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Abstract Fourteen new energy-efficient and environ-
mentally acceptable catalytic processes have been iden-
tified that can use excess high-purity carbon dioxide as a 
raw material available in a chemical production complex. 
The complex in the lower Mississippi River Corridor was 
used to show how these new plants could be integrated 
into this existing infrastructure using the chemical com-
plex analysis system. Eighty-six 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. 
A methodology for selecting the new energy-efficient 
processes was developed based on process operating 
conditions, energy requirements, catalysts, product 
demand and revenue, market penetration and economic, 
environmental and sustainable costs. Based on the 
methodology for selecting new processes, 20 were iden-
tified as candidates for new energy efficient and envi-
ronmentally acceptable plants. These processes were 
simulated using HYSYS, and a value-added economic 
analysis was evaluated for each process. From these, 14 
of the most promising were integrated in a superstructure 
that included plants in the existing chemical production 
complex in the lower Mississippi River corridor (base 
case). The optimum configuration of plants was deter-
mined based on the triple bottom line that includes sales, 
economic, environmental and sustainable costs using the 
chemical complex analysis system. From 18 new pro-
cesses in the superstructure, the optimum structure had 
seven new processes including acetic acid, graphite, 
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formic acid, methylamines, propylene and synthesis gas 
production. With the additional plants in the optimal 
structure the triple bottom line increased from 
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Table 1 CO2 emissions and 
utilization (million metric tons 
carbon equivalent per year) 

CO2 emissions and utilization Reference 

Total CO2 added to the atmosphere 
Burning fossil fuels 5,500 Flannery (2000) 
Deforestation 1,600 

Total worldwide CO2 from consumption 
and flaring of fossil fuels 
United States 1,526 EIA (2002a, b) 
China 792 
Russia 440 
Japan 307 

All others 3,258 
World total 6,322 
Industry 630 Song et al. (2002) 
Buildings 524 
Transportation 473 
Total 1,627 

U.S. industry (manufacturing) 
Petroleum, coal products and chemicals 175 EIA (2001) 

Agricultural chemical complex in the 
lower Mississippi 
River corridor excess high-purity CO2 0.183 Hertwig et al. (2002) 
CO2 used in chemical synthesis 30 Arakawa et al. (2001) 

bon dioxide emissions (EIA 2002a, b). The distribution of 
these emissions is among industry, buildings (heating and 
air conditioning) and transportation as shown in Table 1. 
For industrial emissions, petroleum, coal products and 
chemical industry are 175 of the 1,627 million metric tons �� � dioxide
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mated the current cost to range from $120 to $340 per 
metric ton of carbon equivalent, which may drop to $50 
per ton of carbon equivalent by 2015. The annual pro-
duction of U.S. synthetic plastics was about 36.7 million 
metric tons in 1999. These plastics eventually will be 
sequestered in a landfill at the end of their useful life. By 
converting carbon dioxide to plastics, the chemical 
industry can make a profit and at the same time con-
tribute to sequestration of carbon dioxide. This 
approach could be a more effective way of storing 
carbon dioxide rather than directly sequestering it. 

A sulfur dioxide (SO2) emission-trading program that 
is part of the 1990 Clean Air Act Amendments has been 
very successful. The Kyoto Protocol would aggregate 
greenhouse gases (GHG) emissions not to exceed an as-
signed amount and that would lead to carbon emissions 
trading among countries. Emission trading is a mecha-
nism for lowering the cost of meeting environmental 
performance goals in three ways. The first is that trading 
allows companies with low-cost emission reduction 
opportunities to reduce their emissions below the limits 
prescribed by the cap, and they can sell their surplus 
reduction to companies facing limits whose reduction 
costs are higher. The second is creating financial incen-
tives for companies that lower their emissions with a 
market for surplus reductions; emissions trading spurs 
the development of new emissions control technologies 
and techniques. The third is that creative new approaches 
to emissions prevention are encouraged because emission 
trading gives businesses flexibility to meet their emission 
limits. The critical advantage of emissions trading is that 
it allows society to get more pollution prevention for 
every dollar spent on emissions reductions. Voluntary 
emission trading of greenhouse gases is underway in the 
U.S. and Europe, and some companies are banking 
carbon credits by purchasing forest. Greenhouse gas 
value is between $5 per ton and $35 per ton of carbon in 
the USA, Canada and Costa Rica. Additional details are 
given by Xu (2004). 

