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Series Preface

Green Chemistry and Chemical Engineering

The subjects and disciplines of chemistry and chemical engineering have
encountered a new landmark in the way of thinking about, developing, and
designing chemical products and processes. This revolutionary philosophy,
termed “green chemistry and chemical engineering,” focuses on the designs
of products and processes that are conducive to reducing or eliminating
the use and generation of hazardous substances. In dealing with hazard-
ous or potentially hazardous substances, there may be some overlaps and
interrelationships between environmental chemistry and green chemistry.
While environmental chemistry is the chemistry of the natural environment
and the pollutant chemicals in nature, green chemistry proactively aims to
reduce and prevent pollution at its very source. In essence, the philosophies
of green chemistry and chemical engineering tend to focus more on indus-
trial application and practice rather than academic principles and phenom-
enological science. However, as both chemistry and chemical engineering
philosophy, green chemistry and chemical engineering derives from and
builds upon organic chemistry, inorganic chemistry, polymer chemistry, fuel
chemistry, biochemistry, analytical chemistry, physical chemistry, environ-
mental chemistry, thermodynamics, chemical reaction engineering, trans-
port phenomena, chemical process design, separation technology, automatic
process control, and more. In short, green chemistry and chemical engineer-
ing is the rigorous use of chemistry and chemical engineering for pollution
prevention and environmental protection.

The Pollution Prevention Act of 1990 in the United States established a
national policy to prevent or reduce pollution at its source whenever fea-
sible. And adhering to the spirit of this policy, the Environmental Protection
Agency (EPA) launched its Green Chemistry Program to promote innova-
tive chemical technologies that reduce or eliminate the use or generation
of hazardous substances in the design, manufacture, and use of chemical
products. The global efforts in green chemistry and chemical engineering
have recently gained a substantial amount of support from the international
community of science, engineering, academia, industry, and governments in
all phases and aspects.

Some of the successful examples and key technological developments
include the use of supercritical carbon dioxide as green solvent in separation

xi



xii Series Preface

technologies; application of supercritical water oxidation for destruction of
harmful substances; process integration with carbon dioxide sequestration
steps; solvent-free synthesis of chemicals and polymeric materials; exploita-
tion of biologically degradable materials; use of aqueous hydrogen peroxide
for efficient oxidation; development of hydrogen proton exchange membrane
(PEM) fuel cells for a variety of power generation needs; advanced biofuel
production; devulcanization of spent tire rubber; avoidance of the use of
chemicals and processes causing generation of volatile organic compounds
(VOCs); replacement of traditional petrochemical processes by microorgan-
ism-based bioengineering processes; replacement of chlorofluorocarbons
(CECs) with nonhazardous alternatives; advances in the design of energy
efficient processes; use of clean, alternative, and renewable energy sources
in manufacturing; and much more. This list, even though it is only a partial
compilation, is undoubtedly growing exponentially.

This book series on green chemistry and chemical engineering by CRC
Press/Taylor & Francis Group is designed to meet the new challenges of the
twenty-first century in the chemistry and chemical engineering disciplines
by publishing books and monographs based on cutting-edge research and
development to the effect of reducing adverse impacts on the environment
by chemical enterprise. And in achieving this, the series will detail the devel-
opment of alternative sustainable technologies that will minimize the haz-
ard and maximize the efficiency of any chemical choice. The series aims at
delivering the readers in academia and industry with an authoritative infor-
mation source in the field of green chemistry and chemical engineering. The
publisher and its series editor are fully aware of the rapidly evolving nature
of the subject and its long-lasting impact on the quality of human life in both
the present and future. As such, the team is committed to making this series
the most comprehensive and accurate literary source in the field of green
chemistry and chemical engineering.

Sunggyu Lee



Preface

The vision for this book is the development of new plants that are based on
renewable resources that supply the needed goods and services for existing
petrochemical plants. The vision includes converting existing plants to ones
that are based on renewable resources requiring nonrenewable resource
supplements. Identifying and designing new chemical processes that use
renewable feedstock as raw materials and show how these processes can be
integrated into existing chemical production complexes are key to having a
sustainable chemical industry. Also, identifying and designing new indus-
trial processes that use carbon dioxide as a raw material are an important
option in mitigating the effects of global warming.

The existing plants in the chemical production complex in the Lower
Mississippi River Corridor produce a wide range of basic and specialty chem-
icals, monomers, and polymers. They were used as a base case to demonstrate
the integration of new, biomass-based plants into an existing infrastructure
of plants. Potential bioprocesses were evaluated based on selection criteria,
and simulations of these bioprocesses were performed in Aspen HYSYS®. The
bioprocesses were then converted to input—output block models. A super-
structure of plants was formed, which was optimized to obtain the optimal
configuration of existing and new plants (chemical complex optimization).

