case and Optimal structure of Zero

Emission of CO, from NH, Plant Running at Full Capacity

Base case
378 325 517
334 403,783

Profit (.5, %/year)
Environmental cost (U5 $/vear)

Plant name

Sustainability cost (U5 5fyear)

Capacity (t/year

Capacity

Optimal structure
453 508 035
368 257 342

-18 039,196 energy

-23 533,460

requirement Capacity

ENEryy
requirement

(upper-loveer bounds) (tAyear) Tl year) ITdfyear)

Amrmonia 329 030-6538 051 G55 061 3,820 G538 061 3820
Mitric acid oy 27 4-178 547 178 525 -543 169 967 -B17
Amrmonium nitrate 113 398-226 796 226 795 17 2165 924 103
Lirea 49 595-93 730 99,790 128 97 B26 125
Methanol a0,718-181 437 181 437 2,165 181 437 2165
LLAM 30 240-60 480 B0 480 0 B0 480 0
kAP 160 960-321 220 34 92 321 912

DAR 1,031, 050-2 062,100 2 062,100 2,137 2,082 100 2137
=TSP 411 180-322 300 022 284 1,036 022 284 1,036
Contact process sulfuric acid 1,851 ,186-3,7/02 372 3,702,297 -14 963 3,702,297 14 953
Yet process phospharic acid RaY 489-1 394 978 1,384 250 7 404 1,394 250 7 404
Ethylbenzens 430 913-861 826 ae1 827 -785 a1 .827 -7ER
Styrene 385 554-771,108 763279 3318 0 0
Acetic acid 4 082-8 165 8,165 268 0 0
Electric furnace phosphoric acid BOY 489-1 394978  na ra 0 0
HCI to phospharic acid B9 489-1 394 978 na na ] ]
Mew Acetic acid 4 032-3,165 fa ra 3,165 3
SO recavery from gypsum 02 208-1.804 417 na na 0 0
S & 502 recavery from gypsum 451 526-903 053 na na 0 0
Graphite & H2 frorm CO2 & CH4 22 930-45 961 na na 45 961 1,046
Syngas B 956-13 933 fa ra 13,933 a94
Fropene & H2 20,895-41 7N na ha 41,791 (el
Propene using CO2 20,714-41 429 fa ra 41,429 408
Mew Styrene 181 118-352 237 na ha 362 237 2824
Mewy methianal 238 724-477 449 his ha ] ]
Formic acid 38 974-77 948 na ha 77848 14
Methylaimines 13,1938-26 397 his ha 16,763 704
Ethanal 51.864-103 728 na ha 0 0
Dimethylether 22 F27-45 454 his ha 22727 152
Armmaonia sale 10,227 0

Armrmniurn Mitrate sale 218 441 207 BBY

IUrea sale 39 076 35 912

YWet process phospharic acid sale 13,950 13,950

Ethylbenzene sale 0 492 565

Total energy requirement 4 023 7 169





Commercial Pipelines for CO,

Ashland Chemical's methanol plant ran on CO, piped from an
ammonia plant about 13 miles away.

At least two across-the-fence CO, pipelines have been built to
keep a urea plant and methanol plant running while its normal-
CO,-source ammonia plant was down for maintenance.

The 183-mile Denbury CO, pipeline distributes CO, from a
volcanic formation near Jackson MS to many MS oilfields and to
some chemical production. This line extends into Louisiana and
could be a key in sustaining urea, methanol, etc. production in LA.

There are many other oilfield-servicing CO,, pipelines in the MS-
UT-NM triangle. Twelve of these lines total total 1,1016 miles. The
CO, source for these lines is ‘high-CO_-content natural gas’.






Estimation of Utilities

* Using information from HYSYS flow sheet
— Obtain energy supplied
— Obtain energy liberated

e Assumptions
— HP steam used to supply energy
— Cooling water used to absorb energy






Economic Results for HYSYS Simulated
Acetic Acid Process

Product/Raw Flow Rate from Cost/Selling
Material HYSYS Simulation | Price ($/kg)
(kg/hr)

Carbon Dioxide 684.8 0.003

Methane 249 .1 0.172

Acetic Acid 932.6 1.034

HP Steam 766.0 0.00865

Cooling Water 13,730 6.7x10°

Value Added Profit | $ 913/hr 98 cents/kg






Original Contribution

No integrated set of tools, methodology or programs to
perform a consistent and accurate evaluation of new
plants and existing processes.

No method to evaluate the sustainability development
of the chemical complex.

The objective of the System is to have a methodology
to integrate new plants into the existing infrastructure of

plants in a chemical production complex. The results
will lead to new processes that manufacture products
from greenhouse gases and use cogeneration for
efficient steam and power generation.

The Chemical Complex and Cogeneration Analysis
System will give corporate engineering groups new
capability to design energy efficient and
environmentally acceptable plants and have new
products from greenhouse gases.