The objectives of this research were to identify and 
design new industrial processes that use carbon dioxide 
as a raw material and show how these processes could be 
integrated into existing chemical production complexes. 
The chemical production complex in the lower Missis
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Table 2 Summary of catalytic 
reactions of carbon dioxide 
(Hertwig et al. 2002) 

Hydrogenation 
CO2 + 3H2 fi CH3OH + H2O 
2CO2 + 6H2 fi C2H5OH + 3H2O 
CO2 + H2 fi CH3OCH3 

Hydrocarbon synthesis 
CO2 + 4H2 fi CH4 + 2H2O 
2CO2 + 6H2 fi C2H4 + 4H2O 

Carboxylic acid synthesis 
CO2 + H2 fi HCOOH 
CO2 + CH4 fi CH3COOH 

Graphite synthesis 
CO2 + H2 fi C + H2O 
CO2 + 4H2 fi CH4 + 2H2O 
CH4 fi C + H2 

Amine synthesis 
CO2 + 3H2 + NH3 fi CH3NH2 + 2H2O 

Hydrolysis and photocatalytic reduction 
CO2 + 2H2O fi CH3OH + O2 
CO2 + H2O fi HCOOH + 1/2 O2 
CO2 + 2H2O fi CH4 + 2O2 

Other reactions 
C6H5C2H5 + CO2 fi C6H5C2H3 + CO +  H2O 
CO2 + C3H8 fi C3H6 + H2 + CO 
CO2 + CH4 fi 2CO + H2 

Methanol 
Ethanol 
Dimethyl ether 

Methane and higher HC 
Ethylene and higher olefins 

Formic acid 
Acetic acid 

Graphite 

Methylamine and higher amines 

Methanol 
Formic acid 
Methane 

Styrene 
Propylene 
Reforming 

carbon dioxide reactions in organic synthesis is given by 
Haruki (1982). 

The results of a detailed review of the literature for 
the reactions of carbon dioxide are given by Indala 
(2004). Eighty-six published articles of laboratory and 
pilot plant experiments were found and reviewed that 
describe new methods and catalysts to use carbon 
dioxide for producing commercially important products. 
These reactions were categorized as shown in Table 2. 
For each of these articles Indala (2004) reported the 
operating conditions (temperature, pressure and space 
velocity), catalyst used, reactant conversion and selec-
tivity, and products from these experimental studies. 
Also included were evaluations of heat of reaction and 
the free energy change for the reactions. These results 
were used for the design of new processes that use car-
bon dioxide as a raw material. 