The optimal configuration of plants was based on economic, environ-
mental, and sustainable costs and credits (triple bottom line). The optimal
solution to this mixed integer, multicriteria, nonlinear programming prob-
lem was obtained using global solvers. Detailed results were provided that
showed a triple bottom line increase, raw material cost decrease, utility cost
increase, and pure carbon dioxide vented to the atmosphere reduced to zero
in the optimal structure. Five case studies were performed demonstrating
the versatility of the analysis, and the optimization software, Chemical
Complex Analysis System, can be downloaded.

A methodology for the optimal integration of bioprocesses in an exist-
ing chemical production complex was developed and demonstrated. This
methodology can be used to evaluate energy-efficient and environmentally
acceptable plants and have new products from greenhouse gases. Based on
these results, the methodology could be applied to other chemical complexes
for new bioprocesses, reduced emissions, and energy savings. Detailed pro-
cess designs for fermentation, transesterification, anaerobic digestion, gas-
ification, and algae oil production can be downloaded for modification, as
needed, along with optimization programs.

This book can serve as a text for a senior or first-year graduate course in
bioprocess engineering, since it covers essentially all aspects of this topic.

xiii



xiv Preface

These include bioprocess raw materials and products, design of bioprocess,
economic and sustainability analysis, optimization of chemical complexes,
and applications to existing processes and chemical production complexes.

Practicing engineers in the bioprocessing industries will find that this rap-
idly growing field requires a stand-alone text like this that covers all parts
of biomass conversion to products. This book describes the technical and
scientific expertise needed to bring the engineer and scientist “up to speed”
in this field. The importance and rapid expansion of this field is covered in
the Wall Street Journal's feature article, “Just One Word: Bioplastics,” in the
October 18, 2010, issue that describes the “huge potential” of plastics from
plant materials.

The material is organized into seven chapters, a postscript, and appen-
dices. In Chapter 1, a description of the production of chemicals from
renewable resources is given, with the research vision being to develop the
methodology for new plants based on renewable resources that supply the
needed goods and services for existing plants. The criteria for optimal con-
figuration of plants and optimization theory are introduced in this chapter.
In Chapters 2 and 3, detailed literature reviews and analyses are covered
for biomass as feedstock and for the production of chemicals from biomass.
Conceptual designs of bioprocesses are constructed, as described in Chapter
4, and include detailed information about the bioprocesses. Five pro-
cesses are developed in Aspen HYSYS® with cost estimations from Aspen
ICARUS®. Information from other process simulation software, for example,
SuperPro Designer®, is applied for the corn-to-ethanol fermentation process.
In Chapter 5, bioprocess plant models are formulated for optimization using
input and output streams, equilibrium rate equations, parameters, and ther-
modynamic information from HYSYS plant models. Two other processes
included in this chapter are for the production of algae oil from carbon diox-
ide and for the production of syngas from corn stover by steam reforming.
Then interconnections in the bioprocesses are developed for optimization.

In Chapter 6, the superstructure of chemical and biochemical plants was
formulated by integrating the bioprocess and carbon dioxide-consuming
plants with the base case of existing chemical plants in the Lower Mississippi
River Corridor. Carbon dioxide from the integrated chemical complex was
utilized for the production of algae and for chemicals from carbon dioxide.
The optimal structure was obtained by maximizing the triple bottom line,
which included product sales, economic costs (raw material and utility),
environmental costs (67% of raw material costs), and sustainable costs and
credits. The optimal solution gave the plants that were included in the opti-
mal structure. Comparisons between the base case and optimal structure
were given for triple bottom line costs, the pure and impure carbon dioxide
emissions, the energy requirements for plants, and the capacity of the plants.
Multicriteria optimization was used to determine Pareto optimal solutions
for the optimal structure. Monte Carlo simulation was used to determine the
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parameter sensitivity of the optimal solution. Comparisons of results with
approaches were included in this chapter.

In Chapter 7, optimization was used to evaluate five cases. Case I was a
modification to evaluate integration of bioprocesses in the existing base case
without carbon dioxide being used for chemicals or algae oil production. The
other four cases examine other aspects obtained from the optimization. The
postscript gives the conclusions from this methodology and extensions that
can be used for future developments.

The existing plants used for the base case were developed with industrial
colleagues led by Tom A. Hertwig of Mosaic Corporation, and their assistance
was invaluable. The assistance of the members of the Total Cost Assessment
Users’ Group at the AIChE, and especially Lise Laurin for guidance in using
the Total Cost Assessment Methodology, is gratefully acknowledged.

MATLAB® is a registered trademark of The Mathworks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA, 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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