New process selection 

A methodology for selecting new energy-efficient and 
environmentally acceptable processes has been devel-
oped. The selection criteria included operating condi-
tions, energy requirement for reactions, DHE, and 
thermodynamic feasibility and equilibrium conversion 
of reactions based on Gibbs free energy change, DGE. 
Catalyst conversion and selectivity, cost and life (time on 
stream to deactivation), and methods to regenerate 
catalysts were considered. Also included were raw 
material availability, product demand and market pen-
etration. In addition, raw materials, energy, environ-
mental, and sustainable costs were 8p�(�)Tj�/T1_1�1�Tf�3.526�0�Td�(anda0.48�-1.119�m2�1�Tf�(�)Tj�/T1_1�1�Tf�1.942�0�Td�[8-(prod)-7.6(uct)]TJ�/T1_2�1�Tf�(�)Tj(2�1�T�/T1_1��Tf�(�0�(�)Tj�/c6dTf�0.616�0�Td�(GE.)T�(�)Tj�/TaT1_3f�4Tj�/T1_1�1pi)-8.86(aTj�)]TJ�/T1_2�1�Tf�(�)Tj�/T1_1�1�Tf�4.388�0�Td�1.119�Td�[(catalys)-7.9(ts)]TJ�/T1_213Tj�/T1_1�hamat)-7v_2�1�Tf�(�)Tj�/T1_1�1�Tf�2.317�0�Td�[(vaainge�4.634(red.)]TJ�/T1_2�1�Tf�(�)Tj�/T1_1�1�0��5.082�0ovTf�nergy,)Tj�/T1_2�1�Tf�(�)Tj�/T1_1�12f�4.69�0�T�Td�[(availab)-8.8(ility,)]TJ�/T1_3.01d�[(deactiva)existingnd)Tj�/T1_2�1�Tf�(�)Tj�/T1_1�1�Tf�192.715�0�Td�-8.8(ommercinabl)-7�Td�[(prod)-7.6(uct)]TJ�/T1_2�1�Tf1_191�0�(�)Tj�/c6dT</MCID�37�>>BDC��-20.48�-1.119�Td�[9�1�Tf�1.(t)Tjf�0.616�0�Td�(GE.)T�(�)Tj�/TaT1_2�1�to�
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Table 3 Potential energy savings through improved catalysts in method is used in the double absorption contact process 
trillion BTUs (Pellegrino 2000) 

Chemical Rank Total energy 
savings 

Ammonia 1 294 
Propylene 2 
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sion reactors were used to evaluate products formed 
from reactants. Heat exchanger duties gave estimates for 
steam and cooling water requirements. Distillation col-
umns were used for separations of products from reac-
tants that were recycled. 

A value-added economic analysis was developed from 
each of the HYSYS simulation, which required specify-
ing product price and sales, raw material cost and use, 
and utility costs. The other operating costs that go into 
the total product cost, and a return on investment for the 
plant cost were not included, and these costs would re-
duce the profit predicted from a value-added economic 
model. If a process were not profitable based on the va-
lue-added economics, it would not be profitable with the 
other costs included. The procedure for evaluating value-
added economic cost analysis is given by the equation: 

X X
Profit ¼ product sales � raw material costs X
� energy costs ð1Þ 

Product sales prices and raw material costs were ob-
tained from the Chemical Market Reporter (2000, 
2002a, b), Turton et al. (1998), C & EN (2003) and 
Camford Chemical Prices (2000). Plant production ca-
pacities were based on plants in the lower Mississippi 
River corridor or an average production rate in the U.S. 
The raw material cost for high-purity (99%) CO2 was 
$3.00 per ton, the cost of delivering it from a pipeline (T. 
A. Hertwig, Private Communication). The CO2 feed 
used in all the processes was at 100 psi and 30 C, pipe-
line pressure and temperature. The cost of CO ($31 per 
ton) was not available from the Chemical Market 
Reporter, and it was based on its heating value as a fuel. 
The cost of pipeline hydrogen ($796 per ton) was based 
on the cost of methane as given by G.P. Kuehler (per-
sonal communication). High-pressure (HP) steam was 
used for process heating (47 bar, 260 C, specific heat of 
1.067 kcal/kg C) with a heat of vaporization of 
1661.5 kJ/kg (Smith et al. 1996) and cost of $8.65 per 
ton (Turton et al. 1998). Cooling water was used in heat 
exchangers and condensers where energy was removed 
from process streams, and it was heated from 30 C to  
50 C. Excess scaling occurs above this temperature 
(Turton et al. 1998). The cost of cooling water was $6.7 
per 1,000 m3 (Turton et al. 1998). The electrical energy 
used was not included, since this cost required itemizing 
pumps, compressors and auxiliaries. 

Evaluations are given in Tables 5 and 6 for two 
processes: carbon dioxide hydrogenation to methanol 
(Ushikoshi et al. 1998) and acetic acid synthesis from 
carbon dioxide and methane (Taniguchi et al. 1998). 
These evaluations illustrate the procedure used, and all 
of the evaluations are given in Indala 
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Table 6 Economic results for the HYSYS simulated process for the production of acetic acid base on the data of Taniguchi et al. (1998) 

Product/raw material Flow rate from Cost/selling price ($/kg) Reference 
HYSYS simulation (kg/h) 

Carbon dioxide 685 0.003 T. A. Hertwig, personal communication 
Methane 249 0.172 G.P. Kuehler, personal communication 
Acetic acid 933 1.034 Chemical Market Reporter (2002a, b) 
High pressure steam 766 0.00865 Turton et al. (1998) 
Cooling water 13,730 6.7·10�6 Turton et al. (1998) 
Value-added profit $913/h 97.9 cents/kg-acetic acid 

year. As shown in Table 5, the value-added economic 
model gave a profit of 3.3 cents per kg methanol. 

Acetic acid from carbon dioxide and methane 

The experimental study of Taniguchi et al. (1998), was 
used to develop a process for the production of acetic 
acid using HYSYS. Acetic acid was produced according 
to the reaction given by Eq. 5. The catalyst was VO(a-
cac)2 (acac: acetylacetonate), and the acetic acid yield 
based on CH4 1_0�1�Tf�1.136�0�Td�(The)Tj�/T1_1�1aCTj�/T1_0�1�Tf�0.98�0�Td�(was)Tj�/T(ld)0.98�0�Td�(was)Tj�/T(ld)0.98�0�Td�(wa�(�)Tj�/T1_0�1�Tf�2.021�0�Td�[(caTd�[(ace)-8.5(tic)]TJ�/T1_1�1�Tf�(�)Tj�/5r1�Tf�1.422�ue1�Tf�3.84�0�Td�(given)Tj�/T1_1�1�Tf�(�)37gmn0%)-8.5(tic)]TJ�/T1_1�1�Tf�(�)Tj�/5r�Tf�2.978_0�ac:)Tj�/T1_1�1�Tf�(�)Tj�/T1_0�1�T810/T1Td�685�0�Td�(et)Tj�/T1_1�1�Tf�(�)Tj�/T143Tm�(4)Tj_0�1�/T1_1�1�Tf�(�)Tj�/T1_0�1�Tf�10.12Tf�10850�1�Tf�1.657�42�0�Td�(methane)Tj�/T1_1�1�Tf�(�)Tj�EMC��/Link�68.315�0�Td�[(accordin)-9.1(g)]TJ�/T1_1�1�Tf�.02�
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Table 8 New processes not 
included in the chemical Product Synthesis route Value-added Reference 
production complex profit (cents/kg) 

Methanol CO2 hydrogenation �7.6 Toyir et al. (1998) 
Ethanol CO2 hydrogenation 31.6 Inui (2002) 
Styrene Ethylbenzene 4.5 Sakurai et al. (2000) 

dehydrogenation 
Hydrogen/synthesis gas Methane reforming 17.2 Song et al. (2002) 

17.1 Wei et al. (2002) 
17.1 Tomishige et al. (1998) 

stration plant is planned. In this process, carbon dioxide 
and hydrogen are reacted to produce CO and H2O over  
a ZnAl2O4 catalyst. The reaction occurs at atmospheric 
pressure and 600–700 C. Water is removed from the 
mixture in a dryer. In a second reactor, carbon mon-
oxide reacts with unreacted hydrogen over a CuO/ZnO/ 
ZrO2/Al2O3 catalyst to produce methanol. This reaction 
occurs at 250–300 C and 50–80 atm pressure. 

The other is a 50-kg per day pilot plant described by 
Ushikoshi 1998 that is operated by the Japanese 
National Institute for Resources and Environment. In 
this unit a (Cu/ZnO/ZrO2/Al2O3/Ga2O3) catalyst was 
used in a methanol reactor that operated at 350 C and 
5 MPa (50 atm). This pilot plant was used for the HY-
SYS design described previously that used reactions 7, 8 
and 9 for the production of methanol. 

Production cost of methanol for the KIST pilot plant 
is $300 per metric ton, and full-scale plants based on this 
technology were estimated to have a production cost of 
$100 per metric ton. The value-added economic model 
for the HYSYS simulated methanol plants gave a profit 
of 2.8–7.6 cents per kg ($28–$76 per metric ton) of 
methanol. 

In summary, the HYSYS-simulated methanol plants 
were comparable to two actual pilot plants operated by 
Nano-Tech Research Center of the KIST and the Japa-
nese National Institute for Resources and Environment. 
This comparison shows the feasibility of new processes 
using carbon dioxide being commercialized in future. 
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Fig. 1 Base case of existing plants in the chemical production 
complex in the lower Mississippi River corridor. Flow rates in 
million metric tons per year 

For this base case, there are 270 equality constraints 
that describe material and energy balances, rate equa-tons and 
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Table 9 Processes in chemical production complex base case and To determine the optimum 
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1999). These costs were estimated to be 67% of the 
raw material costs based on the data 
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Table 11 Logical relations used to select the optimal structure 

Logic expression Logic meaning 

Y11 + Y12 £ 1 At most one of these two acetic acid 
plants is selected 

Y13 + Y14 £ Y3 At most one of these two S and SO2 recovery plants 
is selected only if phosphoric acid (wet process) is selected 

Y16 + Y31 + Y32 + Y33 + Y34 £ 1 At most one of the five methanol plants is selected, 
the existing one or one of the four proposed plants 

Y11 £ Y16 + Y31 + Y32 + Y33 + Y34 Only if at least one of these five methanol plants is selected, 
the conventional acetic acid may be selected 

Y35 +Y40 £ Y41 At most one of these two styrene plants is selected only 
if ethylbenzene plant is selected 

Y29 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the formic acid plant may be selected 

Y30 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the methylamines plant may be selected 

Y31 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the new methanol plant may be selected 

Y32 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the new methanol plant may be selected 

Y33 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the new methanol plant may be selected 

Y34 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the new methanol plant may be selected 

Y37 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the ethanol plant may be selected 

Y38 £ Y23 +Y24 +Y27 +Y39 Only if at least one of the four plants that produce H2 is selected, 
the dimethyl ether plant may be selected 

the production rates in the base case and the optimum 
structure for the plants in the chemical production 
complex. Also shown in this table are the energy used or 
produced for each process and the total energy required 
for the complex. With the additional plants in the 
optimal structure the energy required increased from 
2,150 TJ/year to 5,791 TJ/year. This is reflected in the 
increased utility cost shown in Table 13 going from $12 
million per year to $25 million per year. This additional 
energy is supplied from firing boilers with natural gas 
that has a sustainability cost of $3.25 per metric ton. As 
shown in Table 15, the sulfuric acid plant is an impor-
tant source of energy such as steam, and operating this 
plant for steam production is as important as produc-
tion of sulfuric acid. 

Two extensions to the optimal complex were 
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Table 12 Plants in the optimal structure from the superstructure 

Existing plants in the optimal structure 
Ammonia 
Nitric acid 
Ammonium nitrate 
Urea 
UAN 
Methanol 
Granular triple super phosphate (GTSP) 
MAP and DAP 
Contact process for sulfuric acid 
Wet process for phosphoric acid 
Ethylbenzene 
Styrene 
Power generation 

Existing plants not in the optimal structure 
Acetic acid 

New plants in the optimal structure 
Formic acid 
Acetic acid (new process) 
Methylamines (MMA and DMA) 
Graphite 
Hydrogen/synthesis gas 
Propylene from CO2 
Propylene from propane dehydrogenation 

New plants not in the optimal structure 
Methanol (Bonivardi et al. 1998) 
Methanol (Jun et al. 1998) 
Methanol (Ushikoshi et al. 1998) 
Methanol (Nerlov and Chorkendorff 1999) 
Ethanol 
Dimethyl ether 
Styrene (Mimura et al. 1998) 
Electric furnace process for phosphoric acid 
Haifa process for phosphoric acid 
SO2 recovery from gypsum waste 
S and SO2 recovery from gypsum waste 

subject to : Multiplant material and energy balances 

Product demand; raw material availability; 

plant capacities 

Multicriteria optimization obtains solutions that are 
called efficient or Pareto optimal solutions. These are 
optimal points where attempting to improve the value of 
one objective would cause another objective to decrease. 
To locate Pareto optimal solutions, multicriteria opti-
mization problems are converted to one with a single 
criterion by either of two methods. One is by applying 
weights to each objective and optimizing the sum of the 

weighted objectives. The other is to convert the objec-
tives to constraints, i.e., goal programming. The first 
method was used here, and the multicriteria mixed 
integer optimization problem becomes: 

max : w1P þ w2S ð8Þ 

subject to : Multiplant material and energy 
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Table 14 Carbon dioxide consumption in base case and optimal 
str�<</BBox�[Tf�(og2��1�T.b)9e_1�1�Tf�(�)Tj�Ea�Tf33C��/120�1�TB_0�1�Tf�1.263�0�Td�(base)Tj�/T1_1�1�Tf(5�f�EMC��B1�0�Td�(diaset41sg9f.51�re�f�48.189�717.732�243.779�-0.51�re�f�EMC��BT�/Artifact�<</Attached�[/Top�/Right�-)Tj�/T1_1Tj�/T1_0�1�Tf�2.313�0�Td�(case)Tj�1�Tf�(�)Tj�Ea�Tf33C��/120�1�TB�<</BBox�[Tf1)Tj4679�-0.51millf�5.995�0�Td�(in)Tj�/T1_1�1�Tf�(�)T�(�7Tj�/T1_0metric.995�0�Td�(in)Tj�/T1_1�1�Tf�(�)T�(72�243.779(millf�5.995�0�Td�(in)Tj�/T1_1�1�Tf�(�)T�(�7Tj�/T1_0metric.995�0�Td�(in)Tj�/T1_1�1�Tf�(�)Tf1)T073�1�T.b)9e_1�t1_0.193�0�Td�(and)Tj�/T1_1�1�Tf�(�)Tj�54j�/T1_0per.263�0�Td�(base)Tj�/T1_1�1�Tf�(�)T70case)Tj�year).569�0�Td�(consumption)Tj�/T1_1�1�T3Tj�/T1_0t1_0.193�0�Td�(and)Tj�/T1_1�1�Tf�(�)Tj�54j�/T1_0per.263�0�Td�(base)Tj�/T1_1�1�Tf�(�)T70case consumptio_0�1�Tf�1.263�0�2d�(base)Tj�/T1_1�1�-24.792�basebase
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Table 16 Results for base case, optimal structure and extensions 

Base case Optimal Use all CO2 Max NH3 plant Equal CO2 
credit and cost 

Income from sales (million dollars per year) 1,277 1,508 1,392 1,174 1,508 
Economic costs (raw materials and utilities) 554 602 560 460 602 
(million dollars per year) 

Raw material costs (million dollars per year) 542 577 533 435 577 
Utility cost (million dollars per year) 12 25 27 25 25 
Environmental cost (67% of raw material cost; 362 385 355 290 385 
million dollars per year) 

Sustainable credits (+)/costs(�) �18 �15 �10 �12 �17 
(million dollars per year) 

Triple bottom line (million dollars per year) 343 506 467 412 504 
CO2 produced by NH3 plant (Million 0.75 0.75 0.56 0.75 0.75 
metrictons per year) 

CO2 consumed by methanol, urea and 0.14 0.53 0.56 0.75 0.53 
other plants (Million metrictons per year) 

CO2 vented to atmosphere (Million 0.61 0.22 0.0 0.0 0.22 
metrictons per year) 

million per year. Now a range of values is available for 
the optimum triple bottom line that can be used to assess 
the risk of proceeding as measured by the cumulative 
probability distribution. Also, the optimal structure was 
affected, but it did not change significantly (Xu 2004). 

Conclusions 

Fourteen new energy-efficient and environmentally 
acceptable catalytic processes have been identified that 
can use excess high-purity carbon dioxide as a raw 
material from ammonia plants and other sources avail-the�
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